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1. Introduction

Amines are present in a large majority of drugs and drug
candidates. Consequently, the asymmetric synthesis of amine
containing compounds represents an extremely important
endeavor in the discovery and production of new pharma-
ceutical agents. Over the past decade, an ever increasing
collection of methods based upon the chiral amine reagent
tert-butanesulfinamide (1) have become some of the most
extensively used synthetic approaches for both the discovery
and production of drug candidates. Moreover, fert-butane-
sulfinamide is increasingly being applied across many
additional research areas, including the development of
agrochemicals, natural product synthesis, and the preparation
of chemical tools for a wide range of biological investigations.

A number of factors have led to the popularity of tert-
butanesulfinamide (1). From a practical standpoint, either
enantiomer of 1 is inexpensive to prepare on a large scale
in enantiomerically pure form. Indeed, greater than 75
chemical suppliers currently market 1 in many cases at
reasonable prices (<$1/g for bulk quantities).! More impor-
tantly, the synthesis steps used to prepare amines from 1
are typically robust, straightforward, and broad in scope
(Scheme 1).

There are several distinguishing characteristics of this
chemistry: (1) The direct condensation of 1 with a wide range
of aldehydes and ketones proceeds in high yields under mild
conditions to give stable N-fert-butanesulfinyl aldimines 2
and ketimines 3, respectively, that are much less hydrolyti-
cally labile or prone to tautomerization than most N-alkyl,
aryl, acyl, or carbamoyl imines. (2) N-fert-Butanesulfinyl
imines 2 and 3, despite their stability, are significantly more
electrophilic than typical N-alkyl or aryl imines, which can
be explained by the significant positive charge on sulfur. This
enhanced electrophilicity enables clean and high yield
additions of a very wide range of diverse nucleophiles,
including organo-magnesium, lithium, zinc, silicon, indium,
cerium, and boron reagents, stabilized carbanions exemplified
by enolates, and noncarbon nucleophiles such as phosphorus,
boron, tin, and silicon species as well as numerous hydride
reagents. Moreover, additions to a-heteroatom substituted
imines 2 and 3 typically proceed in high yield, and when an
o-stereocenter is present, without epimerization. (3) The tert-
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butanesulfinyl group is not only chiral but also capable of
metal coordination, resulting in high diastereoselectivities for
the addition of many different nucleophiles to imines 2 and
3. (4) The tert-butanesulfinyl group in addition products 4
serves as an extremely versatile protecting group that
parallels the reactivity of carbamoyl protecting groups in
attenuating the nucleophilicity of the protected amine. The
N-tert-butanesulfinyl group is also stable to a wide range of
reaction conditions, including strong bases, nucleophiles, and
a variety of transition metal catalyzed processes such as olefin
metathesis and Pd-mediated cross-coupling. (5) Convenient
and high yielding cleavage of the N-tert-butanesulfinyl group
can be accomplished by simple treatment with methanolic
HCI to provide the amine hydrochloride products 5 after
precipitation with ethereal solvents, often in nearly quantita-
tive yields and in analytically pure form.

As detailed in this review, numerous researchers in both
academics and industry have contributed innovative and
useful new methods based on 1 and have applied these
methods to efficient syntheses of drug candidates and natural
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Scheme 1. General Sequence for the Synthesis of Amines
from fert-Butanesulfinamide (1)
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products, often in the context of densely functionalized
structures. While many of these contributions rely on
nucleophilic additions to N-fert-butanesulfinyl imines 2 and
3, a number of alternative approaches to convergently
assemble complex molecules with multiple stereocenters
have also been developed. Particularly notable are methods
to reductively couple N-tert-butanesulfinyl imines 2 and 3
with carbonyl compounds, imines, and electron deficient
alkenes in high yield and with excellent diastereoselectivity.
Another general strategy for the convergent assembly of
amines with two or more stereocenters proceeds via the
diastereoselective addition of N-fert-butanesulfinyl metal-
loenamines to electrophiles such as aldehydes, imines,
Michael acceptors, and alkylating agents to produce N-tert-
butanesulfinyl imine products to which nucleophiles can then
readily be added. Finally, for the purpose of asymmetric
catalysis, fert-butanesulfinamide is increasingly being incor-
porated within chiral ligand and organocatalyst frameworks
due to the opportunities provided by the distinctive presenta-
tion of chirality in the context of metal coordination or
substrate hydrogen bonding interactions.
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While this review specifically focuses on the chemistry
and applications of fert-butanesulfinamide (1), other sulfi-
namides such as p-toluenesulfinamide and 2,4,6-triisopro-
pylbenzenesulfinamide have very useful and often comple-
mentary properties. The methods and applications of other
sulfinamides have been carefully reviewed elsewhere.?™*
Several insightful reviews have also appeared on various
aspects of fert-butanesulfinamide chemistry.>*>

2. Synthesis of tert-Butanesulfinamide

A variety of innovative methods have been developed for
the preparation of enantiomerically pure fert-butanesulfina-
mide. Currently, the large majority of chemical suppliers
produce enantiomerically pure 1 by the highly practical two-
step procedure of catalytic enantioselective oxidation of
inexpensive fert-butyl disulfide to the thiosulfinate ester 8
followed by amide displacement (see Scheme 4). This
process has in fact been utilized to prepare enantiomerically
pure 1 in ton quantities. At least one chemical supplier
produces enantiomerically pure 1 using the three-step process
that relies on N-tosyl norephedrine (18) as a chiral auxiliary
(see Scheme 7). Procedures based upon the chiral auxiliary
18 have proven to be particularly versatile for the synthesis
of other sulfinamides as well as sulfoxides.

2.1. Synthesis of Racemic tert-Butanesulfinamide

Racemic fert-butanesulfinamide has been used for the
synthesis of a large number of amines, either because the
desired amine product is achiral,’!! the racemic rather than
enantiomerically pure product is desired,'? or the sulfinyl
group is not the stereocontrolling element in the addition
step.'? It is therefore important that practical methods for
the synthesis of racemic tert-butanesulfinamide are available.
In one approach, treatment of inexpensive fert-butyl disulfide
(6) with H,O, followed by Cl,, according to the procedure
of Prinzbach,' provides fert-butanesulfinyl chloride (7),
which upon reaction with ammonium hydroxide provides
(£)-1 in 93% overall yield (Scheme 2)."

2.2. Synthesis of Enantiomerically Pure
tert-Butanesulfinamide

The synthesis and isolation of enantiomerically pure terz-
butanesulfinamide (1) was first reported by Ellman and co-
workers in 1997.16 Since then, several different approaches
to the synthesis of this compound have been reported,
including enantioselective oxidation, resolution of racemic
material, diastereoselective synthesis utilizing stoichiometric
chiral auxiliaries, and catalytic enantioselective sulfinyl
transfer.

2.2.1. Enantioselective Oxidation

The two-step synthesis of enantiomerically pure fert-
butanesulfinamide via catalytic asymmetric oxidation of ferz-
butyl disulfide (6), followed by nucleophilic displacement
with lithium amide (Scheme 3), was initially reported by

Scheme 2. Synthesis of (ﬂ:)-tert-Butanesulﬁnamide

1. H20,,
s AcOH - 9 NH,OH
e el e,
2.Cl
6 (£)-7: 95% (4)-1: 98%

93% overall
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Scheme 3. Original Synthesis of tert-Butanesulfinamide'®

ligand 9 (0.26 mol%) o]
>(S\S VO(acac), (0.25 mol%) I k
6

>‘“"S\S

8: 88% (distilled),
91% ee

o

H20z (1.1 equiv), 30 wt.%
in Hy
CHClj, 40 h, 15-20 °C

1. LiNH/NHs,
THF, -78 °C _N
ir “NH,
2. crystallization OH
1. 77%,
>99% ee
(68% overall
from 6) 9

Ellman and co-workers in a 1997 Communication'® and
described in more detail in the subsequent full paper.'> The
starting material, fert-butyl disulfide (6), which is a petroleum
byproduct, is available in large quantities at low cost. The
catalytic oxidation reaction, developed on the basis of work
by Bolm and co-workers on oxidation of thioethers,'” utilizes
low catalyst loading of Schiff base—vanadium catalyst
complexes. Schiff base ligands such as 9 were easily
prepared, allowing for extensive catalyst screening to opti-
mize reaction conversion and enantioselectivity. Aqueous
hydrogen peroxide, the stoichiometric oxidant, is inexpensive
and easy to handle. Addition of lithium amide to the
oxidation product 8 after bulb-to-bulb distillation proceeded
cleanly with inversion of configuration. Recrystallization of
the crude product provided enantiomerically pure 1 in 68%
overall yield for the two-step process from tert-butyl disulfide
(6).

Despite the advantages, this route had a few shortcomings
as originally published. First, difficulties were encountered
in attempting to scale the oxidation reaction above 1 mol
scale, because the biphasic reaction was particularly sensitive
to vessel shape and stir rate. Both experimental'® and
calculation!® studies have been undertaken to elucidate the
mechanism of this oxidation, and of particular note is the
dependence of the active catalyst species on the concentration
of hydrogen peroxide, with high concentrations resulting in
catalyst decomposition. This accounts for the sensitivity
of the reaction to stirring under the biphasic conditions. Also,
the optimal ligand 9 was derived from tert-leucinol, for which
the (R) enantiomer is far more expensive than the (S)
enantiomer. Ma and co-workers reported additional ligand
screening but were not successful in identifying a superior
ligand.?® Finally, the side product from the nucleophilic
displacement step is fert-butanethiol, which can be detected
by smell in very low concentration and is the primary odorant
added to natural gas, causing alarm if it is not efficiently
trapped in the reaction workup. Subsequent work by Weix
and Ellman addressed the concerns with both the oxidation
step and the nucleophilic displacement step.!"?2

Acetone was found to be a suitable solvent for carrying
out the oxidation reaction under homogeneous reaction
conditions, eliminating the scalability problems encountered
in the biphasic system (Scheme 4).2! Importantly, slow
addition of the aqueous H,O, peroxide to the reaction
solution not only prevents exotherms but is also essential
for minimizing catalyst death by maintaining a low H,0,
concentration. Moreover, these modified conditions enable
the oxidation reaction to be performed at a very high
concentration (2.3 M), further enhancing the practicality of
the process. Schiff base ligand 10, which was suboptimal
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Scheme 4. Optimized Synthesis of fert-Butanesulfinamide?

ligand 10 (0.51 mol%)
s Lk
X S >‘\\- g
6

VO(acac), (0.50 mol%)
8: quant., 86% ee

Acetone, 0 °C
used without purification

H>05 (30 wt.% in HyO, 1.1 equiv)
slow addition (20 h)

1. LINH,/NHg, THF, 0
Fe(NO3)3+9H,0, -78 °C 8.

‘; "OH
Y C
OH
1: 70% overall
from 6, >99% ee
10

under the original reaction conditions, was found to be
superior under the new conditions, providing nearly quantita-
tive conversion of fert-butyl disulfide (6) to 8 with 86% ee.
The high level of conversion eliminates the need for
purification of intermediate 8. Furthermore, optimal ligand
10 is derived in one step from cis-1-amino-2-indanol, for
which both enantiomers are commercially available at
significantly lower cost than that for fert-leucinol. This
general procedure for enantioselective asymmetric oxidation
of tert-butyl disulfide in the two-step synthesis of enantio-
merically pure fert-butanesulfinamide has been employed by
many chemical supply companies. Indeed, Allychem em-
ploys this procedure to prepare tert-butanesulfinamide on
greater than ton scale production capacity.

To address the issue of fert-butanethiol release in the
nucleophilic displacement step, a modified workup procedure
was developed.?? Because thiols are quite nucleophilic, the
use of an electrophilic reagent for scavenging the side product
was investigated. Addition of chloroacetic acid to the crude

2.ice, CICH,CO,H
3. recrystallize

Table 1. Alternative Disulfide Oxidation Conditions

Robak et al.

mixture (after evaporation of the ammonia but before
extractive isolation of sulfinamide 1) proved to be effective
at completely eliminating the thiol odor from the final
mixture. Trituration of the crude product followed by a single
recrystallization from hexanes provided enantiomerically pure
1 in 70—72% overall yield from disulfide 6.

Due to the success of the synthesis of enantiomerically
pure tert-butanesulfinamide 1 via the thiosulfinate ester 8,
alternative approaches to this key chiral intermediate have
been investigated (Table 1). Colonna and co-workers reported
the enzymatic oxidation of disulfide 6 to thiosulfinate 8 in
90% conversion and with 97% ee, utilizing cyclohexanone
monooxygenase (CYMO) (entry 1).% A catalytic amount of
NADP* was used, while glucose-6-phosphate and glucose-
6-phosphate dehydrogenase were used to regenerate the
oxidant. Dzyuba and Klibanov reported the enantioselective
oxidation of disulfide 6 to thiosulfinate 8 catalyzed by bovine
serum albumin (BSA), with H,O, as a stoichiometric oxidant,
providing 66% conversion and 88% ee (entry 2).2* Colonna,
Malacria, and co-workers investigated the use of other
oxidants with BSA but observed low conversion and enan-
tioselectivity for these transformations.”> However, they were
more successful in the use of 30 mol % of fructose-derived
ketone 11, originally developed by Shi and co-workers for
enantioselective epoxidation reactions,’® as an organocatalyst
for this oxidation reaction, obtaining quantitative conversion
to thiosulfinate 8 in 75% ee under the optimized conditions
(entry 3). Subsequently, Khiar, Fernandez, and co-workers
reported the oxidation of 6 to 8 in 97% yield and 84% ee
under similar conditions (entry 3).2” Yamamoto and co-
workers have also demonstrated that chiral molybdenum
complexes developed for the enantioselective oxidation of
sulfides can also be used to oxidize disulfide 6 to thiosulfinate
8 in 79% yield and 90% ee with trityl hydroperoxide as a
stoichiometric oxidant (entry 4).28

98?
XS\S ﬁ\‘ s
6 8

entry catalyst oxidant

conditions

conv (%) ee (%)

1 CYMO (50 units) NADP™ (10 mol%)
glucose-6-phosphate (5 equiv)
glucose-6-phosphate
dehydrogenase (100 units)

2 BSA (100 mg/mL) H,0; (1 equiv)

Tris-HCl buffer, pH 8.6 90 97
0.01M6,4h,25°C

phosphate buffer, pH 7 66 38

0.01 M6, 67h,25°C

A

3 d//o

5
e}

(11, 30 mol%)

OY\C(4-iPrPh)3
N.
- O
1y OH
OA\/C(‘:-/PrPh)3

(2 mol%), MoOy(acac),

Oxone (1.4 equiv)

trityl hydroperoxide

ag.buffers (NBuyHSOy, K,CO3, Nay(EDTA)) >97 75-84
0.07 M 6 in CH;CN:DMM (1:2), 2-13 h, 0 °C

0.25 M 6, CH,Cl,, 0 °C 79 90




Synthesis and Applications of tert-Butanesulfinamide

2.2.2. Resolution of Racemic tert-Butytthiosulfinate

Deng and co-workers reported the classical resolution of
racemic fert-butylthiosulfinate (8) by crystallization with
enantiomerically pure (R)-BINOL.? Selective sequential
crystallization of both diastereomeric complexes was ac-
complished. Enantiomerically pure thiosulfinate 8 was re-
covered from the crystals by vacuum distillation in 30%
overall yield for the R enantiomer and 14% overall yield for
the S enantiomer (based on the initial mass of (£)-8), and it
is suggested that the BINOL may be recovered for reuse.

2.2.3. Diastereoselective Synthesis with
Stoichiometric Chiral Auxiliaries

The synthesis of chiral sulfoxides, including fert-butyl
sulfoxides, has been studied for decades.’® The adaptation
of methods originally designed for the synthesis of chiral
sulfoxides to enable the synthesis of sulfinamides, including
tert-butanesulfinamide (1), has been the subject of many
studies. In one of the first such examples, the Ellman group
initially explored the use of diacetone-D-glucose (DAG) as
a chiral auxiliary for the synthesis of enantiomerically pure
tert-butanesulfinamide (Scheme 5),' utilizing the methodol-
ogy developed by Alcudia and co-workers for the synthesis
of optically pure fert-butanesulfoxides®' and applied by
Garcia-Ruano for the synthesis of N-fert-butanesulfinyl
imines (see section 3.1.1).2 In this sequence, racemic
(configurationally unstable) tert-butanesufinyl chloride (7)
is reacted with diacetone-D-glucose (12) in the presence of
amine base, and dynamic kinetic resolution occurs, providing
an 86:14 mixture of sulfinate ester diastereomers 13, which
can be separated by chromatography. Treatment with LH-
MBDS followed by KF+Al,O5 provides enantiomerically pure
tert-butanesulfinamide (1), which can be chromatographically
separated from the chiral auxiliary.

Building upon pioneering work by Wudl and Lee,** Snyder
and Benson,** and Kagan and co-workers,*> Senanayake and
co-workers at Sepracor developed a chiral auxiliary-based
method for the synthesis of diverse chiral sulfoxides and
sulfinamides, including tert-butanesulfinamide (Scheme 6).%
In this method, a chiral auxiliary 15 derived from cis-1-
amino-2-indanol (14) is treated with thionyl chloride under
basic conditions to provide diastereomerically enriched 1,2,3-
oxathiazolidine-2-oxide 16 (use of 3,5-lutidine provides 16
while 2,4,6-collidine allows access to the other diastereomer).
Crystallization at this stage enables isolation of diastereo-
merically pure 16. To synthesize fert-butanesulfinamide, this
intermediate is then treated with fert-butyl magnesium
bromide, providing 17 with inversion of stereochemistry at
the sulfur. The selectivity in this displacement step results
from the electron-withdrawing arenesulfonyl substituent on

Scheme 5. Synthesis of fert-Butanesulfinamide Utilizing
DAG Methodology

><
0 m,, 3
>| “ODAG
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Scheme 6. Amino Indanol-Based Chiral Auxiliary
SO,Mes

NH, MesSO.Cl I{IH SOCl,
NayCO4 3,5-lutidine
OH THF, -45 °C

OH
14 15: 94%

202“"33 {BUMgBr
‘5«0 THF
o 451t0-15°C

16: 80% yield after
crystallization
(97:3 crude dr)

SO,Mes

|
o
O/SK
17: 97%

g
LiNH,/NH
NNy S, + 18
THF
1:90%

Scheme 7. Norephedrine-Based Chiral Auxiliary
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20: 99% 1: 90%

99% ee

the nitrogen of the chiral auxiliary. Finally, treatment of 17
with lithium amide in ammonia and THF provides sulfina-
mide 1 (again with inversion of configuration at sulfur) and
regenerates chiral auxiliary 15, which may be separated from
the sulfinamide chromatographically.

Further optimization of this methodology by the same
group led to the development of norephedrine-based chiral
auxiliary 18 (Scheme 7).%7 In this case, an 85% overall yield
of enantiomerically pure fert-butanesulfinamide is obtained
in three steps from N-tosyl norephedrine (18), which has
proven to be a very versatile intermediate for the synthesis
of diverse sulfoxides and sulfinamides. While the original
route utilized chromatographic separation of the chiral
auxiliary from the sulfinamide (Scheme 7), a chromatogra-
phy-free procedure is provided for performing this three-
step reaction sequence on a large scale (171 mmol) without
isolation of intermediate 20 and utilizing a solvent replace-
ment/crystallization procedure to allow separation of the
sulfinamide from the chiral auxiliary. This streamlined
method provides sulfinamide 1 in 76% yield and 99% ee
from cyclic intermediate 19, with 97% recovery of the chiral
auxiliary 18 from intermediate 19.

Another synthesis of fert-butanesulfinamide (1) was re-
ported by Qin, Jiang, and co-workers.*® In the first step of
this sequence, treatment of chiral N-acyl amino alcohols 21
with thionyl chloride and DMAP provided 1,2,3-oxathiazo-
lidine-2-oxides (22) in moderate yields and with high
diastereoselectivity (Scheme 8). The intended reaction
sequence, sequential displacement of the auxiliary analogous
to the route developed by Senanayake, failed to proceed as
expected. Low regioselectivity was observed in the ring-
opening step. For example, N-Boc sulfinate ester 23a could
be isolated in moderate yield (63%) from the mixture of
products (31% yield of regioisomer 24). Moreover, treatment
with either LHMDS or LiNH,/NH; failed to provide the
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Scheme 8. Synthesis of fert-Butanesulfinamide via
Rearrangement to N-Sulfinyl Oxazolidinone
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desired sulfinamide product. When the carboxybenzyl (Cbz)
or carboxymethyl protecting groups were used, treatment
with fert-butyl magnesium chloride resulted in an unexpected
competitive rearrangement to provide N-sulfinyl oxazolidi-
none 25. Consistent with Evans and co-workers’ reported
use of N-sulfinyl oxazolidinones as sulfinyl transfer re-
agents,” the authors found that addition of lithium amide in
ammonia to N-sulfinyl oxazolidinone 25 proceeded smoothly,
providing fert-butanesulfinamide (1) in 89% yield and with
>98% ee.

Senanayake and co-workers also reported the use of
cinchona alkaloid quinine (27) as a chiral auxiliary (Scheme
9).0 Synthesis of tert-butanesulfinate ester 29 was carried
out in one pot, with 28 as the suggested intermediate. High
diastereoselectivity (92:8) was obtained, and chromatographic
separation of the diastereomers provided pure 29 in 91%
yield. The conversion of sulfinate ester to a variety of
enantiomerically pure fert-butyl sulfoxides was demonstrated,
but while conversion to fert-butanesulfinamide (1) was
suggested, no experimental details were provided.

2.2.4. Catalytic Enantioselective Sulfinyl Transfer

Catalytic sulfinyl transfer to an achiral alcohol, utilizing
dynamic kinetic resolution of fert-butanesulfinyl chloride (7)
by a chiral catalytic amine, has been developed for the
synthesis of enantiomerically enriched sulfinate esters 34
(Table 2). These are potential intermediates for the synthesis
of enantiomerically pure sulfinamides. For example, Miller,
Ellman, and co-workers developed peptide catalyst 30
(entries 1 and 2, Table 2) for this purpose,*! based upon a
successful acyl-transfer peptide catalyst.*” Subsequently,
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Scheme 9. Quinine as a Chiral Auxiliary

tBuMgCl
THF, -78 °C

29: 91%, >99:1 dr
(92:8 crude dr)

Ellman and co-workers reported the use of cinchona alkaloids
such as quinidine (31) and quinine (27) for the catalytic
enantioselective sulfinylation of alcohols (entries 3—5).4* A
key feature for the success of these transformations is the
use of proton sponge as an HCI scavenger because it is non-
nucleophilic and therefore does not catalyze nonselective
sulfinate ester formation, which proved to be problematic
for common hindered amine bases such as Et;N, i-Pr,EtN,
and even 1,2,2,5,5-pentamethylpiperidine. Shibata, Toru, and
co-workers reported the use of cinchona alkaloid derivatives
32 and 33 in a similar transformation (entries 6 and 7).** In
each of these cases, optimization of the alcohol sulfinyl
acceptors was undertaken both to enhance the enantioselec-
tivity of the process and, in some cases, to enable crystal-
lization of the sulfinate esters to enantiomeric purity (entries
2, 4, and 6).

2.3. Recycling tert-Butanesulfinamide

Wakayama and Ellman recently reported a very practical
method for recycling the tert-butanesulfinyl group from
N-tert-butanesulfinyl amines to provide racemic fert-butane-
sulfinamide with virtually complete recovery.*’ The key
feature of this study was the HCl-mediated cleavage of the
sulfinyl group from N-fert-butanesulfinyl amines in the
absence of a nucleophilic solvent to provide terz-butane-
sulfinyl chloride as the byproduct, which can be readily
recycled to fert-butanesulfinamide. As exemplified for N-tert-
butanesulfinyl amine 35 (Scheme 10), treatment with HCI
in cyclopentyl methyl ether results in complete conversion
to fert-butanesulfinyl chloride (7) and the corresponding
amine hydrochloride salt 36, which was separated from the
sulfinyl chloride solution in analytically pure form by simple
filtration in 98% yield. Addition of aqueous ammonia to the
sulfinyl chloride solution then provides analytically pure fert-
butanesulfinamide in 97% overall yield based upon the
starting amine 35. The process showed no scale dependence
from 1 to 80 mmol scale and should be applicable to
considerably larger reaction scales.

This method was also extended to the conversion of the
configurationally unstable 7 to enantiomerically pure 1 as a
potentially cost-effective method for recycling enantiomeri-
cally pure 1 (Scheme 11). With this goal in mind, simple,
inexpensive achiral alcohols were investigated as the sulfinyl
group acceptor in a catalytic dynamic kinetic resolution
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Table 2. Enantioselective Sulfinyl Transfer Catalysis
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31: R = H (quinidine) 27: R = H, (quinine)
32: R = C(O)-1-naphthyl 33: R = C(O)-1-naphthyl
g catalyst .OS|
~ + ROH _— N
>( cl proton sponge + OR
)7 -40°Cor-78°C 34
entry catalyst R solvent conv (%) ee (%)
1 30 (0.5 mol %) Bn THF 99 80 (S)
2 30 (0.5 mol %) 2-naphthylmethyl THF 99 (61) 79 (>99)7 (S)
3 31 (10 mol %) Bn toluene >99 87 (S)
4 31 (10 mol %) 2,4,6-trichloroBn THF >99 (72)° 90 (>99)7 (S)
5 27 (10 mol %) 2,4,6-trichloroBn THF 82 82 (R)
6 32 (10 mol %) 9-fluorenyl toluene 90° 94 (>99)“ (S)
7 33 (10 mol %) 9-fluorenyl toluene 87" 80 (R)
“Isolated yield and ee after recrystallization. ° Isolated yield.
Scheme 10. Recovery and Reycling of Scheme 12. Recovery and Recycling of the
(%)-tert-Butanesulfinamide tert-Butanesulfinyl Group
HCI (2.05 equiv) 0 HCI (2.1 equiv)
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0, . . .
>99% ee recovered by a simple extractive workup, and reuse of this
C mixture was demonstrated with no loss in performance.
S<g Straightforward conversion of the enantioenriched sufinate
)7 ester to fert-butanesulfinamide was carried out by treatment
quinidine (31) a with NaNH,/NH; with no loss of optical purity. A simple
gt% rl_Tog’/rg " o 1. NaNHy/NHj, workup, including filtration to remove the inorganic salts
[(i)-?l (4(1), . ”\OEt THF, 48°C, 1h " SN followed by solvent replacement and trituration with octane,
grgm S%%ngg 2. purification 2 provided enantiomerically pure terz-butanesulfinamide 1 in

39

1. 67%
>99% ee

process (see section 2.2.4). Ethanol was found to perform
suitably as a sulfinyl acceptor, with catalytic quinidine (31)
and excess proton sponge. The sulfinyl transfer reaction
provides sulfinate ester 39 with 87% ee under the optimized
conditions. The quinidine/proton sponge mixture can be

67% overall yield based upon the starting N-tert-butane-
sulfinyl amine 37.

Aggarwal and co-workers have also recently developed
an alternative method for sulfinyl group recycling (Scheme
12).4 In their procedure, N-fert-butanesulfinyl amine 37 was
treated with HCl in ether to provide amine HCI salt 38, which
was removed by filtration, and a solution of tert-butanesulfi-
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Scheme 13. Synthesis of fert-Butanesulfinyl Aldimines
Utilizing the DAG Methodology
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nyl chloride 7. The sulfinyl chloride solution was added
dropwise to a mixture of triethylamine and chiral alcohol
40, previously developed by Drabowicz, Mikolajczyk, and
co-workers as a resolving agent,*’ to provide 41 with 92:8
dr. Chromatographic separation of the diastereomers provided
sulfinate ester 41 in 58% yield, from which an 84% yield of
enantiomerically pure fert-butanesulfinamide 1 was obtained
after treatment with LiNH,/NHj;.

3. Synthesis and Functionalization of
N-tert-Butanesulfinyl Imines

The synthesis of N-fert-butanesulfinyl imines 2 or 3 is
usually carried out via a straightforward condensation
reaction between fert-butanesulfinamide 1 and a precursor
aldehyde or ketone. A wide variety of imines have been
prepared to date, ranging from very simple to densely
functionalized. Other N-fert-butanesulfinyl C=N containing
derivatives, such as amidines and imidate esters, have also
been prepared. The synthesis of more complex imines from
simpler ones has also been demonstrated, both via metal-
loenamine intermediates and via conjugate addition to o.f3-
unsaturated imines.

The combination of the ease of synthesis (including
functional group compatibility), hydrolytic stability (most
N-tert-butanesulfinyl imines are stable enough to be purified
by silica gel chromatography and handled on the benchtop
with exposure to air), electrophilicity (the N-tert-butane-
sulfinyl group activates the imine toward nucleophilic attack),
and stereocontrol (the N-fert-butanesulfinyl group is a
powerful chiral directing group for diastereoselective reac-
tions) makes N-fert-butanesulfinyl imines attractive inter-
mediates for the synthesis of amine-containing compounds.

3.1. Synthesis of N-tert-Butanesulfinyl Imines via
Condensation with tert-Butanesulfinamide

3.1.1. Synthesis of Aldimines

The first synthesis of fert-butanesulfinyl aldimines 2 in
enantiomerically pure form was reported by Garcia Ruano
and co-workers in 1996, in the context of their work on the
preparation of chiral aziridines.*> They utilized diacetone-
D-glucose (DAG, 12) as a chiral auxiliary to obtain diaste-
reomerically pure fert-butanesulfinate ester 13 (Scheme 13)
by a method previously developed for the synthesis of
optically pure sulfoxides.’' By changing the base and solvent,
either epimer of 13 could be obtained. Following the one-
pot procedure developed by Davis and co-workers for the
synthesis of the analogous p-toluenesulfinyl imines,* treat-
ment of this sulfinate ester intermediate with LHMDS formed
N,N-bis(trimethylsilyl)-fert-butanesulfinamide in situ, which
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was then reacted with an aldehyde (benzaldehyde or cinna-
maldehyde) in the presence of cesium fluoride to produce
the desired aldimine 2, which was chromatographically
separated from the DAG chiral auxiliary.

The synthesis of tert-butanesulfinyl aldimines via the direct
condensation of fert-butanesulfinamide 1 with carbonyl
compounds was first reported by Ellman and co-workers in
1997.'6 The condensation of enantiomerically pure 1 with
2—3 equiv of aldehyde was carried out in the presence of
the acidic catalyst pyridinium p-toluenesulfonate (PPTS) and
an excess amount of MgSO, in CH,Cl, to provide high yields
of both aromatic and aliphatic aldimines 2, as shown in Table
3. No racemization of the sulfinyl stereocenter was observed.
Further studies revealed that the more Lewis acidic CuSOy,
was a more effective agent for this transformation, allowing
the use of a smaller excess (1.1 equiv) of aldehyde.*** A
few substrates were found to be unreactive under the CuSQO,
conditions; in these cases, it was found that Ti(OEt), was
an effective water scavenger and Lewis acid catalyst. Select
examples of the product imines derived from each of these
methods were analyzed by chiral HPLC using racemic
standards, demonstrating that no racemization of the sulfinyl
stereocenter occurred during the condensation reaction.

All of the aldimines 2 reported in this study were found
to be reasonably hydrolytically stable, allowing isolation by
silica gel chromatography.”® The imines can be handled in
air at room temperature, although prolonged storage at room
temperature in air and with exposure to light resulted in
minor decomposition over a period of weeks or months.
Decomposition could be prevented by storing the aldimines
in closed containers at —5 °C.

In 2004, Nakata and co-workers reported on the use of
Cs,CO; as an activating and dehydrating reagent with gentle
heating for the synthesis of N-tert-butanesulfinyl aldimines.>!
This procedure was performed using equimolar amounts of
sulfinamide, aldehyde, and base, in contrast to previously
published methods that utilized excess amounts of the
activating reagents. Chiral HPLC analysis of one of the
product imines again demonstrated that no racemization
occurred.

Qin and co-workers developed a protocol for the conden-
sation of aldehydes with fert-butanesulfinamide mediated by
KHSO, with gentle heating.> As shown in Table 3, these
conditions were found to be effective for a broad range of
substrates, including electron rich and electron poor aromatic
aldehydes, a,fB-unsaturated aldehydes, and both sterically
hindered and unhindered aliphatic aldehydes. While 2 equiv
of aldehyde were used in most cases, the use of 1.1 equiv of
benzaldehyde gave only a slightly lower yield of the
corresponding imine (86% vs 91%). The authors note that 5
equiv of aldehyde were required to obtain satisfactory yields
of imines 2 derived from volatile aliphatic aldehydes.

The synthesis of sulfinyl imines promoted by catalytic
amounts of the Lewis acid Yb(OTf); has also been reported.>
While this protocol was developed for the synthesis of N-p-
toluenesulfinyl imines, it was also shown to be effective
toward the synthesis of N-fert-butanesulfinyl imines 2. In
this case, a large excess of aldehyde was used to drive the
reaction toward completion in the absence of a stoichiometric
acid or drying agent.

Another method for the synthesis of N-tert-butanesulfinyl
imines 2 utilizes NaOH or rBuOK as a base.>* While these
conditions were not found to be suitable for the synthesis of
imines derived from enolizable aliphatic aldehydes, high
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Table 3. Synthesis of Sulfinyl Aldimines
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Q H
g + —_ = ’S\\
lr “NH, O)\R )N,\ o
R H
1 2
yield (%)

R MgSO,* CuSO0,’ Ti(OEt),* Cs,CO;¢ KHSO,¢ Yb(OTf)5 NaOH# BnZnBr"
primary alkyl 96 96 quantitative 73 80 92
secondary alkyl 90 90 76 80 87 78—91
tertiary alkyl trace 82 59 81 56
Bn 86 79 84 60
alkenyl 75—-95* 91-93 87 72! 91
Ph 90 91 85/ 91 84 91 92
4-MeOPh 81 55 80 92 89
4-NO,Ph 99/ 92
2-furyl 40 82 84 87 83
2-Pyr 95 95 57
3-Pyr trace quantitative 88 60
4-Pyr 99/ 93

“RCHO (2—3 equiv), MgSO, (5 equiv), PPTS (0.05 equiv), CH,Cl,, rt.*® ® RCHO (1.1 equiv), CuSO, (2 equiv), CH,Cl,, rt.>* °RCHO (1.1
equiv), Ti(OEt), (2 equiv), THF, 1t.* “RCHO (1.0 equiv), Cs,CO; (1 equiv), CHyCly, 40—45 °C.5' ¢RCHO (2—5 equiv), KHSO, (2 equiv), toluene,
45 °C32 'RCHO (3.5—4 equiv), Yb(OTf); (0.1 equiv), THF, rt.>* 9RCHO (1.5 equiv), NaOH (1 equiv), MeOH, rt.** "RCHO (1.5 equiv), Zn dust
(3 equiv), BnBr (2 equiv), THF, rt, (&)-1 was used.” '/BuOK was used as the base in THF. / Conversion based on crude '"H NMR. *RCHO (1.0

equiv), Ti(OEt), (3 equiv), THF, rt.>

yields were obtained for aromatic and o.f3-unsaturated
derivatives. In addition to chiral HPLC analysis of the
product imines and comparison of optical rotation to literature
values, the Kawecki group also developed a procedure for
the determination of the enantiopurity of sulfinyl aldimines
utilizing (S)-BINOL as a chiral solvating agent for 'H NMR
analysis.’’ Racemization of the sulfinyl stereocenter was
found to be negligible in all cases.

Recently, Fan and co-workers reported a procedure for
the synthesis of aldimines under Barbier-type conditions.>
These conditions were demonstrated for the synthesis of both
N-sulfonyl and N-sulfinyl imines and utilized racemic terz-
butanesulfinamide. In this procedure, benzyl bromide and
zinc dust are reacted to form BnZnBr in situ and then the
sulfinamide and aldehyde are added. It is proposed that the
BnZnBr acts as a base to deprotonate the sulfinamide, and
then the coordinated zinc acts as a Lewis acid to activate
the carbonyl to attack via a 4-membered transition state. This
protocol was shown to be effective for a wide range of
substrates, including aliphatic, a,S-unsaturated, aromatic, and
heteroaromatic aldehydes.

3.1.2. Synthesis of Ketimines

The synthesis of N-tert-butanesulfinyl ketimines 3 is more
challenging than that of aldimines 2. Most of the conditions
reported for the synthesis of aldimines fail to provide
condensation products when ketones are used as the reactant.
The synthesis of N-tert-butanesulfinyl ketimines 3 was first
reported by the Ellman group in 1999.4°° Several tita-
nium(IV) reagents were investigated, and it was determined
that the use of 1.1 equiv of ketone and 2 equiv of Ti(OEt),
in THF at elevated temperatures provided high yields of the
desired imines 3 (Table 4). It was noted that some of the
ketimine products are susceptible to thermal decomposition;
therefore, careful TLC monitoring of the reactions is advised
to prevent decomposition. The standard protocol is to initially
heat the reaction mixture to 60 °C, increasing to reflux
temperatures if the reaction is sluggish. Many of the imines
are observed as exclusively the E isomer, while those imines

bearing R groups that are very similar in steric bulk (for
example, Bu or i-Bu with Me, entries 6 and 7) are observed
as rapidly equilibrating mixtures of E/Z isomers that can be
observed on the 'H NMR time scale.

The tert-butanesulfinyl ketimines 3 investigated in this
study could all be handled in the air, although they were
found to be less hydrolytically stable than the corresponding
aldimines. The relative stabilities of the imines to silica gel
chromatography were found to correspond to the rates of
hydrolysis in air. Chromatographic purification was success-
ful, though precautions to limit the silica exposure time of
the more hydrolytically unstable derivatives were necessary.
The a-aryl derivatives were observed to be less prone to
hydrolysis than the aliphatic derivatives, some of which
hydrolyze fully over the course of two days in air. All of
the derivatives investigated, including the aliphatic ones,
could be stored in closed containers at —5 °C for months
with no signs of decomposition.

The synthesis of a variety of cyclic ketimines via Ti(OEt),-
mediated condensation of ketones with fert-butanesulfina-
mide has also been reported (Figure 1). The synthesis of
cyclohexanone derivative 42 was initially reported under the
same reaction conditions as those shown in Table 4,

Table 4. Condensation of Ketones with ferf-Butanesulfinamide
Mediated by Ti(OEt),*

(@] )
§\NH + R1JLR2 THOED, NS0
Lr 2 THF R1J'\R2
1 3
entry R! R> temp (°C) time (h) yield (%) E/Z ratio

1 Ph Me 75 15 89 one isomer
2 i-Pr Me 60 7 84 one isomer
3 i-Pr Bu 75 24 77 one isomer
4 Ph Bu 75 5 77 one isomer
5  2-naphthyl Me 75 15 73 one isomer
6 i-Bu Me 60 10 88 6:1
7 Bu Me 60 10 77 5:1
8 t-Bu Me 75 24 82 one isomer
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Figure 1. Additional N-tert-butanesulfinyl ketimines.

providing the imine in 91% yield after bulb-to-bulb distil-
lation.*® Imines with a variety of ring sizes and substitution
patterns (43) have also been synthesized under similar
conditions and were isolated in good yields after rapid silica
gel chromatography.”!>% Additionally, the syntheses of isatin
derivative 44°° and both indanone derivative 45 (in low yield)
and tetralone derivative 46 (in high yield)® have all been
reported under similar condensation conditions. The synthesis
of o,f-unsaturated ketimines 47 has also been accom-
plished.®! In this case, a larger excess of Ti(OEt), (4.0 equiv
instead of 2.0 equiv) was found to help promote complete
conversion to the imine product. The synthesis of ketimine
48a, derived from N-Boc-piperidin-4-one, was explored by
Caldwell and Collins.® While attempts to isolate this ketimine
directly were unsuccessful due to hydrate formation, both
trapping with TMSCN in a reversible Strecker reaction or
direct use of the ketimine in situ after its formation were
successful (see section 5.1). Other heterocyclic derivatives
such as 48b and 48c¢ have also been reported.’

3.1.3. Synthesis of o.-Heteroatom Substituted Imines

In addition to the synthesis of aliphatic, o,3-unsaturated,
aromatic, and heteroaromatic imine derivatives, the conden-
sation of tert-butanesulfinamide with aldehydes and ketones
bearing other functional groups has also been accomplished.
For example, aliphatic imines bearing a-heteroatom func-
tionality, including o-alkoxy aldimines 49°*~% and ketimines
50, a-amino aldimines 51, and ketimine 53,° and
o-chloro aldimines®” and ketimines® 54 (Figure 2) have been
reported. In cases where enantiomerically pure o-chiral
aldehyde or ketone precursors were used, no epimerization
at the o-stereocenter was detected.

N-tert-Butanesulfinyl imino esters 55 (eq 1) have been
synthesized in two different ways. CuSO,4 was found to be
effective, mediating the condensation of fert-butanesulfina-
mide 1 with methyl glyoxalate to provide 55a in 65% yield.>
Alternatlvely, Davis and co-workers reported the use of 4 A
molecular sieves to give 94% yield of the desired imine 55b
from an equimolar mixture of sulfinamide 1 and ethyl
glyoxalate.” The tert-butyl ester 55¢’° and benzyl ester 55d"!
have also been prepared under these conditions. In contrast
to N-sulfonyl” and N-Boc imino esters,” these N-tert-
butanesulfinyl imino esters 55 are stable enough to be purified
by rapid silica gel chromatography and can be stored dry in
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Figure 2. o-Heteroatom imines.

closed containers for prolonged time periods at low temper-
ature (—20 °C).

9 addItIVe

s. + OR s /)ﬁrOR
CHCh e [

NH,  H
CuSO, 55aR = Me, 65% yield
4 Amol sieves  55b: R = Et; 94% yield
4 Amol sieves  55¢: R = tBu; 93% yield
4 Amol sieves  55d: R = Bn; 43% yield

N-tert-Butanesulfinyl trifluoroacetaldimine (60) is a syn-
thetically useful imine that was not reported in the early
studies on substrate scope (Scheme 14). The strong electron-
withdrawing character of the trifluoromethyl group prevents
isolation of the imine; however, Kuduk and co-workers at
Merck were able to demonstrate the synthesis and isolation
of the imine—ethanol adduct as a separable mixture of
diastereomers 57 and 58.7* This adduct is then used to form
the imine in situ in the presence of Grignard reagents.
Alternatively, Truong and co-workers reported the synthesis
of imine 60 via the condensation of fert-butanesulfinamide
with trifluoroacetaldehyde hydrate 59 in toluene in the
presence of molecular sieves.” Although the imine was
converted to an aminal upon aqueous quenching, and
distillation provided a poor yield (22%) due to decomposi-
tion, the crude imine solution could be used directly in
subsequent reactions.

N-tert-Butanesulfinyl ketimines bearing the trifluoromethyl
substituent have also been reported (eqs 2 and 3). Lu and
co-workers reported the synthesis of a variety of alkyl and
aryl trifluoromethyl ketimines in the presence of Ti(OiPr),
in hexanes.”® In contrast to the corresponding aldimine 60,
ketimines 61 are stable enough to be quickly isolated by silica
gel chromatography, although they cannot be stored for

Scheme 14. Synthesis of Trifluoroacetaldimine

0 . . N
O OH  Ti(OEY), :
\"S\ + —»- S + ’S\\
ﬁ NH;, Fsc/]\OEt 70°C Fﬁ‘ o H)N\ ©
'OEt  F4C” OE
1 56 57 58
3:2 ratio, 74% yield
l RMgBr
Q OH 4 Amol. sieves Q H
2. shmosees | & 1
ﬁ NHz F3C” "OH tgyene, 40°C ﬁ 3
1 59 60



Synthesis and Applications of tert-Butanesulfinamide

extended periods of time. Still more stable are the trifluoro-
methyl a,f3-unsaturated N-fert-butanesulfinyl ketimines 62,
which Liu and Liu reported can be synthesized via Ti(OEt)4-
mediated condensation and can be chromatographed and
stored at room temperature for several months with no signs
of decomposition.”’

o} o} A
1] TH{OiPr
Sen * JIGEELIL N NSo @
NH, FsC~ "R
3 hexane, rt )|\
FC” R
1 61:

R = 1° alkyl, Bn, Ar;
47-80% yield

. | ~

I 9] Ti(OEt),
S‘NH2 * )J\/\ N
FsC R THF, reflux )l\/ﬂ
FsC R
1

62:
R = Ar, n-octyl, alkynyl;
51-91% yield

3.1.4. Synthesis of Imidate Esters and Amidines

The syntheses of N-tert-butanesulfinyl imidate esters and
amidines such as 63 and 64, respectively, have been reported
(Scheme 15).7%7 Acid-catalyzed condensation of tert-bu-
tanesulfinamide with an orthoformate provides imidate esters
63. Treatment of these intermediates with an amine such as
morpholine yields the corresponding amidines 64. The use
of amidines as chiral ligands for catalysis has been explored
(see section 20.1.1).39782 Additionally, both imidate esters
and amidines have been used as substrates for o-alkylation
reactions (see section 3.2.5). Following o-alkylation of
amidines 64, treatment with a reductant or an organometallic
reagent provides N-fert-butanesulfinyl aldimine or ketimine
products, respectively, that can then be used in further
transformations (see Scheme 28 and section 3.2.5).7° Alter-
natively, deprotection after o-alkylation of N-tert-butane-
sulfinyl imidate esters 63 can lead to primary amides and
esters (see Scheme 31 and section 3.2.5).7%

3.2. Functionalization of N-tert-Butanesulfinyl
Imines via Metalloenamine Intermediates

3.2.1. 1,2-Addition of Metalloenamines to
Aldehydes and Ketones

The chemistry of enamines derived from N-tert-butane-
sulfinyl ketimines was first described by Ellman and co-
workers in a 2002 Communication®® and was further

Scheme 15. Synthesis of N-tert-Butanesulfinyl Amidines

9 OR' cat. p-TsOH Y

S. + RO e, N
;r NH, R'oj\/R 100 °C, neat )l\/R
RO

1 R = Me, Et, Pr, 63. 87-97%
Ph, Bn
R' = Me, Et
cat. NaCN Y
morpholine PN
MeOH R
50°C,20h [ N
o}
64. 83-88%
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developed in a full account.? In their initial report, the N-tert-
butanesulfinyl metalloenamine derived from imine 65 (R =
Ph) was added to aldehydes to provide f3-hydroxy N-tert-
butanesulfinyl imines 67 (Scheme 16). In initial studies,
deprotonation of ketimine 65 (R = Ph) with LDA in THF
at low temperature (—78 °C) followed by reaction with
propionaldehyde gave 67a in 80% yield and 86:14 diaster-
eomeric ratio. Evaluation of metal additives revealed that a
higher diastereoselectivity and yield were achieved in the
presence of MgBr, (84%, 96:4 dr, Scheme 16). Addition of
the same metalloenamine to aryl and - and o-branched
aldehydes in the presence of MgBr, or ZnBr, gave 67b—e
in 64—88% yield and with diastereomeric ratios ranging from
92:8 to 98:2. The scope of the starting ketimine 65 was
expanded in the full paper to include several structurally
diverse aliphatic substituents, including tert-butyl, isopropyl,
and ethyl. When N-fert-butanesulfinyl ketimines 65 with two
different o protons were utilized, only the products derived
from deprotonation at the less hindered methyl position
followed by addition to the aldehyde were observed (67j—q).
For these ketimine precursors (R = iPr or Et), the yields
and diastereoselectivities were generally very good for
additions to aliphatic aldehydes, while lower diastereomeric
ratios were observed when benzaldehyde was used as the
electrophile (67m and 67q). The absolute configuration of
pB-hydroxy N-tert-butanesulfinyl imine 67e was determined
by X-ray structural analysis, and the configuration of 67¢
was determined by chemical correlation. The stereochemical
outcome was rationalized by the cyclic transition state 66,
with the approach of the aldehyde occurring from the side
opposite the fert-butyl group.

The highly stereoselective reduction of the S-hydroxy
N-tert-butanesulfinyl imines 67 to provide either the syn- or
anti-1,3-amino alcohols 68 or 69 (Scheme 17) was disclosed
(the details of which are discussed in section 13.1), providing
a very efficient method for the stereoselective synthesis of
each of the four possible stereoisomers of a broad range of

Scheme 16. Addition of Metalated N-fert-Butanesulfinyl
Ketimines to Aldehydes

1. LDA (1.1 equiv) +
Y 78°C %/ A(

Sy, 2MBr2 78°C | R _N-§. |, 80
W“O 2 N~ OH
£0

N
|5
Ph/l\/\R

67a: R =Et; 84%, 96:4 dr

67b: R = /Bu; 75%, 96:4 dr
67¢: R = iPr; 88%, 98:2 dr
67d: R = {Bu; 64%, 98.2 dr
67e:? R = Ph; 79%, 92:8 dr

%

i
iPr R
67): R =Et; 73%, 91:9dr
67k: R = jPr; 81%, 97:3 dr
671: R = tBu; 85%, 99:1 dr
67m: R = Ph; 75%, 77:23 dr

8=0
OH

| 3. R?CHO, -78 °C |z
A i A
RZ
65 66 67
$=0 ,5=0
OH OH

N
|
tBu)\/\R

67f. R =Et; 84%, 98:2 dr

679: R = iPr; 80%, 99:1 dr
67h: R = {Bu; 92%, 99:1 dr
67i: R = Ph; 76%, 90:10 dr

~

5=0
N O

Et)\/:\R

67n: R =Et; 51%, 80:20 dr
670: R = iPr; 65%, 92:8 dr
67p: R = tBu; 70%, 98:2 dr
67q: R = Ph; 50%, 60:40 dr

“ZnBr, was used as an additive instead of MgBr,.
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Scheme 17. Synthetic Transformations of f-Hydroxy
N-tert-Butanesulfinyl Imines 67

catecholborane /é
THF,-10°c O NH OH
R/\/\Rz
68: see section 13.1
Yo LiBHEt, H
.8 ... > O"°NH OH
NI OH THF,-78 °C H
A R R?
2
R R 69: see section 13.1
67
AcOH

MeOH/H,0, ..
\\40 °C )J\/\ lr “NH;

70: see section 19.4

Scheme 18. Addition of N-fert-Butanesulfinyl
Metalloenamines to Trifluoromethyl Ketones

+
Y LDA ( 1equ;v %/ ¥
— ,8=0

RN R .
)’\ O THF,-78°C I 63"' N'HQ ge
O K
R /U\ F.C o R CF,
3 3
o |
65 71 72
~
N HO $=0

72a: R' = H:; 99%, 85:15dr 7225 R = tBu; 98%, 64:36 dr
72b: R' = OMe: 72%, 78:22 dr  72g:" R = iPr; 76%, 50:50 dr
72¢: R = F; 88%, 8218 dr

72d: R! = Cl; 81%, 84:16 dr

72e: R' = NO,; 62%, 85:15 dr

~

,§=0
N"HQ pp, §=0

CF y
3 R)\/<CF3
R’

72h: R = H; 81%, 59:41 dr 72k? R = tBu; 62%, 71:29 dr
72i: RT = F. 84%, 63:37 dr 721: R = iPr; 53%, 50:50 dr
72i R' = Cl: 82%, 63:37 dr

&

“ The diastereomers could not be separated by column chromatography.
® MgBr, was used as an additive.

1,3-amino alcohols. The hydrolysis of the 3-hydroxy N-zert-
butanesulfinyl imines 67c¢ and 67e to give the corresponding
p-hydroxy ketones 70 was also performed (see section 19.4).

The synthesis of S-hydroxy-f-trifluoromethyl imines was
achieved by Liu and co-workers via the addition of the
metalloenamine derived from ketimines 65 to a number of
trifluoromethylated ketones (Scheme 18).%5 Several param-
eters were examined, and the best results were achieved by
using LDA in THF at low temperature (—78 °C). A series
of aryl N-tert-butanesulfinyl ketimines were reacted with
trifluoroacetone to provide 72a—e in good yields and with
diastereomeric ratios ranging from 78:22 to 85:15. Two alkyl
N-tert-butanesulfinyl ketimines were also evaluated, but
adducts 72f and 72g were isolated with modest diastereo-
selectivities. The authors noted that increased yields of 72f
and 72g were obtained upon addition of MgBr, (76—98%
versus 50—63%), but modest diastereoselectivities were still
observed. Additions of aryl and alkyl-N-fert-butanesulfinyl
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Scheme 19. Additions of N-tert-butanesulfinyl
Metalloenamines to o,f-Unsaturated Ketones

\Y 1. LDA (1.1 equiv) V

ZnBr, (1.2 equiv) H
S. THF, -78 °C N

NI z R2 R® J\/k/u\
R )\ \/\“/ R R3
65 73 O 74
N\ N\ X

.S, 2S.

R Ph Ph)\/'\/u\ R
74a: R= Ph; 82%, >99:1 dr 74d:% 60%

74b: R = {Bu; 61%, >99:1 dr >99:1 dr
74c: R = iPr; 72%, >99:1 dr

74e: R = Ph; 84%, 97:3 dr
74 R = Et; < 50%
dr not determined

4 Reaction mixture was warmed from —78 to —20 °C.

Scheme 20. Additions of N-fert-butanesulfinyl
Metalloenamines to Nitroalkenes

Y 1.LDA (1.1 equiv) N\

n-Ssg THF,-78°C S

250
I 2 o~ IN R
Ph ‘R
\/\No2 ph)\ﬂ!\/NOZ
75 76a: R =Ph 77a: 88%, 75:25 dr
76b: R = Me 77b:2 92%, 79:21 dr

“MgBr; (1.2 equiv) was used as an additive.

ketimines 65 to trifluoroacetophenone (R> = Ph) were also
demonstrated. Although 72h—1 were synthesized in good
yields, poor diastereoselectivities were observed (up to 71:
29 dr). For most of the transformations, the major and minor
diastereomers were separated by column chromatography.
The absolute configuration of 72a was established by X-ray
structural analysis and the stereochemical outcome was
rationalized by the chelated transition state 71, which is
analogous to the one previously invoked by Ellman and co-
workers for metalloenamine additions to aldehydes (vide
supra). Hydrolysis of 72a was also demonstrated (see section
19.4).

3.2.2. 1,4-Addition of Metalloenamines to
o,3-Unsaturated Ketones

The scope of N-fert-butanesulfinyl metalloenamine chem-
istry was expanded by Ellman and Peltier to include o.f-
unsaturated ketones as competent electrophiles (Scheme
19).36 Deprotonation of the N-tert-butanesulfinyl ketimine
65 (R = Ph) with LDA in the presence of ZnBr, followed
by 1,4-addition to a number of o,(-unsaturated ketones 73
provided 74a, d, and e in good yields (60—84%) and with
96:4 to 99:1 dr. Alkyl ketimines 65 (R = Bu) and (R =
iPr) gave Michael addition products 74b and 74c¢ in good
yields and with high diastereoselectivities, respectively, but
ketimine 65 (R = Et) provided addition product 74f in less
than 50% yield, and the diastereoselectivity was not ascer-
tained. Additions of N-tert-butanesulfinyl metalloenamines
to nitroalkenes 76a and 76b were also explored, providing
77a and 77b in high yields, but with only moderate
diastereoselectivities (Scheme 20). The Michael addition
products 74 were further utilized in the asymmetric syntheses
of 2.4,6-trialkyl-substituted piperidines (eq 4, see section
4.2.1 for the details of this transformation).
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= R? R?

Hy g T (e e
| - a3 3

R)\/'\/”\Ra RUSNTR® RTONTTR
74 see section 4.2.1

3.2.3. 1,2-Addition of Metalloenamines to Imines

The use of N-tert-butanesulfinyl metalloenamines derived
from aldimines was explored in an effort to broaden the scope
of the metalloenamine methodology. However, self-conden-
sation of the enamine during the deprotonation step was the
prevailing reaction observed. This pathway was exploited
by Ellman and Schenkel in the synthesis of two biologically
significant heterocycles: trans-2-aminocyclopentanecarboxy-
lic acid (81) and SC-53116 (87) (Schemes 21 and 22).8” An
intramolecular self-condensation toward 81, a 5-amino acid
that has been incorporated into homo- and heterogeneous
foldamers, was first explored with bis-N-fert-butanesulfinyl
aldimine 78. A high level of diastereocontrol was observed
with sodium hexamethyldisilazide (NaHMDS) as the optimal
base, and addition of 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone (DMPU) was important for allowing the
reaction to proceed in high yield (Scheme 21). Significantly,
recrystallization of 79 provided diastereomerically pure
material in 50% yield. Conversion of sulfinyl imine 79 to
nitrile 80 was achieved in one step by heating to 150 °C
under microwave conditions (see also section 19.3). Con-
comitant removal of the sulfinyl group and hydrolysis of the
nitrile furnished 81 without detectable racemization to
complete the synthesis in four steps and 31% overall yield.

A diastereoselective intermolecular self-condensation reac-
tion was used for the synthesis of the highly potent and
selective serotonin 5-HT, agonist SC-53116 (87) (Scheme
22). For the self-condensation of 82, lithium hexamethyld-
isilazide (LHMDS) was identified as the optimal base, and
83 was generated in 55% yield as a 91:5:4:0 mixture of
diastereomers. Microwave irradiation of N-sulfinyl imine 83
produced nitrile 84, which was separated from the minor
diastereomers by column chromatography and was subse-
quently reduced to the primary amine 85. Amide-bond
formation yielded intermediate 86 in 80% yield. Concomitant
removal of the sulfinyl and acetal protecting groups and
cyclization to form the pyrrolizidine core was achieved under
acidic reducing conditions. This highly efficient synthesis
of 87 was completed in five steps and 29% overall yield
from the N-tert-butanesulfinyl imine 82. The authors also

Scheme 21. Synthesis of frans-2-Aminocyclopentanecarboxylic
Acid 81

NaHMDS (1 equiv) J(
\\/ DMPU (2 equiv)
THF, -78 °C S

} N NSy = “g-NH /N
PN e
o) (6]

78 79: 81%, 78:3:8:11 dr
(50%, >95:5 dr)?

=0

uww, 150°C Y

, CIHzN CO,H
CH,CN s-NH CN ad-HCl 3™ 2
> I -
0 d 75°C
80: 78% 81: 100%

31% over four steps

“Isolated yield and dr after crystallization.
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Scheme 22. Synthesis of SC-53116

o
LHMDS (0.5 equiv) o
DMPU (1 equiv)
& THF, -48 °C

RS s Ra

pw, 150 °C
CH4CN

Cl

86: 80%

GQ S

SC-53116 87: 88%
(29% overall)

demonstrated that the high selectivity in this type of
intermolecular self-condensation transformation could also
be achieved with N-tert-butanesulfinyl imines lacking a
coordinating group, such as 88 (eq 5).

Ph
1\
LHMDS (0.5 equi ’S”'f
I =
S‘Né\/\Ph—“ equiv) Q‘s SN (5)
>r THF, -48 °C \/< ‘u
Ph
88 89: 68%

85:13:2:0 dr

The synthesis of o,f-unsaturated N-tert-butanesulfinyl
imines 91 via intermolecular self-condensation of racemic
N-tert-butanesulfinyl aldimines 90 followed by elimination
was reported by Qin and co-workers (Table 5).38 A variety
of bases and solvents were tested, and tetrabutylammonium
fluoride and Et,O provided the best combination for achiev-
ing high yields and E/Z ratios of the double bond. A number
of N-tert-butanesulfinyl aldimines were evaluated as sub-
strates, providing moderate to good yields of the E-a,f3-
unsaturated imine products 91a—e (entries 1—5). Imines 91a
and 91c were further transformed to the corresponding enals
92 as single isomers in excellent yields by treatment with
HCI in THF—H,O. The direct preparation of several enals
(92f—h, entries 6—8) was also demonstrated. Notably, when
imine precursors 90 with phenyl or zers-butyl substitution at
the o-position were explored, none of the desired a,f-
unsaturated N-fert-butanesulfinyl imines were obtained (en-
tries 9—10). A cross-condensation of the N-tert-butanesulfi-
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Table 5. Synthesis of o f-Unsaturated N-fert-Butanesulfinyl
Imines 91 and Enals 92

ﬁ/ TBAF (1.2 equiv) N-Ssg HCL THF o]
S Et,0 | H,0 R
o E—— R))\H - [ H
| | R
R\)\H |
R
(+)-90 (+)-91 92
entry R 91 yield (%) E/Z 92 yield (%) E/Z
1 hexyl 91a 82 43:1 92a 89 99:1
2 Et 91b 68 11:1
3 Bn 91c 50 99:1 92¢ 90 99:1
4 AcO(CH,), 91d 80 11:1
5 BnO(CH,), 9le 82 16:1
6 Me(CH,)13 92f 66 99:1
7 BnO(CHa)3 92¢g 54 99:1
8 BnO(CH,), 92h 55 99:1
9 Ph 91i 0
10  Bu 91j 0

nyl aldimine 93 with p-nitrobenzaldehyde was demonstrated
and provided a mixture of products 94 and 91c (eq 6).
However, when electron-rich aromatic aldehydes were
employed, the self-condensation product 91¢ was observed
exclusively.

TBAF (1.2 equiv) Bn .Ss
*/ EtZO | H+ Nl ° (6)
Bn H
L o |
Bn
NO,

93 R =NO, 94: 58% 91c: 29%

R = Me 95: 0% 91c: 47%

R = OMe 96: 0% 9Mc: 49%

The development of an aza-Mannich reaction between
N-tert-butanesulfinyl metalloenamines and highly electro-
philic (E)-N-tert-butanesulfonyl (Bus) aldimines 97 was
conducted by Lanter and co-workers (Scheme 23).% As
previously observed for the intermolecular self-condensation
of N-tert-butanesulfinyl metalloenamines (vide supra),’’
lithium hexamethyldisilazide (LHMDS) was the best base.
A number of electron-rich and electron-deficient substituted
aryl and heteroaryl N-tert-butanesulfinyl ketimines 65 were
reacted with the N-Bus imine of benzaldehyde, providing
98a—g in varying yields (50—93%) with exquisite diaste-
reoselectivity. Reactions utilizing alkyl N-fert-butanesulfinyl
ketimines 65 also proceeded efficiently and with high
diastereoselectivity (98i—j, >99:1 dr), with the ketimine 65
derived from acetone being the notable exception (98h, 80:
20 dr). Alkyl, alkenyl, and aryl substituents on the Bus-imine
electrophile were also effective substrates, providing 98k—p
as single diastereomers in moderate to good yields (54—91%).
The utility of this method was illustrated by the elegant
synthesis of manzacidin C (102, Scheme 24; see section 14.1
for details).

The aza-Mannich reaction between acetophenone-derived
N-tert-butanesulfiny]l metalloenamines was also explored with
N-p-toluenesulfonyl aldimines as the electrophilic coupling
partners by Wang, Chen, and co-workers (Scheme 25).° A
screen of bases and solvents was conducted, with LDA in
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Scheme 23. Additions of N-tert-Butanesulfinyl
Metalloenamines to N-tert-Butanesulfonyl Aldimines

Y LHMDS (1.1 equiv) >(
NBus THF, -78 °C -
N/S‘\O + - - . N'S O
NHBus
| R?” "H |
R R)\/\Rz
85 97 98
.8=0 < _
NI NHBus NI’s r\?HBus
wph e
A =N

98a: R = H; 93%, »99:1 dr

98b: R = 4-OMe; 84%, >99:1 dr
98¢c: R = 2-OMe; 50%, >99:1 dr
98d: R = 4-CN; 81%, >99:1 dr

98f. 85%; >99:1 dr
98h: R = Me; 88%, 80:20 dr

98i: R = Et; 85%, >99:1 dr
98j: R = CH,0OBn; 64%, >99:1 dr

98e: 80%; >99:1 dr

8=
N NHBus

\ o
98¢: 65%; >99:1

98k: R = Et; 54%, >99:1 dr
98l: R = tBu; 80%, >99:1 dr
98m: R = cinnamyl; 85%, >99:1 dr

98n: R = OMe; 85%, >99:1 dr
980: R = NO,; 91%, >99:1 dr

98p: 61%, >99:1 dr

THF providing the best results. A number of electronically
diverse aryl and alkenyl N-p-toluenesulfonyl aldimines were
evaluated, affording 103a—i in high yields and with excellent
diastereoselectivities. Notably, the aliphatic N-p-toluene-
sulfonyl aldimine (R! = iPr) was not a suitable substrate in
this transformation (103j: 0% yield). The absolute config-
uration of adduct 103¢ was established by X-ray structural
analysis and was consistent with the chelated transition state
proposed by Ellman and co-workers for the analogous
reaction of N-fert-butanesulfinyl metalloenamines with al-
dehydes (see Scheme 16). Several subsequent synthetic

Scheme 24. Synthesis of Manzacidin C

Y

Ss
N"7S0 NBus LHMDS
oA+ HMPh (1.1 equiv)
99 100 THF, -78 °C
Br,
5=0 ) HNTSN
N NHBus —

5 |2 — N O\/ék) "'CO,H
nO = H B
Ph 5

manzacidin C 102:
28% yield over 10 steps

101: 85%
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Scheme 25. Additions of N-tert-Butanesulfinyl
Metalloenamines to N-p-Toluenesulfonyl Aldimines

Y 1. LDA (1.1 equiv)
THF, -78 °C

S0 N7 NOHT
N ~ s 3
| 2. R'CH=NTs '
Ph)\ -78°C F’h)\/\R1
75 103: >99:1 dr
.§=0 .8=0 ( -
NHTs N s=0

NN | NHTs N NHTs
Ph Ph Ph)\/\@
R R /

103a: R = H; 89% 103f: R = OMe; 72% 103h: 91%
103b: R = Me; 69% 103g: R = Br; 53%

103c: R = OMe; 94%

103d: R = Cl; 83%

103e: R = NO,; 59%

.8$=0 .8$=0

N NHT N
)l\/T\j\ )|\/’§I\HTS
Ph ““ph  Ph iPr
103i: 73% 103j: 0%

transformations were demonstrated on the N-protected
pB-amino N-tert-butanesulfinyl ketimines, including hydrolysis
(see section 19.4), enolate additions (see section 10.1.1),
Grignard additions (see section 14.1), and diastereoselective
reductions (see section 14.1) to provide a diverse range of
products.

3.2.4. Addition of Metalloenamines to Azodicarboxylates

The a-amination of N-tert-butanesulfinyl ketimines was
explored by Ricci and co-workers, and a number of a-hy-
drazino ketones were prepared after acidic hydrolysis
(Scheme 26).°! For this transformation, the N-fert-butane-
sulfinyl metalloenamines were generated from the orga-
nomanganese amide, PhMeNMnMe-4LiBr, prepared by
treatment of the MnBryLi, “ate” complex with MeLi and
N-methylaniline. Subsequent reaction with either di-zert-butyl
azodicarboxylate (DTBAD) or diethyl azodicarboxylate
(DEAD) as the electrophilic aminating reagents followed by

Scheme 26. Addition of N-fert-Butanesulfinyl
Metalloenamines to Azodicarboxylates

1. PhMeNMnMe +4 LiBr
\/ THF 2

2. DEAD or DTBAD, -30 °C RJ\(R

3. HCI N
R30,C” "NHCO,R?

105: R® = Et, {Bu
90:10 to 99:1 regioselectivity

JYPF

)\/
)Krpentyl

o™ "NHBoc BOC N-NHBoc Etozc’ “NHCO,Et
105a; 65% 105h: 50% 105¢:2 50%
o] 65% ee
»Y i
NS
NHBoc EtO,C” "NHCO,Et
105d.a 65% 105e:? 50%
68% ee 40% ee

“ An imine synthesized with (R)-tert-butanesulfinamide was employed.

Chemical Reviews, 2010, Vol. 110, No. 6 3615

hydrolysis provided o-hydrazino ketones 105. Two racemic
N-tert-butanesulfinyl ketimines 104 were examined, provid-
ing 105a and 105b in moderate yields, primarily as the
kinetic regioisomers with amination at the least hindered site
(Scheme 26). When enantiomerically pure N-tert-butane-
sulfinyl imines 104 were evaluated, the kinetically favored
o-amino ketones 105c—e were generated with moderate
yields (50—65%) and enantioselectivities (40—68%). Un-
fortunately, the absolute configurations of these products
were not identified.

3.2.5. a-Alkylation N-tert-Butanesulfinyl Amidines and
Imidate Esters

After Ellman and co-workers demonstrated the addition
of N-tert-butanesulfinyl metalloenamines to aldehydes for
the efficient synthesis of either syn- or anti-1,3-amino
alcohols (see sections 3.2.1 and 13.1), they explored the
expansion of this methodology to include other electrophiles.
However, the authors noted that the analogous alkylations
of N-tert-butanesulfinyl metalloenamines by alkyl halides
failed, presumably due to the highly electron-withdrawing
nature of the fert-butanesulfinyl group. In order to circumvent
this limitation, the more basic metalloenamines derived from
N-tert-butanesulfinyl amidines (the syntheses of which are
described in section 3.1.4) were employed (Scheme 27).”
Deprotonation of 64 (R = Me) with KHMDS in THF at low
temperature (—78 °C) provided 106a in 82% yield and with
99:1 diastereomeric ratio. Similarly impressive yields and
diastereoselectivities were achieved when other alkyl bro-
mides were employed (106¢c—e). When the more hindered
amidines 64 (R = Ph or Bn) were utilized, it was necessary
to increase the temperature to —40 °C, but even at this
elevated temperature, high levels of diastereoselectivity were
obtained for 106b, f, and g (=96:4).

The resulting a-alkylated product 106e was further
transformed into the N-tert-butanesulfinyl aldimine 107 or
ketimine 109 by treatment with Red-Al or MeLi and CeCl;,
respectively (Scheme 28). The utility of these intermediates

Scheme 27. Diastereoselective Alkylation of
N-tert-Butanesulfinyl Amidines

A'/ 1. KHMDS (1.2 equiv) A(
THF, -78 or -40 °C

NS0 2. R%Br (1.3 equiv) NS0
(\N)l\/R (\N)H/Rz
o/ o) R

64 106
N’s\\O NS0 NS0

106a: R = Me; 82%, 99:1dr  106¢: 86% 106d: 78%
106b: R = Bn; 92%, 99:1dr  99:1 dr 98:2dr
Yo Vo
Me
(\N)\an K\N
o R O\) Bn

106e: R = Me; 86%, 98:2dr  1069:? 82%
106f: R = Ph; 82%, 96:4 dr 97:3dr

“ Reaction performed with 3 equiv of Mel.
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Scheme 28. Further Synthetic Transformations with 106e

Red-Al Y MeMgBr A(

THF.40°C,  \-Sso CHeCla 48°C_

: 1
_Ss. 99:1d
NS0 ' Y
(\N)\l/ NaBH,, Ti(OEt), _Se
0

THF, 48 °C
¥|ﬁ|&i, SSCIS N”S\‘o 110: 86%
,-48 ° 96:4 dr
B”\)I\

109: 87% \ L-Selectride iio

THF, -78°C HN”
Bn

106e

108: 89%
96:4 dr

Scheme 29. Asymmetric Total Synthesis of
(6R,7S)-7-Amino-7,8-dihydro-a-bisabolene (117)

Y 1. KHMDS (1.2 equiv) Y
THF, -78°C

PN Sy

NS0 2. allyBr (1.3 equiv) NS5

' |
(\NM (\NM
o o) i~

112 113: 82%
single diastereomer

MeLi, CeCly  N-S3g 2 mol% Grubbs' Il S 0

THF, -48 °C )'\/\)J\ i
F

114: 82% 115: 87%
Li\/\)\

MeAl;, toluene

-78°C
HCl 116: P= SOtBuU; 56%
MeOH single diastereomer

117:R=H; 87%

was demonstrated by their conversion to N-tert-butanesulfinyl
protected chiral amine products via nucleophilic addition
reactions. Addition of MeMgBr to aldimine 107 provided
amine 108. Reduction of the ketimine 109 to provide either
N-tert-butanesulfinyl amine isomer 110 or 108 was also
demonstrated (for a stereochemical rationale for these
reductions, see section 4.2.1). In this way, chiral amines with
both a- and f-stereocenters may be synthesized.

The utility of this methodology was demonstrated by the
first asymmetric total synthesis of the marine natural product
(6R,7S)-7-amino-7,8-dihydro-o-bisabolene (Scheme 29).”°
Amidine 112, synthesized in four steps from commercially
available material, was subjected to the optimized a-alky-
lation conditions, generating 113 in 82% yield as a single
diastereomer. Formation of the ketimine 114 with MeLi and
CeCl; followed by ring-closing olefin metathesis using
Grubbs’ second generation catalyst provided 115 in high
yield. Organolithium addition to ketimine 115 provided 116
in 56% yield as a single diastereomer. Removal of the
sulfinyl group completed the synthesis of 117.

Robak et al.

Scheme 30. Asymmetric Alkylation of N-fert-Butanesulfinyl
Imidates 118 with Alkyl Halides

1. KHMDS >L . Q'/
THF #toluene i

s';
2 R2X O S\

.Sy,
N"7%0
-78°C K~ R
Meo)l\/R Meo)7 'V'eo)\/
118 119 120
NS NS

&

Meo)\/ Et

120e: R? = Bn; 90%, 96:4 dr
120f: R? = allyl; 88%, >99:1 dr
120g: R? = Pr; 78%, >99:1 dr
120h:® R? = Me; 80%, 78:22 dr

MeO

120a; R? = Bn; 77%, 98:2 dr

120b: R? = allyl; 75%, 98:2 dr
120¢: R? = Pr; 49%, 76:24 dr
120d:P R? = Et; 80%, 70:30 dr

Y 120i: R? = Bn; 84%, 98:2 dr

-S4 120j: R? = allyl; 85%, >99:1 dr
120k: R? = Et: 79%, >99:1 dr
1201: R? = Me: 34%, 79:21 dr

“Yields given for the isolated major diastereomer. ® Diastereomers could
not be separated by column chromatography, and the yield is reported for
the diastereomer mixture.

Scheme 31. Further Manipulations of Imidates 120

Y

Nl’S‘\ L NH-HCI

R “dioxane R
Meo)\;/ - MeOJ\;/
R? R?

120 121: 77-96%

mCPBA CHCly H,0
CH,Cl, A
,s:ig 0 o)
R
MeO)I\/R HZNJ\./R MeOJ\;/
2

éz R2
122: 86-94% 124: R2=Bn

73-74%

123: 72-99%

Recently, De Kimpe and co-workers disclosed the alky-
lation of metalloenamines derived from N-tert-butanesulfinyl
imidates 118 by alkyl halides (Scheme 30).”® Optimization
of the reaction conditions revealed that enhanced yields and
diastereoselectivities were obtained when KHMDS was used
as the base. Several N-tert-butanesulfinyl imidates were used
to prepare the corresponding a-alkylated imidates. Addition
of allyl or benzyl bromide to all imidates surveyed provided
the desired products 120a—b, e—f, and i—j in 75—90% yield
and with excellent diastereoselectivity (=96:4). However,
addition of alkyl iodides (R?> = Pr, Et, or Me) proceeded
with more variable diastereoselectivity, and separation of the
diastereomeric mixtures was only sometimes possible. Cleav-
age of the sulfinyl group under acidic conditions yielded the
imidate hydrochlorides 121 in good yields (Scheme 31),
which could be further manipulated to provide chiral
o-alkylated amides 123 or esters 124. Oxidation of the N-tert-
butanesulfinyl imidates 120 to the corresponding N-Bus
imidates 122 was also demonstrated (Scheme 31). The
stereochemical outcome of the alkylation of imidates 118
was determined by chemical correlation of the imidate
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hydrochloride 121 prepared from 120b. The stereoselectivity
of the alkylation reaction was rationalized by cyclic transition
state 119 (Scheme 30).

3.3. Conjugate Addition to o,f-Unsaturated
N-tert-Butanesulfinyl Imines

Ellman and McMahon developed a method to access
N-tert-butanesulfinyl imines with S-stereocenters via con-
jugate addition of copper reagents to a,f3-unsaturated N-zert-
butanesulfinyl ketimines and aldimines (Scheme 32).°' The
reaction was optimized for the addition of a butyl cuprate,
and the highest yields and diastereoselectivities were obtained
with nBuLi, CuCN, and BF;+OEt, in THF, providing 127a
and 127b in good yields (68—76%) and with high diaste-
reoselectivities (=92:8). Notably, the diastereomeric ratio of
127a was higher than the 2:1 E/Z isomer ratio of the a,f-
unsaturated ketimine precursor, suggesting that cuprate
addition occurs preferentially to one imine isomer with
concomitant rapid imine isomerization. The scope of the
reaction was also investigated; however, application of these
reaction conditions to the addition of the less reactive methyl
cuprate (Me,CuLi) to a,f3-unsaturated N-zert-butanesulfinyl
imines was not effective. Changing the solvent from THF
to Et,O provided superior results, generating 127¢, 127d,
and the cyclic ketimine 127e in good to excellent yields and
diastereoselectivities. Conjugate addition of a butyl cuprate
to an N-tert-butanesulfinyl aldimine was also explored, but
application of the conditions optimized for the analogous
conjugate additions to N-fert-butanesulfinyl ketimines pro-
vided 127f with moderate diastereoselectivity (80:20). How-
ever, addition of PBus gave improved diastereoselectivity
for 127f (85:15), while changing the copper source from
CuCN to CuOAc resulted in a reversal of diastereoselectivity
(127g). The absolute configurations at the f3-stereocenter of
the ketimine products were determined by chemical correla-
tion. The facial selectivity was rationalized by transition state
126, where coordination of the cuprate to the sulfinyl oxygen

Scheme 32. Conjugate Addition of Copper Reagents to
o,f-Unsaturated N-fert-Butanesulfinyl Imines

Y R3[Cu) Y V

0 —

N 'L' _S. 3
I solvent )\ T TON R
_78°C R [
R)Wl\ 78°C “"CuL X, R)\/LRQ
R

RZ
125 126 127
_S. .S O"'N
0* |N Bu 0 JN\/L |
R)\/'\ R Ph
127a:? R = Me; 127¢:P R = Me; 127e:° 55%; 87:13 dr
68%, 93:7 dr 70%, 85:15 dr
127b:? R = Ph; 127d5R = Ph;
76%, 92:8 dr 91%, 96:4 dr
_S. _S.

127f.° 73%; 85:15 dr 127g:d 55%: 85:15 dr

“Method A: Bu,CuCN+BF;+OEt, in THF. ® Method B: Me,CuLi in Et,O.
¢ Method C: Bu,CuCN-PBu; in THF. ¢ Method D: Bu,CuOAc-PBujs in
THF.
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and delivery of the nucleophile occurs on the face opposite
to the tert-butyl group.

4. Synthesis of o.-Branched Amines

The synthesis of unfunctionalized a-branched amines from
imines may be accomplished by addition of organometallic
reagents to N-fert-butanesulfinyl aldimines. For addition to
aldimines, a variety of nucleophiles have proven effective,
including Grignard reagents, organolithium reagents, and
other carbanion reagents. Additionally, transition-metal
catalyzed reactions have been developed. The stereochemical
outcome of the addition reaction is dependent on the type
of nucleophile employed. In particular, Grignard additions
and organolithium additions typically provide products with
the opposite relative stereochemistry from each other.

Alternatively, the same class of product may be accessed
via reduction of the appropriate N-fert-butanesulfinyl ketimines.
Several different types of reductants have been used, most
notably sodium borohydride and L-Selectride, which provide
products with complementary stereoselectivity. One-pot
reductive aminations have been developed, eliminating the
need for isolation of the imine intermediate. Catalytic
reductions have also been described.

4.1. 1,2-Addition to Aldimines

Several early studies®* * examined the effects of solvent,

metal, and additives on the selectivity in additions of
organometallic reagents to unfunctionalized N-fert-butane-
sulfinyl aldimines 2. On the basis of these studies, transition
state models have been proposed to explain the stereochem-
ical outcome of these reactions. Depending on the choice of
reaction conditions, either diastereomer of the addition
product, 129 or 131, can be obtained (Scheme 33). Chelated
transition state 128, which gives rise to product 129, is
typically favored by the use of Grignard reagents in nonco-
ordinating reaction solvents such as CH,Cl, or toluene. In
contrast, open transition state 130, which provides product
131, is favored by the use of organolithium reagents in
coordinating solvents such as THF.

4.1.1. 1,2-Addition of Grignard Reagents to
Aldimines

The addition of Grignard reagents to N-tert-butanesulfinyl
aldimines 2 was first reported by Ellman and co-workers in
1997.1% Exclusive attack at the imine carbon was observed,
which contrasts with Grignard addition to N-toluenesulfinyl
imines, where undesired attack at the sulfinyl group typically
predominates.>% In a subsequent full paper, Ellman and co-

Scheme 33. Transition State Models for Stereoselectivity in
1,2-Additions to N-tert-Butanesulfinyl Aldimines
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Scheme 34. Solvent Effects in Grignard Additions

\k

s\ EtMgBr .. t .S

~0in Et,0 | H HN" S0
l H solvent %“ S\\N/LP
o—-Mg=Et
133 135b
THF  50:50 dr

Et,0O 62:38dr
CHCl, 92:8 dr

\%

s\ MeMgBr . H + 8.
“0in Et,0 | L HN S0
\)l\ solvent % WSTNTERE \/'\
H o-Mg~Me
134 135j

THF  90:10dr
CH20|2 93:7 dr

workers provided details of a dramatic solvent effect on the
stereoselectivity of this reaction (Scheme 34).”> For example,
the addition of EtMgBr to aldimine 133 proceeded with low
stereoselectivity in Et,O and THF, while much higher
diastereoselectivity was obtained in CH,Cl,. The addition
of MeMgBr to aldimine 134, while proceeding with reason-
able stereoselectivity (90:10 dr) in THF, similarly benefited
from use of CH,Cl, as the solvent (93:7 dr). In this study, a
3.0 M solution of the Grignard reagent in Et,O was added
dropwise to a cold (—48 °C) solution of imine. It is important
to note that the use of Grignard reagents in THF instead of
in Et,O resulted in much lower diastereoselectivity. This
observed solvent effect is consistent with the proposed
chelated transition state, because competitive coordination
of ethereal solvents such as THF would interfere with the
formation of the six-membered-ring transition state, resulting
in diminished stereocontrol.

The addition of Grignard reagents to alkyl, benzyl, and
aryl aldimines in CH,Cl, was found to be quite general, as
illustrated in Scheme 35. An array of different Grignard
reagents were used, including, aryl, vinyl, and alkyl deriva-
tives. In most cases, high yields and diastereoselectivities
were obtained. However, the addition of iPrMgBr to an aryl
aldimine was less successful, providing only 29% yield of
addition product 135c¢ (see section 4.1.2 for addition of /PrLi
in high yield). In this case, the major product of the reaction
was N-benzyl tert-butanesulfinamide, formed via competitive
reduction of the imine. It is worthwhile to note that additions
to the highly enolizible phenylacetaldimine provided the
desired addition products 135f—i in high yields (81—89%).%
While organolithium reagents provide low stereoselectivity
under these reaction conditions, transmetalation by addition
of MgBr, to PhLi provided satisfactory results (1351). The
resulting chiral N-fert-butanesulfinyl amine products 135
could be easily deprotected by treatment with HCI in MeOH,
providing high yields of the corresponding amine hydro-
chloride salts 136.

The first example of the addition of an aryl Grignard
reagent to an N-fert-butanesulfinyl aromatic aldimine was
reported by Senanayake and co-workers for the asymmetric
synthesis of (S)-cetirizine dihydrochloride (139, Scheme
36).” Racemic cetirizine HCI, a histidine H;-receptor
antagonist used for the treatment of allergies, is marketed in
the U.S. as Zyrtec. The more pharmacologically active (R)
enantiomer, levocetirizine dihydrochloride, was approved by
the FDA in 2007 and is marketed in the U.S. under the brand
name Xyzal.”®

Robak et al.

Scheme 35. Grignard Additions to N-tert-Butanesulfinyl
Aldimines

Y R2MgBr \y&
S NH,Cl

3Min Et,0 N
NS0 (3 Min Et;0) HN- S0 &» 1)\ ,
1)I\ CH.CI A meoH ~ R
R H 2012 R R
2 -48°C, 4-6 h 135 136: 78-100%
T \k

o} _Ss
2
R R?
R3
135a: R®=H, R? = Me, 96%, 97:3dr  135f: R? = Me, 89%, 95:5 dr
135b: R® = H, R? = Et, 98%, 92.8dr  135g: R%=Et, 85%, 92:8 dr
135c: R® = H, R? = iPr, 29%, 97:3dr  135h: R? =vinyl, 81%, 91:9 dr

135d: R® = H, R? = vinyl, 79%, 94:6 dr 135i; R2 =Ph, 81%, 95:5 dr
135e: R® = OMe, R? = Et, 88%, 99:1 dr

135m: R? = Me, 97%, 98:2 dr
135n: R2 = Et, 100%, 97:3 dr
1350: R? = vinyl, 90%, 88:12 dr
135p: R? = Ph, 98%, 89:11 dr

135j: R2 = Me 96%, 93:7 dr

135k: R? = jPr 97%, 98:2 dr

1351 R? = Ph 100%, 96:4 dr
(88%, 94:6 dr)?

“ PhLi/MgBr; used instead of PhMgBr.

Scheme 36. Synthesis of (S)-Cetirizine Dihydrochloride

S\ MgBr \ﬁ

H
toluene, -20to 0 °C

138a
OH 78%, 91:9dr
oYY
N (o]
R [ j-ZHCI
> N

SO0

cetirizine dihydrochloride (139)

While CH,Cl, as a reaction solvent provided high dias-
tereoselectivity for Grignard addition to 137, low reactivity
was observed. Upon examination of a variety of solvents,
toluene was chosen for further studies. A number of Lewis
acid additives were screened, including AlMes;, BF;-OEt,,
Cu(OTf),, ZnCl,, Mg(OTf),, and Ti(OiPr),, and in all cases
diminished stereoselectivity was observed (60:40 to 81:19
dr) compared to the reaction in the absence of additives (91:9
dr). Single-crystal X-ray analysis of N-fert-butanesulfinyl
amine product 138a confirmed the expected stereochemistry,
which is consistent with the proposed chelated transition state
128 (Scheme 33). Use of PhLi instead of PhMgBr was also
investigated, providing the opposite diastereomer as the major
addition product via an open transition state such as 130
(Scheme 33, see section 4.1.2 for details). Further optimiza-
tion of this transformation revealed that the use of the
N-triisopropylphenylsulfinyl imine instead of the N-tert-
butanesulfinyl imine as a substrate allowed this reaction to
take place in 97:3 dr.”’

Shortly after the initial report by Senanayake and co-
workers,”* Plobeck and Powell disclosed a full study on the
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Scheme 37. Addition of Aryl Grignard Reagents to Aryl
N-tert-Butanesulfinyl Aldimines

\'&

2 .
/S‘\O R“MgBr in Et,O HN’S‘\O HCl NH,Cl

N
R1JI\H toluene, -45 °C, 4 h RV'\Rz MeOH g17>R2
2 138 140: 71-97%
138a: R' = 4-CI-Ph, 86%, 88:12 dr
\k 138b: R' = 4-Br-Ph, 89%, 85:15 dr
_S. 138¢c: R! = 4-CF4-Ph, 85%, 80:20 dr
HN" "0 138d: R = 4-Me,N-Ph, 0%
R > Ph 138e: R' = 3-Furyl, 76%, 97:3 dr
138f. R" = 1-Naphthyl, 88%, 86:14 dr
Y 138g: R? = 4-CI-Ph, 89%, 93:7 dr
138h: R? = 4-Me-Ph, 85%, 88:12 dr
HN’S\‘o 138i: R? = 4-MeO-Ph, 92%, 91:9 dr
138j: RZ = 4-F-Ph, 49%, 92:8 dr
Ph” "R? 138k: R? = 2 4,6-(Me)3Ph, 76%, 73:27 dr

addition of aryl Grignard reagents (Scheme 37) and aryl
lithium reagents (see section 4.1.2) to N-fert-butanesulfinyl
aromatic aldimines 2, and with this study they demonstrated
that a broadly general reversal in selectivity could be
achieved for the two classes of reagents.”* Addition of a
solution of PhMgBr in Et,O to imine 137 was again found
to take place smoothly in toluene at low temperatures (—45
°C), in this case providing product 138a in 86% isolated
yield with an 88:12 ratio of diastereomers, with the major
diastereomer again corresponding to a chelated transition
state. Application of these reaction conditions to other aryl
imine substrates as well as other aryl Grignard reagents was
successful, providing access to a variety of chiral diaryl-
methylamine hydrochlorides 140 in good yield and stereo-
selectivity after acidic methanolysis of the N-fert-butane-
sulfinyl amine products 138. Only the addition of 4-Me,N-
PhMgBr failed to provide desired product 138d under these
conditions.

A general method for a parallel solution-phase asymmetric
synthesis of a-branched amines from Grignard reagents and
enantiomerically pure N-fert-butanesulfinyl imines was de-
veloped by Ellman and co-workers (Scheme 38).°® The
condensation of (R)-fert-butanesulfinamide with a number
of aldehydes was conducted with Ti(OEt), as a Lewis acid
and water scavenger. The N-tert-butanesulfinyl imines 2 were
synthesized either at room temperature over several hours
or at 90—110 °C for 10 min in the microwave. Attempts to
effect direct Grignard addition to the resulting imines in the
presence of the titanium reagent and its byproducts were
unsuccessful. However, removal of the titanium-derived
material could be accomplished by mixing the reaction
mixture with water-saturated diatomaceous earth and filtra-
tion. The crude imines were then dissolved in CH,Cl, and
treated with an excess of the Grignard reagent in Et,0O,
providing the N-fert-butanesulfinyl amines 140 after quench-
ing the reaction with aqueous NH4Cl and phase separation
with a commercially available 1PS filter. Cleavage of the
sulfinyl group was achieved under acidic conditions, and the
desired amine hydrochloride was isolated after acid/base
extraction and reacidification. The practicality of this pro-
cedure was demonstrated by the syntheses of 141a—j, which
were obtained in high overall yields and with good enanti-
oselectivities from tert-butanesulfinamide 1. An alternate
protocol to cleave the sulfinyl group was also developed by
microwave irradiation of a mixture of 140 with a macroporous
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Scheme 38. Parallel Solution-Phase Asymmetric Synthesis of
a-Branched Amines”

1. RCHO, Ti(OEt),, CH,Cl,

rtor 90-110 °C uw 1. R?MgBr,
o 2. Diatomaceous earth, CH,Cl,, 48 °C
a H,0, CHyCl, _S._ 2. sat NH,CI

r NH; 3. Filtration NI O 3 Separation
4. Concentration )\ and extraction
R™ H  with 1PS
4. Concentration

1 2

Y 1.2 N HCI, MeOH, dioxane, then conc.

2.0.5 N HCI, CH,Cl, NH;CI
HN" "0 3 Separation and extraction with 1PS g R2
4.2 N NaOH, CHyCl,

5. Separation and extraction with 1PS
140 6. HCI, dioxane, then conc. 141

141a® R = Et; 76%, 83% ee
NH-CI 141b: R = iPr; 80%, 97% ee
3 141c: R = Ph; 83%, 94% ee
R/K 141d:° R = Bn; 77%, 91% ee
141e®R = 1-naphthyl; 71%, 80% ee

NH,Cl NH,CI

R™ Et R™ "Ph

141f. R = iPr; 82%, 95% ee 141h: R = Et; 82%, 93% ee
141g. R = Bn; 81%, 87% ee 141i: R = iPr; 82%, 81% ee
141j: R = Bn; 63%, 93% ee

“ Unless otherwise noted, the imine condensation step was performed at
room temperature. ” The N-tert-butanesulfinyl imine precursor 2 was also
synthesized under the microwave reaction conditions and provided the
corresponding product in comparable yields and enantioselectivities.

sulfonic acid resin in the presence of a catalytic amount of
ammonium chloride (eq 7). Purification of the product by
washing it with methanol followed by elution with metha-
nolic ammonia provided 141d, 141e, and 141j with com-
parable enantioselectivities but lower yields than those for
the HCI cleavage protocol.

1. AG MP-50 Resin, cat. NH,CI,
Y MeOH, 110 °C uw
2. Wash with MeOH NH;

N )
HN"""0 3 Shake with 4 M NHy/MeOH R/LRZ
R R2 4. Filter, wash with MeOH,
140 CH;Cly, then cone. 141d: 64%, 89% ee

(crude) 141e: 65%, 87% ee
141j: 61%, 90% ee

Kuduk and co-workers reported the addition of organo-
metallic reagents to N-fert-butanesulfinyl 2-pyridyl aldimine
142 (Scheme 39).” Optimization of reaction conditions
revealed that addition of Grignard reagents in THF at low
temperature gave adducts 144a—f in moderate to high yield.
Alkyl, aryl, vinyl, and alkynyl additions proceeded with high
diastereoselectivities (89:11 to 97:3 dr), while allyl addition
provided adduct 144f with low stereoselectivity. The stere-
ochemical outcome of this reaction, established via chemical
correlation experiments, reveals the opposite stereochemistry
at the newly formed stereocenter from that observed in
additions to other aldimines (vide supra). The authors
propose open transition state 143 to account for these results.
The low selectivity observed for allyl addition is likely due
to competition between the open and chelated transition
states.

Konig and co-workers reported the addition of terminal
alkene-containing Grignard reagents of varying chain lengths
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Scheme 39. Opposite Stereochemistry in 1,2-Addition to
N-tert-Butanesulfinyl 2-Pyridyl Aldimine 142
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Y Y Y

HN” Sso
144d: -40 °C 144e: -20°C 144f. -78 °C
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Scheme 40. Grignard Additions to N-fert-Butanesulfinyl
2-Pyrrole Aldimines
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/\(\,);O \\ BFMQ%\ o N
NH THF 70 s
EtO 50°C,3h NH
Y EtO
145 [¢]

— 146a:n=2, m=2,61%, 91.9dr
146b: n =2, m =3, 63%, 93:7 dr
146¢c. n=2 m=4 64%,91:9dr

5 o 146d: n =3, m=2, 68%, 90:10 dr

146e XM 4 " 8 146e:n =3, m= 3, 71%, 90:10 dr
\ X N 146f: n = 3, m = 4, 65%, 93:7 dr

N H 146g: n =4, m = 2, 68%, 94:6 dr

EtO 146h: n =4, m =3, 50%, 91:9 dr

Y 146i: n =4, m =4, 72%, 94:6 dr

147: 47%, Z.E 9:1

“RCM conditions: Grubbs’ I catalyst (2 x 15 mol %), 0.0005 M in
CH,Cl,.

(m = 2—4) to pyrrole imines 145 containing a tethered alkene
with various tether lengths (n = 2—4).!% All permutations
were carried out, providing N-sulfinyl amine products 146a—i
in 50—72% yield with 90:10 or better diastereoselectivity
(Scheme 40). Unfortunately, the relative stereochemistries
of products 146 were not rigorously determined but were
tentatively assigned based on a chelated transition state
model. Subsequently, attempted ring closing metathesis was
unsuccessful for most tether length combinations, but in the
case of 146e under dilute conditions, cyclized product 147
was obtained in 47% yield as a 9:1 mixture of Z/E isomers,
in the presence of a mixture of dimeric products.

Hashmi and co-workers reported the addition of Grignard
reagents to N-fert-butanesulfinyl furanyl aldimines 148
(Scheme 41).!°! While the moderate to excellent yields of
the addition reactions appeared to be relatively independent
of solvent effects, conflicting results were observed with
respect to the optimal solvent for stereoselectivity. Products
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Scheme 41. Grignard Additions to N-tert-Butanesulfinyl
Furanyl Aldimines
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\”YYY
e ey e
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CHyCl, CH,Cl, CH,Cl, CH,Cl,
quant, 74:26 dr  75%, >97:3dr  70%, >97:3 dr 84%, 56:44 dr
THF THF THF THF

97%, >97:3 dr 99%, 59:41 dr  75%, 90:10 dr
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Hn-S%o NS0
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\ ! O \
FsC 149¢: 149F:
CHozo'Z ) CH,Cl,
91, >97:3 dr 95%, 89:11 dr
THF

A
50%, 81:19 dr 56%, 89:11 dr

149b, c, and e were obtained with higher diastereoselectivity
when the reactions were conducted in CH,Cl,, while products
149a and d were formed more selectively in reactions carried
out in THF, and 149f was formed with the same stereose-
lectivity in both solvents. In all cases, the configuration of
the major diastereomer was determined by X-ray crystal-
lography to be the one that would arise from a chelated
transition state. Further elaboration of the reaction products
led to sulfonamides 150, which could be treated with Au(I)
or Au(IIl) catalysts to effect a cyclization reaction, providing
dihydroisoindol-4-ols 151 (eq 8).

SOQTBU
T S

\ O
[Au] cat.
O R3
\_

Lu, Senanayake, and co-workers found a dramatic solvent
effect, involving reversal of observed stereochemistry, in the
addition of functionalized chiral Grignard reagents (R)-154
and (S5)-154 to imine 152 (Scheme 42).!%2 This was exploited
to allow isolation of all four diastereomers of hydroxyl
sibutramine derivatives 153a—d, from a single imine precur-
sor 152. The stereochemical outcomes of the reactions carried
out in CH,Cl, (with the Grignard reagent in Et,O) are
consistent with a chelated transition state mechanism, while
the stereochemical outcomes of the reactions carried out in
THF are consistent with an open transition state. In some
cases, addition of trialkylaluminum Lewis acids enabled
enhanced diastereoselectivity.

Kinzel and co-workers developed the addition of het-
eroaromatic nucleophiles to N-tert-butanesulfinyl imine 156
for the synthesis of histone deacetylase (HDAC) inhibitors.!*
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Scheme 42. Divergent Synthesis of Hydroxyl-Sibutramine

Derivatives
I - > - g
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(R)-154 H (S)-154
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153b: 86:14 dr
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not provided)

153d: 75%, 85:15 dr

Scheme 43. Addition of Heteroaromatic Grignard Reagents
to Imine 156
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Br
157a: X = 8; 62%, 9:1 dr 157c: 31%, 5:1 dr

157b: X = O; 39%, 3:1 dr

157d: 76%, 3:1 dr

Both lithium—bromine exchange (see section 4.1.2) and
magnesium—bromine exchange (Scheme 43) were investi-
gated. The diastereoselectivity was highly dependent on the
structure of the heterocycle, and the absolute configurations
of each product were assigned by 'H NMR after conversion
to the corresponding Mosher amides.

Kocienski and co-workers described the asymmetric
synthesis of tubulin polymerization inhibitor (S)-N-acetyl-
colchinol (161) in nine steps and 31% overall yield (Scheme
44).1% Diastereoselective addition of aryl Grignard reagent
159 to N-tert-butanesulfinyl aldimine 158 was one of the
key steps in the synthesis, and proceeded in excellent yield
and with high diastereoselectivity.

Kosciolowicz and Rozwadowska reported the stereose-
lective addition of MeMgBr to aldimine 162 in THF to
provide N-fert-butanesulfiny]l amine 163 in 89% yield with
97:3 dr, which upon crystallization was increased to 99:1 dr
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Scheme 44. Synthesis of N-Acetyl Colchinol
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161:
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Scheme 45. Synthesis of (S)-Salsolidine
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CH,Cl,, -48 °C to rt 70%, 92:8 dr
THF, -27 °C 89%, 97:3 dr
NH
—_—
—_—
MeO
OMe
164:

(S) ~(-)-salsolidine

(Scheme 45).!% Other reaction conditions were investigated,
including the use of MeLi and the use of alternative solvents;
however, inferior results were obtained. Subsequent trans-
formations provided the isoquinoline alkaloid (S)-salsolidine
(164) with 98% ee in 24% overall yield from the precursor
aldehyde (over five steps). Alternatively, the synthesis of (R)-
salsolidine via reduction of the appropriate N-fert-butane-
sulfinyl ketimine was also disclosed (see section 4.2.1).1%

Kuduk and co-workers at Merck utilized the addition of
MeMgBr to N-fert-butanesulfinyl imine 165 for the stereo-
selective synthesis of versatile intermediate 166 (Scheme
46).!97 Heterocyclic (2-pyridyl) analogues were also synthe-
sized by the addition of MeMgBr to N-fert-butanesulfinyl
2-pyridyl imine 167 to provide intermediate 168. Opposite
stereocontrol is observed due to the pyridyl subtituent (vide
supra). A variety of compounds 169 for SAR studies were
synthesized by subsequent cross-coupling and amide bond
formation reactions. Compounds 169 were tested as brady-
kinin B receptor agonists for potential use in treatment of
pain and inflammation.

Collins and co-workers reported the addition of PhMgBr
and BnMgBr to N-fert-butanesulfinyl aryl aldimine 170 for
the rapid synthesis of potential 6-phenyl purine inhibitors
of protein kinase B (eq 9).!” In this study, the diastereose
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Scheme 46. Synthesis of Bradykinin B1 Receptor Agonists
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lectivity of the addition reaction was not relevant because
racemic sulfinamide was used.

\k a: PhMgBr (Et,0) \k

N S‘\O CH,Cl,, -60 °C to rt
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b: BnhMgBr,
THF, reflux

#)170 171a: R = Ph, 38%
171b: R = Bn, 33%

The addition of a variety of Grignard reagents to aldimine
172 was reported by Fustero and co-workers, providing 173a—c¢
with high diastereoselectivity (Scheme 47).!” After protecting
group manipulation, the chiral amine products 174 were
utilized as substrates for a tandem cross-metathesis—aza-

Scheme 47. Synthesis of 2,5-Substituted Pyrrolidines
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Scheme 48. Synthesis of 2-Substituted Pyrrolidines
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Scheme 49. Synthesis of (£)-N'-Nitrosonornicotine
5'-Acetate
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Michael reaction protocol, providing diastereomeric chiral
pyrrolidine products 175 and 176. Use of conventional
heating favored formation of 175, while a microwave heating
protocol was employed to favor formation of diastereomer
176.

Brinner and Ellman reported the addition of an acetal-
functionalized Grignard reagent to several N-tert-butanesulfinyl
aldimines, providing adducts 178a—d in high yield and ste-
reoselectivity (Scheme 48)."'° Upon deprotection, adducts 178
cyclize to form pyrrolines, which are reduced in situ with
Et;SiH to provide 2-substituted pyrrolidines 179 in high yield.
The stereochemical outcome of Grignard addition is con-
sistent with an open transition state rather than a chelated
one, presumably due to disruption of chelation control by
the coordinating ability of the pendant acetal. This method
of pyrroline synthesis was utilized by Marriner and Kerwin
in a concise synthesis of racemic N'-nitrosonornicotine 5'-
acetate (183) (Scheme 49).!"" Instead of in situ reduction of
pyrroline 182 to the corresponding pyrrolidine, nitrosoacy-
lation provided the desired adduct 183 in 37% yield over
two steps. Very recently, Reddy and Prashad reported an
alternative approach to the asymmetric synthesis of 2-sub-
stituted pyrrolidines by addition of Grignard reagents to a
y-chloro-N-fert-butanesulfinyl aldimine followed by cycliza-
tion.!1?

Diastereoselective addition of MeMgBr to N-fert-butane-
sulfinyl aldimine 184 was employed by Yotphan, Bergman,
and Ellman for the formation of chiral amine product 185,
which was isolated as a single diastereomer in high yield
(Scheme 50).!'"* This chiral amine was manipulated to
provide unsaturated imine 186, which was utilized as a
substrate in a novel tandem C—H bond activation/alkyny-
lation/electrocyclization protocol, furnishing bicyclic bridge-
head enamine 187 as a single diastereomer in good yield.

The addition of MeMgBr to diastereomeric imines 188
and 191 was similarly successful, yielding products 189 and
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Scheme 50. Synthesis of a Bicyclic Bridgehead Enamine
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192 in which the configuration of the newly formed stereo-
center depended on the sulfinyl group configuration (eqs 10
and 11).'"* The addition products were further elaborated
into 190 and 193, conformationally restricted analogues of
the antipsychotic drug haloperidol, as part of a series of
molecules tested as potential antidopaminergic agents.
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Shieh, Prasad, and co-workers at Novartis recently dis-
closed an optimized, scalable synthesis of chiral amine 198,
a novel and potent inhibitor of dipeptidyl peptidase 4 (DPP-
4) in clinical trials for the treatment of type 2 diabetes.'!
The key step is addition of a benzylic Grignard reagent 195
to N-tert-butanesulfinyl aldimine 196 to yield chiral amine
197 (Scheme 51). Initial optimization of reaction conditions
revealed that addition of a solution of the Grignard reagent
in diethyl ether to a cold (—78 °C) solution of the imine
provided the desired product with 70:30 diastereoselectivity.
However, the use of diethyl ether in a manufacturing plant
is unsafe due to its volatility and flammability; therefore,
alternative solvents were investigated. Synthesis of the
Grignard reagent was therefore carried out in toluene, in the
presence of 1 equiv of cyclopentyl methyl ether (CPME) as
a stabilizer. The Grignard reagent was diluted with CH,Cl,
and cooled, and then a CH,Cl, solution of the imine was
added. In addition to improved safety, this revised protocol
also provided 197 with higher stereoselectivity (85:15 dr),
which was sufficiently high to enable isolation of diastereo-
merically pure material by crystallization of the crude product
from methanol. A variety of Lewis acid additives were
screened, but consistent with prior studies (vide supra), no
beneficial effect was observed. The absolute stereochemistry
of the product, as well as the observed additive and solvent
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Scheme 51. Scalable Synthesis of a DPP-4 Inhibitor for
Clinical Trials
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effects, are consistent with chelated transition state 128
(Scheme 33) for this addition reaction.

4.1.2. 1,2-Addition of Organolithium Reagents to
Aldimines

Early work on the additions of organometallic reagents to
aldimines revealed that addition of MeLi to imine 134 was
less stereoselective than addition of MeMgBr (eq 12).”

Sy MeM Sy

Nl’ ~0 HN""~0 (12)
-48 °C
\)\H solvent \/'\
134 135j

MeMgBr, THF 90:10 dr
MeMgBr, CH,Cl, 93:7 dr
MeLi, THF 75:25dr
Meli, Et,O 54:46 dr

In their work on the synthesis of (S)-cetirizine,” Senan-
ayake and co-workers found that the addition of PhLi to aryl
aldimine 137 proceeded with opposite diastereoselectivity
from the addition of PhMgBr (see Scheme 36, section 4.1.1)
to the same aldimine. Furthermore, while a variety of Lewis
acid additives had a detrimental effect on the stereoselective
addition of the Grignard reagent, several Lewis acids
enhanced the diastereoselectivity of the PhLi addition,
consistent with Ellman and co-workers’ prior report on
organolithium additions to N-fert-butanesulfinyl ketimines.*
Particularly, reactions containing AlMe; or BF;+OEt, pro-
vided the product 200a with 93:7 dr and 89:11 dr, respec-
tively, compared to a modest 62:38 dr in the absence of
Lewis acid additives (Scheme 52). Other Lewis acid additives
were tested but provided inferior results.

In their related study, Plobeck and Powell also investigated
the use of aryl lithium reagents for addition to aryl N-tert-
butanesulfinyl aldimines.”* Rather than testing Lewis acid
additives, they examined the effect of solvent on the
diastereoselectivity of this reaction. Switching the solvent
from toluene to THF enhanced the stereoselectivity from 61:
39 to 73:27 (Scheme 52). To explain the observed diaste-
reoselectivity for the addition of organolithium reagents to
aldimines, open transition state 199 was proposed.®* This is
consistent with the observed solvent and additive effects.
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Scheme 52. Solvent and Additive Effects in PhLi Additions
to an N-fert-Butanesulfinyl Aldimine
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Toluene, BF;-OEt,® 88%, 89:11 dr
cl Toluene, -78 °C to rt? 75% conv., 61:39 dr
200a THF® 78%, 73:27 dr

“Pflum et al.”* ” Plobek and Powell.**

Scheme 53. PhLi Additions to Aryl N-fert-Butanesulfinyl

Aldimines
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While noncoordinating solvents such as toluene and dichlo-
romethane would favor a chelated transition state, both Lewis
acid additives and coordinating solvents such as THF
interfere with chelation control, favoring instead an open
transition state.

The scope of this addition was investigated with a variety
of N-tert-butanesulfinyl aryl aldimines 2, in most cases
providing moderate to high diastereoselectivity (Scheme
53).°* However, addition product 200d, bearing 4-NMe,-Ph
substitution, was formed as a 50:50 mixture of diastereomers
in 64% yield (this imine was unreactive under Grignard
addition conditions; see Scheme 37 and section 4.1.1).

Krishnamurthy, Senanayake, and co-workers optimized the
addition of iBuLi to N-fert-butanesulfinyl aldimine 201
followed by sulfinyl cleavage in one pot to provide (R)-
didesmethylsibutramine (DDMS; 203), a pharmacologically
active metabolite of the drug sibutramine for the potential
treatment of CNS disorders.!'® Several Lewis acid/solvent
combinations were examined (Table 6). In toluene as a
reaction solvent, the use of BF;+OEt, or TMEDA favored
the desired (R) configuration at the newly formed stereo-
center, which can be explained by an open transition state.
In contrast, the use of Al-based Lewis acids in toluene
provided the product in low yield with a moderate excess of
the (S) configuration. However, in THF, all four Lewis acid
additives were effective, allowing access to the desired (R)
enantiomer of the product in high yield (84—90%) and with
very high stereoselectivity (=98% ee). In this study, alterna-
tive sulfinyl groups were also investigated. While the use of
aromatic sulfinyl groups proved unsatisfactory in terms of
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Table 6. Solvent and Additive Effects in the Synthesis of
(R)-DDMS (203)

cl .Ss

MO B
H

201 202

1. HeiMeoH ©! NH,

2. NaOH :

(R)-DDMS (203)
entry solvent Lewis acid temp (°C) conv (%) ee (%)

1 toluene  BF;+OEt, —78 78 98
2 toluene  AlMe;s —45 36 —38¢
3 toluene  AlOcts —20 37 —76°
4 toluene  TMEDA —78 85 95
5 THF BF;-OEt, =78 90 99
6 THF AlMe; —78 90 99
7 THF AlOcty =78 85 98
8 THF TMEDA —78 84 99

“(5)-203 obtained as major enantiomer.

NH, 0,

204a 204b
Figure 3. Melanocortin 4 receptor ligands.

yield and stereoselectivity, the 2-ethylpentanesulfinyl group
was found to perform similarly to the ters-butanesulfinyl
group for this transformation.

Tucci and co-workers at Neurocrine Biosciences developed
methodology for organolithium additions to N-fert-butane-
sulfinyl aldimines to synthesize enantiomerically pure
a-branched 2-piperazinylbenzylamines.!!” These amines were
used as intermediates for the preparation of a large number
of compounds for SAR studies targeted at finding both
agonists (such as 204a)''® and antagonists (such as 204b)!"’
of the human melanocortin 4 receptor, a G-protein-coupled
receptor that has been found to play an important role in the
regulation of feeding behavior (Figure 3).''87122 N-tert-
Butanesulfinyl imines were selected as ideal intermediates
for this project due to their accessibility from readily
available starting materials, the potential for high stereose-
lectivity and predictability of the stereochemical outcome
of the addition reactions, and scalability of the procedure to
enable the synthesis of kilogram quantities of intermediates
during preclinical studies. Additionally, the ability to achieve
selective deprotection of either the N-Boc group (using TFA)
or the N-sulfinyl group (using HCI/MeOH) from building
blocks 208 allowed flexibility in the synthetic route.

Addition of EtMgBr to imine 205 provided 94% yield of
the desired adduct 206a with 91:9 diastereoselectivity via a
chelated transition state, along with a small amount of
reduction side product 207 (Scheme 54). Unfortunately, in
the analogous addition of iBuMgBr to imine 205, solvent
optimization was unsuccessful in suppressing competitive
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Scheme 54. Competitive Reduction in Addition of Grignard

Reagents to Imine 205
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imine reduction. This is consistent with previous work by
Ellman and co-workers,” in which addition of iPrMgBr to
N-tert-butanesulfinyl benzaldimine proceeded in poor yield
due to competitive imine reduction (see 135¢, Scheme 35).
In contrast to the Grignard additions, when iBuLi was added
to imine 208 (X = 3-F) in THF, none of reduction product
207 was observed, and the desired adduct 209b was obtained
in 58% yield with 88:12 dr via an open transition state
(Scheme 55).

Addition of AlMe; provided a modest improvement in the
diastereoselectivity of the addition of iBuLi to a variety of
imines 208, and products 209a—g were isolated in diaste-
reomerically pure form by either chromatography or recrys-
tallization (Scheme 55). Addition of iPrLi to the same set
of imines was explored, and in this case, slightly higher
diastereoselectivity was observed in the absence of any Lewis
acid additives, providing adducts 209h—1 in moderate to high
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Scheme 56. Addition of ortho-Lithiated Anilines to
N-tert-Butanesulfinyl Aldimines
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yield. Addition of MeLi to imine (R)-208 (X = 5-F) for the
formation of 209m provided an acceptable yield but poor
stereoselectivity in both the presence and absence of AlMes.

Rajapakse and co-workers at Merck reported the ortho-
lithiation of N-Boc anilines 210 followed by addition to
N-tert-butanesulfinyl imines 2 with moderate diastereose-
lectivity (Scheme 56).!2* The observed stereoselectivity of
this addition reaction, as determined by X-ray crystal-
lography, is consistent with an open transition state. The
addition of TMEDA to the reaction mixture was found to
be essential to reactivity, as the authors note that no product
was formed in the absence of this additive. The authors
postulate that the TMEDA helps to diminish aggregation of
the aryl lithium species, resulting in enhanced nucleophilicity.
High isolated yields of the desired adducts were obtained in
the presence of electron-withdrawing groups on the aniline
species (211b—d), while only a 30% yield of electron-rich
derivative 211e was obtained. Mixed results were obtained
for additions to aliphatic imines, with additions to form the
isobutyl (211f) and fert-butyl (211h) derivatives proceeding
with lower stereoselectivity (66:34 dr) than the addition to
form cyclohexyl derivative 211g (80:20 dr). Additions to
N-tert-butanesulfinyl ketimines were also investigated, but
low yields were obtained (see section 5.1). The utility of the
products 211 for the asymmetric synthesis of dihydroquinazoli-
nones was demonstrated by the selective removal of the tert-
butanesulfinyl group in the presence of the acid-labile Boc
protecting group to form 212 in high yield, followed by further
elaboration to (+)-SM-15811 (213), an effective Ca>*/Na* ion
exchanger inhibitor with potential utility for the management
of ischemic heart disease (Scheme 57).

Grajewska and Rozwadowska utilized the addition of laterally
lithiated o-toluamide 214 to N-tert-butanesulfinyl aryl imine 215
in the synthesis of isoquinoline alkaloid (5)-(—)-O-methylb-
haratamine (218) (Scheme 58).!2* This work is in analogy to
the work by Davis and co-workers on the addition of similar
nucleophiles to N-p-toluenesulfinyl imines.'?> While the dr
of 216 was not directly reported, subsequent sulfinyl cleavage
followed by cyclization provided intermediate 217 with 85%
ee, suggesting a dr of 93:7 for adduct 216.
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Scheme 57. Asymmetric Synthesis of a

Dihydroquinazolinone
FLh-ch
c -HCI r\O\ o)
HCI NH, NHBoc
(2.0 equiv) 2 4 steps NJ\NH
211a——— —_—
EtO Ph
212: 95% 213: (+)-SM-15811-HClI

Scheme 58. Synthesis of (5)-(—)-O-Methylbharatamine

o 1. tBuLi, THF, -72 °C
NEt, -
2. H
JSs
214 N°T0
H
216: 93%
cl) 215
o\
0
1. HCIIMeOH HN O N
basic workup i
2. Buli (1 equiv) O O
THF,-78°C ¢ ?
~ O\
217: 89%, 85% ee 218

(S)-O-methylbharatamine

Liu, Chen, and co-workers disclosed the highly diastereose-
lective addition of 2-lithiated N-sulfonyl indoles 219 to N-tert-
butanesulfinyl aldimines 2 (Scheme 59).!%% A variety of imines
were used, providing products with aromatic (220a—h,n,o0),
heteroaromatic (220i), a,3-unsaturated (220m), and alkyl
(220j—1) substitution. Substitution on the indole was also
tolerated (220p,q). In all cases, >99:1 dr was observed for
this transformation, with isolated yields ranging from moder-
ate (53%, 220a) to quantitative (2200). The stereochemistry
of the addition product, determined by X-ray crystallographic
analysis of adduct 220g, is consistent with addition to the
less hindered face of the imine in an open transition state.

In contrast to the excellent stereoselectivity observed for
the above transformation, Qiu, Lee, and co-workers reported
that the addition of 3-lithiated N-Boc indole 221 to imine
222 provided product 223 as a 1:1 mixture of diastereomers
(Scheme 60).'?7 The authors postulate that the ether linkage
on the aldimine side chain may coordinate to the incoming
nucleophile, disrupting the expected transition state. While
no stereoselectivity was observed for this transformation, the
diastereomers were easily separated from each other chro-
matographically, allowing access to both enantiomers of 224
for testing as inhibitors of Rad51 for cancer treatment.

Kinzel and co-workers developed the addition of het-
eroaromatic nucleophiles to N-tert-butanesulfinyl imine 156
for the synthesis of histone deacetylase (HDAC) inhibitors. %
Both magnesium—bromine exchange (see section 4.1.1) and
lithium—bromine exchange (Scheme 61) were investigated.
The diastereoselectivity was highly dependent on the struc-
ture of the heterocycle, and the absolute configurations of
each product were established by 'H NMR after conversion
to the corresponding Mosher amides.

Robak et al.

Scheme 59. Addition of 2-Lithiated N-Sulfonyl Indoles to
N-tert-Butanesulfinyl Aldimines

A 1. BuLi, THF, -78 °C \//
.Sy,
N + HyS%0

S0.Ph 2 s RN
N"7%0 N
A Pho?@
2

220, >99:1 dr

219

220f: R' = Cl, 72% 220i: 74%
220g: R' = Br, 75%

220h: R' = OMe, 79%

220a: R' = H, 53%
220b: R = CI, 84%
220¢: R = NO,, 68%
220d: R! = Me, 63%
220e; R' = OMe, 76%

s HN’S\‘o
HN"T%0 B
H =
X 0
N $02
S0, Ph
Ph

220n: 88% 2200: 100%

220j: R = iPr, 66%

220k: R = tBu, 66%

220I: R = Bn, 64%

220m: R = cinnamyl, 91%

S S,\/o \i/
NH HN""%0

SRS
N N
Ph Ph

220p: 85% 220q: 77%

Scheme 60. Synthesis of Chiral Rad51 Inhibitors

OBn
NS
|
Br—#"NBoc L'~ NBoc :
BuLi 222
—_—
THF THF, -78 °C
-78°C
221
X
| R
P
—_—

(R,R)-223

224, R=H,F,CF,
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Scheme 61. Addition of Heteroaromatic Lithium Reagents

to Imine 156

Br__s 1. BuLi, THF, additive M \an-So
Foe o Ol
e Y N G
x4
157  Br

[\ N’S\‘o
s H
156
[\ Ss VNS
5 5 7
N\/Z %
R
Br 157f: Br

no additive; 86%, 2:1 dr
TMEDA; 55%, 2:1 dr
AlMey; 65%, 2:1 dr
BF5-OEty; 58%,2 1:7 dr

157d: R = Me; 61%, 3:1 dr
157e: R = SEM; 74%, 7:1 dr

Nk o
5 |\
Nz
Br

167¢: 17%, 2:1 dr 157b: 59%, 4:1 dr 157g: 69%, 2:1 dr

“Isolated yield after concomitant acetal deprotection.

4.1.3. 1,2-Addition of Other Carbanion Reagents to
Aldimines

Guijarro, Yus, and co-workers reported the use of trior-
ganozincates, prepared by premixing Grignard reagents with
dialkylzinc reagents, as nucleophiles for diastereoselective
additions to N-tert-butanesulfinyl imines (Scheme 62).'2%12
The very slow rate of methyl group transfer relative to other
alkyl groups from the triorganozincates made it possible to
use mixed reagents, with nontransferable methyl groups.
Comparable results were obtained when the triorganozincate
was created either using a Grignard reagent bearing the
desired substituent with dimethyl zinc or using methyl
magnesium bromide with the desired dialkyl zinc reagent.
The additions were carried out at low temperature in THF,

Scheme 62. Addition of Triorganozincates to
N-tert-Butanesulfinyl Aldimines

.Ss 2 .Ss
NI S‘o R?MgX/Me,Zn AN~
Ny T R
2 -78°C, 1-3h 225
225a: R? = Et, 85%, 98:2 dr
225b: R? = nBu,2 98%, 96:4 dr
.S 225¢: R? = nCsHqy, 92%, 96:4 dr
HN™ "0 225d: R? = iPr 81%, 94:6 dr
o 225¢: R? = Cy 80%, 93:7 dr
R 225f: R% = Bn, 99%, 90:10 dr
225g: R? = vinyl, 93%, 95:5 dr
225h: R = 4-Cl-Ph, 92%, 98:2 dr
225i: R = 4-MeO-Ph, 86%, 96:4 dr
S. 225j: R = 2-furyl, 99%, 94:6 dr
HN"TSO 225k: R = nCgHyg, 75%, 70:30 dr
: 2251: R = (CH,),Ph, 81%, 29:71 dr
RN 225m: R = (CH,);CO,Me, 64%, 81:19 dr

“BuLi was used instead of BuMgBr.
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Scheme 63. Catalytic Me,Zn for Triorganozincate Additions
to N-tert-Butanesulfinyl Imines

\k Me,Zn (0.15 equiv) \%

/S\\ /S\\
bt O R2MgBr (1.3 equiv) HN™ 0
alternating portionwise P
R™ H addition (see text) R "R?
THF, -78°C, 2 h
2 225
.Sy Y
HN" "0 HN’S\\O

225a; R? = Et, 93%, 97:3 dr 225j: R? = Et; 91%, 97:3 dr
225¢: R2=nCgH,4, 99%, 93:7 dr 225n: R2 = nCgH,4; 98%, 96:4 dr
225d: RZ = jPr 83%, 94:6 dr 2250: R2 = jBu; 79%, 98:2 dr
225g: R? = vinyl, 94%, 98:2 dr  225p: R% = jPr; 92%, 94:6 dr

-Sg,
Hl;l © 225q: R' = CI, 78%, 96:4 dr

/@/\/ 225r: R' = Me; 90%, 94:6 dr
R’

and in most cases a drastically lower dr was observed for
slow additions of imines to Grignard reagents in the absence
of dimethyl zinc compared to the slow additions of imines
to the premixed triorganozincate reagent, suggesting that the
active nucleophile was not simply the Grignard reagent. The
observed stereochemistry of the reaction is consistent with
an open transition state, similar to that observed for addition
of organolithium reagents to these imines.

The scope of the reaction was explored. Additions of
primary and secondary alkyl, benzyl, and vinyl groups were
all successful, providing products 225a—g in high yield and
with excellent stereoselectivity (Scheme 62). Addition of an
aromatic group, however, was unsuccessful. The reaction did
not proceed at low temperature, and upon warming, the
addition proceeded with identical stereoselectivity in both
the presence and absence of Me,Zn, suggesting that the
triorganozincate bearing an aromatic group did not form. The
scope with respect to the imine was also explored. Aromatic
and heteroaromatic imines were excellent substrates, while
aliphatic imines provided disappointing diastereoselectivity.
In fact, product 2251 was formed with opposite stereochem-
istry relative to the other products. The aliphatic imine
bearing a pendant ester coupled in slightly lower yield (64%)
than the other substrates, providing product 225m with a
moderate 81:19 ratio of diastereomers. Two N-fert-butane-
sulfinyl ketimines derived from ketoesters were also tested
as substrates, providing o,a-disubstituted-o-amino acid
derivatives (see section 9.1).

To take full advantage of the opportunities created by the
inability of the methyl group to transfer from the triorga-
nozincate, this work has recently been extended either to
allow the use of catalytic amounts (0.15 equiv) of dimeth-
ylzinc (Scheme 63) or to allow the use of excess MeMgBr
in the presence of 0.5 equiv of a dialkylzinc reagent with
transfer of both alkyl groups (eq 13).'*° In the first procee-
dure, the dimethylzinc is cooled to low temperature and a
portion of the Grignard reagent is added, forming the
triorganozincate in situ. A portion of the imine solution is
then slowly added, consuming the triorganozincate, providing
the desired product, and regenerating the dimethylzinc.
Several more alternating slow additions of portions of
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Grignard reagent, followed by portions of imine solution,
are carried out. In this way, high yields (83—99%) and
diastereoselectivities (93:7—98:2) of the products 225a, c,
d, and g are obtained using only 0.15 equiv of dimethylzinc
(Scheme 63). Additions of Grignard reagents to a furyl imine
were disclosed in a later study,'*! providing products 225j
and n—p in high yields and with good diastereoselectivities.
Oxidative cleavage of the furan to provide a-amino acids
was also demonstrated. Several examples (225g, q, and r)
were also provided of vinyl additions to aryl N-tert-
butanesulfinyl imines as well as their subsequent transforma-
tion to o-amino acids under oxidative conditions.

Alternatively, by slowly adding a solution of imine to a
mixture of excess MeMgBr with 0.5 equiv of a dialkylzinc,
it is possible to obtain the products of alkyl group transfer
with high diastereoselectivity in 84—90% yield based on
imine (eq 13). The higher than 50% yield requires that both
alkyl groups from the dialkyl zinc reagent are utilized in
this transformation.'*

Y Y

N-Sso R222Zn (0.5 equiv) H,;rs\

0
[
H  MeMgBr (1.5 equiv) R?
THF, -78°C, 2 h
133 (1.0 equiv)

(13)

225a: R = Et, 84%, 97:3 dr
225d: R=iPr 90%, 94:6 dr

Recently, Yus and Foubelo reported the reaction between
the dianionic intermediate 226 and N-tert-butanesulfinyl imines
2 for asymmetric synthesis of branched amines 227 (eq 14),
which upon deprotection and cyclization provided tetrahy-
droisoquinolines 228 (eq 15)."*> Addition of the functionalized
organolithium compound 226 to the N-tert-butanesulfinyl
benzaldimine provided the desired product 227a; however,
optimization of the reaction conditions revealed that yields
and diastereoselectivities were improved when the mixed
organozincate, prepared upon addition of ZnMe,, was used
as the nucleophile. The addition of 226 to either aryl or alkyl
N-tert-butanesulfinyl imines generated adducts 227a—d with
respectable diastereoselectivities (=77:23 dr), and in each
case the isolated major diastereomer was obtained in good
yield (69—79%, eq 14). Comparable yields and diastereo-
selectivities were also obtained when (Ss)-N-tert-butane-
sulfinyl imines were used as substrates. The absolute
configuration of 227a was determined by X-ray structural
analysis, and the stereochemical outcome of the reaction is
consistent with an open transition state. The purified major
diastereomers of 227a—d were then converted to the chiral
tetrahydroisoquinolines 228 in good yields without racem-
ization after removal of the sulfinyl group under acidic
conditions and successive treatment with thionyl chloride
followed by aqueous sodium hydroxide to promote an
intramolecular dehydration (eq 15).

OLi Y
Y Li N
26
NS

) HY S0
14
B ZnMe,, (1.1 equiv) OH a4
R H THF, 65 to 20 °C
2

227a: R = Ph; 78%, 86:14 dr

227b: R = iPr; 69%, 77:23 dr

227¢: R = octyl, 79%, 85:15 dr
227d: R = (CHy)oPh; 71%, 87:13 dr

Robak et al.
1. HCI, MeOH
OHY 2. C1,SO, CHCl3, 50 °C
S, 3.NaOH, H0 NH
HN" S0 (%)
R
R
227a-d 228: 72-80%, > 97% ee

The fluoride promoted reaction of benzyltrimethylsilane with
N-tert-butanesulfinyl imines 2 was published by Hou and co-
workers (Scheme 64).!** The optimal reaction conditions
employed 30 mol % TBAF at low temperature. Additionally,
4 A MS were included due to the beneficial effect observed
in previous studies.'** While the reaction conditions were
optimized with a N-p-toluenesulfinyl imine, higher diaste-
reoselectivities were observed when the analogous N-tert-
butanesulfinyl imines 2 were employed. The scope of the
reaction was examined with a number of structurally diverse
aromatic and aliphatic N-fert-butanesulfinyl aldimines to
provide products 229a—j in varying yields and diastereose-
lectivities (Scheme 64). In general, higher yields were
obtained for aromatic (66—85%, 229g—j) than for aliphatic
(31—68%, 229a—f) N-tert-butanesulfinyl aldimines. The
relative stereochemistry of the major isomer was unfortu-
nately not determined.

4.1.4. Transition Metal Catalyzed 1,2-Additions to
Aldimines

The aforementioned diastereoselective additions of organo-
metallic reagents to N-fert-butanesulfinyl imines are extensively
used; however, these methods are not always compatible with
highly functionalized systems. In contrast, transition metal-
catalyzed additions of organometallic reagents to carbonyl
compounds have the ability to display increased functional
group tolerance. Within this class of reactions, arylboronic acids
are an especially attractive organometallic input because they
are stable compounds, they are readily synthesized bearing a
wide variety of functionality, and many are commercially
available. Despite the poor nucleophilicity of arylboron reagents,
rhodium(I)—phosphine complexes have been previously shown
to effectively catalyze the addition of arylboronic acids to
N-sulfonyl imines.!

The first example of this transformation with an N-fert-
butanesulfinyl imine was reported by Ellman and co-workers
in 2005, providing a new route toward the synthesis of chiral
a-branched amines, a class of compounds found in many drugs
and drug candidates.'*® After screening several rhodium
precatalysts and phosphine ligands, Rh(acac)(coe), with 1,2-
bis(diphenylphosphino)benzene (dppbenz) was the most
active catalyst system surveyed. The reaction was best
performed in dioxane at 70 °C, and slow addition of the
arylboronic acid was also shown to increase yields. Using
these conditions, 230a was synthesized in 96% yield and
with a 97:3 diastereomeric ratio (Scheme 65). Notably, this
method was also the first example of rhodium-catalyzed
addition of arylboronic acids to an aliphatic aldimine.'?’
Indeed, good yields (70—86%) and diastereoselectivities
(96:4—98:2) were achieved for additions of both electron-
rich and electron-poor arylboronic acids to the N-tert-
butanesulfinyl imine derived from hydrocinnamaldehyde
(230b—e). Additions of electronically diverse arylboronic
acids to aryl aldimines also proved general, giving the desired
chiral a-branched N-tert-butanesulfinyl amines 230f—h in
high yields (71—93%) and with excellent diastereoselectivi-
ties (=98:2 dr). The efficiency of this procedure was also
enhanced by the development of a one-pot protocol leading
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Scheme 64. Addition of Benzyltrimethylsilane to
N-tert-Butanesulfinyl Imines

Y PhCH,TMS (2 equiv)

_S._  TBAF (30 mol%), 4A MS .Sy
0 O THF or CHyCN Vo
or 3
A 60 or -45 °C R)*\/ Ph
2 229

3 o

>

HN-S%o HN

R)*\/ Ph ph/\)*\/ Ph

229a: R = jPr; 63%, 93:7 dr 229¢: 40%, 83:17 dr

229b: R = tBu; 31%, 93:7 dr
229¢: R = iBu; 49%, 82:18 dr
229d: R = Pr; 38%, 92:8 dr

A .

Sy
HN™ "0 . Ph h
~ *
Ph/\)*\/Ph A\
R o]

229f: 68%; 80:20 dr229g: R = H; 85%, 89:11 dr 229j: 67%, 85:15 dr
229h: R=F; 73% 86:14 dr
229i: R = OMe; 66%, 93:7 dr

from the aldehyde precursor to the chiral amine (eq 16).
Cleavage of the fert-butanesulfinyl group for select products
under standard HCl-mediated conditions also occurred
without racemization.

1. (R)1, Ti(QiPr),, HN’S\‘o 0

o}
/\)J\ dioxane, 3 h R
Ph H Ph (16)

2. Rh(acac)(coe),
dppbenz,

231 dioxane, 70 °C
3-Ac-PhB(OH),
(10 h addn) 16 h

230e: 71%, 98:2 dr

Batey and Bolshan published related conditions for the
rhodium-catalyzed addition of arylboronic acids to aryl and
alkyl N-tert-butanesulfinyl imines.'*® Their reactions were
conducted at room temperature and utilized the cationic
rhodium catalyst [Rh(COD)(CH;CN),]BF, in the absence of
added ligand in a 1:2 ratio of dioxane/H,O, with Et;N as an
important additive. The authors hypothesized that Et;N may
act as a buffer to prevent protonation of the intermediate
Ar—Rh(I) species and noted that water was a necessary
cosolvent to maintain good yields. The scope of this method
was probed by reacting p-tolylboronic acid with a range of
aryl, heteroaryl, and alkyl N-fert-butanesulfinyl imines under
the optimized conditions (232a—i, Scheme 66). In general,
both yields and diastereoselectivities for the aryl imines were
good (232a—f), with lower yields but high diastereomeric
ratios for the heteroaryl and alkyl substrates (232g—i). While
a-branched alkyl substrates provided only moderate yields
(232i), it is noteworthy that this class of substrates did not
couple using Ellman’s conditions.'* The scope of the
arylboronic acid was also evaluated using the N-tert-
butanesulfinyl p-trifluoromethylbenzaldimine, and the reac-
tion was successful with both electron-rich and electron-poor
arylboronic acids (232j—n). Substitution at the ortho position
was tolerated, but diminished yields were observed (2320),
and the yield and diastereoselectivity also suffered slightly
when 4-acetylphenylboronic acid was employed (232n).
Batey and Bolshan also reported that the sulfinyl group could
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Scheme 65. Additions of Arylboronic Acids to
N-tert-Butanesulfinyl Imines

Rh(acac)(coe), (5 mol%), \'k

dppbenz (5.5 mol%)
.Ss + R2B(OH PEN
)N|\ o )2 dioxane, 70 °C HN 0
R1 H R’I/\RZ
2

230

XX X
NS0 HN" %0 S0 o

230a: 96% 230b: R = H; 86%, 96:4 dr 230e: 80%
97:3dr 230c: R = OMe; 70%, 96:4 dr  98:2 dr
230d: R = CF3; 73%, 96:4 dr

Y Y Y

S Sy
HN’S\O HN" "0 S Ne]
OMe
230f: 76% 230g: 71% 230h: 93%
98:2 dr 98:2dr 99:1 dr

Scheme 66. Cationic Rhodium-Catalyzed Additions of
Arylboronic Acids to N-tert-Butanesulfinyl Imines

\:k [Rh(cod)(MeCN),BF, (5 mol%), \_%
N EtsN (2 equiv) N
)I\ o} + RZB(OH), 1:1 H,O:dioxane, rt H/'\ ~0
R™H
2 232

HN’S\‘o

HN-SSo NS0
D/'\p-tolyl @('\ p-tolyl p—to|y|
R CF,

232a: R=H; 78%, 937 dr 232e: 73% 2322 92%
232b: R = OMe; 59%, >99:1 dr 99:1 dr 93:7 dr
232¢:2 R = Cl; 87%, 96:4 dr

232d: R = CF3; quant, 96:4 dr

< H ,é\\
S\\ o HN’S\‘O HN" S0
" p-tolyl /\/'\p—tolyl O/'\p't"'y'
\ (e}
232g: 60% 232h: 58% 232i: 44%
95:5 dr 99:1 dr 96:4 dr

232]. R =H; 94%, 96:4 dr 2320: 47% 232p: 83%
232k: R = Meg; quant., 95:5 dr 96:4 dr 95:5dr
2321: R = OMe; 84%, 95:5 dr

232m: R = Cl; 83%, 96:4 dr

232n: R = C(O)CH3; 67%, 92:8 dr

“ Reaction performed at 0 °C to rt.

be cleaved under acidic conditions without erosion of the
stereochemical purity for representative products 232f, h,
and j.

In their publication on the cationic rhodium-catalyzed
additions of aryl boron reagents to N-tert-butanesulfinyl
imines, Batey and Bolshan also reported that phenylpinacol
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Scheme 67. Preparation of Chiral o,a-Diaryl Methaneamines from Boronate Esters

H A 1. [Rh(cod)(MeCN),BF 4 NHACI
2
NS0 Bpin R® (5 mol%), Et:;N (2 equiv) 3 R2
| 1:1 HyO:dioxane, rt O O
+
/©)\H 2. 4M HCI, MeOH
R R
R R3
233 234 235
NHCI NHaClI NHClI NH3CI
A T O uU
R R
OMe CO,Me

235a: R = CF3, 82%, 95% ee
235b: R = NO,; 89%, 91% ee
235¢: R = CO,Me; 87%, 85% ee

NH,Cl

BOR®

Cl

235k: R = CF3; 39%, 87% ee
2351: R = NO,; 70%, 88% ee

235d: R = CF3; 80%, 93% ee
235e: R = NOy; 78%, 90% ee
235f: R = CO,Me; 82%, 87% ee

235n: R = CFy;
2350 R = NO,; 66%, 88% ee

22%, 80% ee

235¢: R = NO,; 86%, 88% ee 235i: R = CFg3; 71%, 90% ee
235h: R = CO,Me; 83%, 79% ee  235j: R = NO,; 79%, 74% ee

NH,CI

l ! OMe [ ! OMe
OsN

Br
235q: 19%, 2% ee

235m: R = CO,Me; 56%, 90% ee  235p: R = CO,;Me; 61%, 66% ee

boronate ester was an effective coupling partner.'*® Following
this observation, Hartwig and Boebel developed an iridium-
catalyzed C—H functionalization of arenes to form 1,3-
disubstituted boronate esters 234, which were subsequently
reacted with a variety of N-fert-butanesulfinyl aryl imines
233 bearing electron-withdrawing groups following Batey’s
protocol (Scheme 67).'*° Purification of the initial products
of 1,2-addition by silica gel chromatography was problematic
due to the coelution of the N-sulfinyl amine and a pinacol
byproduct, and therefore cleavage of the sulfinyl group was
first performed. The enantiomeric purity of the resulting
amine hydrochloride salts 235 were evaluated by HPLC after
acetylation of the amines. Yields for this procedure were
higher for electron-rich aryl boronate esters than for electron-
poor aryl boronate esters. In general, the enantiomeric
excesses of the final amines were good, ranging from 66 to
95%. A one-pot protocol for the iridium-catalyzed C—H
arene functionalization followed by the rhodium-catalyzed
addition to a sulfinyl imine was also achieved (eq 17).
1. Byping (1.7 equiv)
HBpin (10 mol%) V

[Ir(cod)Cl]; (0.5 mol%) s
H dtbpy (1 mol%})

THF, 80 °C

235d: 75%, 94:6 dr

(17

2. imine (1 equiv)
[Rh{cod){(MeCN),]BF,4
(5%), EtzN (2 equiv)
1:1 H,O:dioxane, rt

236

4.2. Reductions of Ketimines

4.2.1. Reduction of Ketimines using Borohydride
Reagents

Ellman and co-workers reported the first example of a
metal hydride reduction of an N-tert-butanesulfinyl
ketimine,'*! providing a complementary approach to the 1,2-
addition of organometallic reagents to N-fert-butanesulfinyl
aldimines for the asymmetric synthesis of a-substituted
amines. A number of reductants were surveyed at ambient
temperature, and NaBH, provided the N-fert-butanesulfinyl

Scheme 68. Reductive Amination of Ketones 237 with

tert-Butanesulfinamide
Ti(OEt), (2 equiv) \\y/

0 THF, 60-75 °C, R
g QO  then NaBH,, -48 °C 0
AU > /'\
2 R R2 R R2
1 237 238
S50

238a: R = H; 78%, 96:4 dr

2 0,
238b: R = CN; 82%, 96:4 dr 38c: RZ/Pr,68%, 973 dr

238d: R = Bu®. 82%, 83:17 dr
238e: R = iBUS; 74%, 92:8 dr
238f: R = Bn?; 86%, 90:10 dr

Hr;rs\‘o HN’S\‘O
Pr” " Bu Ph X"
238g° 77%, 92:8 dr 238h: 76%, 90:10 dr

@5:1 E/Z ratio for the isolated N-fert-butanesulfinyl ketimine. * 6:1 E/Z
ratio for the isolated N-fert-butanesulfinyl ketimine. ¢ Obtained with 3 equiv
of Ti(OEt), at —20 °C. 3:1 E/Z ratio for the isolated N-tert-butanesulfinyl
ketimine.

o-branched amine 238a in the best yield and diastereose-
lectivity (83%, 91:9 dr). Further studies revealed that, by
lowering the temperature (—48 °C) and adding Ti(OEt),, a
higher yield and diastereoselectivity could be achieved (97%,
96:4 dr). Based on these observations, a one-pot protocol
was developed for the in situ formation of the N-tert-
butanesulfinyl ketimine followed by reduction to provide
238a in 78% yield and with 96:4 dr (Scheme 68). Under
these conditions, the Ti(OEt); serves as both a water
scavenger and catalyst for the formation of the ketimine as
well as a Lewis acid in the reduction step, resulting in
enhanced reduction rates and diastereoselectivities. A number
of aryl—alkyl and dialkyl ketones were evaluated with this
procedure, providing compounds 238b—h in 66—86% yield
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and with diastereomeric ratios ranging from 90:10 to 97:3,
except for the most challenging compound 238d, which was
isolated with 83:17 dr. The authors also noted that the
diastereomeric ratios of products 238d, f, and h were higher
than the E/Z ratios observed for the isolated N-fert-butane-
sulfinyl ketimine precursors. Importantly, the reductive
amination to obtain 238h proceeded with excellent chemose-
lectivity and only the 1,2-addition adduct was obtained.
Additionally, no reduction of the nitrile in 238b was
observed. The diastereomeric ratios of the reduction products
were ascertained by conversion to the MTPA-derivatives,
and their absolute configurations were determined by chemi-
cal correlation to known amines. Later, a related method was
employed by Sun and co-workers for the NaBH, reduction
of N-tert-butanesulfinyl aldimines 239 (eq 18) in the context
of synthesizing a number of N-fert-butanesulfinamide con-
taining organocatalysts (for application, see section 20.2.2).'4?

Y Y

.S~ .Ss
R NI ~0 NaBH,, MeOH R HN"TO (18)
D »
R2// RZ//
239 240: 65-92%

R = H, OH, OMe, OAc
R? = 3-OH, 4-OH, 5-tBu, 5-F

Ellman and Kochi reported an isolated example of the
stereoselective reduction of an N-fert-butanesulfinyl ketimine
109 bearing an o-stereocenter (prepared by the a-alkylation
of an N-fert-butanesulfinyl amidine as discussed in section
3.2.5) to provide either amine diastereomer 110 or 108
(Scheme 69).” Reduction of 109 with NaBH, in the presence
of Ti(OEt), provided 110 in 89% yield with high diastereo-

Scheme 69. Reduction of a-Chiral N-fert-Butanesulfinyl
Ketimine 109

NaBH,, Ti(OEt N
4, THOE)4 HIN S\O
THF, -48 °C Bn\/}\
i/ 110: 86%
N""%0 96:4 dr

109 \L-Selectride S\
see 3.2.5 VH'\

THF, -78 °C

108: 89%
96:4 dr
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selectivity (96:4). Conversely, the L-Selectride reduction
provided 108 in equally high yield and diastereoselectivity,
suggesting that the selectivity imparted by the fert-butane-
sulfinyl group dictates the stereochemical outcome of this
reaction.

These conditions were later applied by Ellman and Peltier
to the reduction of ketimines with a f3-stereocenter (Scheme
70).8 Again, the appropriate choice of a metal hydride
reagent for the imine reduction of 74a or ¢ (prepared from
addition of the N-fert-butanesulfinyl metalloenamine to an
o,(B-unsaturated ketone, see section 3.2.2) provided access
to either diastereomer of the N-tert-butanesulfinyl amine (241
or 243). Sulfinyl cleavage and reductive cyclization of these
intermedates provided piperidines 242a, 242¢, and 244 in
46—72% yield without discernible racemization. Notably,
this synthetic route installs an alkyl group in the 4-position
of the piperidine, which is difficult to access by other
methods.

Andersen and co-workers at Amgen were the first group
to broadly demonstrate that, with the appropriate choice of
metal hydride reagent, either diastereomer 247 or 249 could
be obtained by the reduction of diverse N-fert-butanesulfinyl
ketimines 246 (Table 7).%° After a screen of many metal
hydrides, NaBH, was found to be optimal for the synthesis
of 247, while L-Selectride was found to be best for the
generation of the opposite diastereomer 249. This reversal
in diastereofacial selectivity between NaBH, and L-Selectride
reductions was consistent with the observations by Ellman
and Kochi” (vide supra). In line with Ellman’s observations,
the presence of Ti(OEt), gave improved diastereoselectivities
for NaBH, reductions (vide supra), but it did not benefit the
L-Selectride reductions. Interestingly, the addition of 2%
water to THF in the NaBH, reductions resulted in a moderate
increase of the diastereoselectivity for the reduction of 246a
relative to anhydrous THF, negating the need for Ti(OEt),
as an additive, and subsequent NaBH, reductions utilized
these conditions. A wide variety of N-fert-butanesulfinyl
ketimines 246 were synthesized in 26—95% yield from
ketone precursors 245a—n to probe the generality of the
reversal of the diastereoselectivity for the NaBH, and
L-Selectride-mediated reductions. In general, moderate to
excellent yields and diastereoselectivities were observed for
both product stereoisomers. Overall, the L-Selectride reduc-
tions proceeded with enhanced diastereoselectivity relative
to the corresponding NaBH, reductions, with the reduction
of 246n being a notable exception. After reduction, all
products were converted to the corresponding amine salts
248 or 250 in moderate to excellent yields for the two-step
procedure without erosion of the stereochemical purity. A
scale-dependence was also observed with significant loss

Scheme 70. Synthesis of Piperidines by Stereoselective Reduction of N-tert-Butanesulfinyl Imines 74

N\

1.NaBHg, TI(OEt), &

THF, -48 °C o ;_\/'\)OI\
V /" 2. Dess-Martin ox. R R2
241a: 91%, 97:3 dr

241¢: 76%, 96:4 dr

74a: R =Ph, R? = Me N\

74c:R = iPr,R2=Ph :

1. L-Selectride O~
\THF, -78 °C o Q
2. Dess-Martin ox. Ph

243: 95%, 87:13 dr

1. HCI, MeOH

2. NaOH

3. DIBALH -

78100 °C R H R
242a: 56%, 97:3 dr
242¢: 72%, 96:4 dr

1. HCI, MeOH

2. NaOH

—_—

3. DIBALH N~ Ph

78100 °C H

244: 46%, 87:13 dr
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Table 7. Reductions of tert-Butanesulfinyl Ketimines®

Robak et al.

NaBH, Y HCl NH,ClI
THF, HY 0 R-RS
Hoy0 (2% viv) L™ RS
(R)-1 50 °C to rt R
o RS?E% Y 247 248
les T JNI\ S _ i
RL RS Y
245 246° \\_L-Selectride NS0 | Hel NH:Cl
THF, 0°C RL/'\ RS RL7RS
T 249 250
NaBH, L-Selectride
= 0, = 0, - 0,
Ketone 245 yield (0 ey S Y R v SO 3 ¥
o 245aR'=H 73 94 >98:2 98 >98:2
245a: R! = H 84 87:13 90 98:2
245b: R' = OMe 73 77 97:3 96 99:1
R 5 245¢: R! =CN 74 77:23 81:19
(:é 2454 26 87 98:2 93 982
245¢:R2=H 71 95 91:9 98 92:8
o se: RZ=H 80 87:13 82 92:8
245f: RZ= OMe 95 78 92:8 92 95:5
245g: R2=CN 76 87 86:14 90 91:9
R2 245h: R>=Br 68 88 88:12 93 97:3
245i: R? = CF; 74 89 88:12 81 96:4
Q 245j: R>=FEt 80 81 75:25 91 98:2
@H@ 245k: R*=Bu 79 84 74:26 86 98:2
2451: R¥=(CH,),Ph 86 59 78:22 84 99:1
0 245m: R* = /Bu 78 79 82:18 83 88:12
RJK 245n: R*=(CH,),Ph 58 55 76:24 84 51:49

@Reductions run on 0.2 mmol scale unless otherwise noted. ? Reduction

run on 20 mmol scale.

of diastereoselectivity for the NaBH, reduction of 20 mmol
of ketimine 246a or 246e versus the analogous reduction of
0.2 mmol, while the L-Selectride reductions were not affected
by scale.

The reversal in stereoselectivity upon changing reducing
agents from NaBH, to L-Selectride was rationalized by a
chelated versus an open transition state, respectively (Figure
4). For the NaBH, mediated reductions, the authors proposed
the coordination of the sulfinyl oxygen to the metal with
delivery of the hydride occurring from the si-face of the
imine (251). Conversely, with the poorly coordinating metal
hydride, L-Selectride, an open transition state 252 was
proposed, with addition of the hydride occurring from the
least hindered face.

Soon after Andersen and co-workers’ important study on
the hydride reduction of unfunctionalized N-tert-butanesulfi-
nyl ketimines, Ellman and co-workers reported one-pot
protocols for imine formation and either NaBH, or
L-Selectride mediated reduction (Table 8).'* For these
transformations, the conditions previously optimized for the
one-pot NaBH, mediated reductive amination of ketones with
tert-butanesulfinamide (see Scheme 68) were applied to
additional ketone substrates, and the L-Selectride mediated

- .
o \k
I g sl
~N R PR
NaBH, }\? br; — N 5%
\k L " R i RL/-\RS
s si-face addition
)Nl\/ <0 251 ) 247
- o -
RERS - \k
246 L-Selectride S! | S
RS : S ,_Sl\/s\o
RL
o) RY "RS
re-face addition
252 249

Figure 4. Stereochemical rationale for the reduction of N-tert-
butanesulfinyl ketimines.

reductive amination was applied to a large number of
substrates. High yields and selectivities were observed for
both sets of conditions for electron-poor, neutral, and
electron-rich tetralones (245a,b and o), with the L-Selectride
conditions consistently providing slightly higher diastereo-
selectivities. While very high selectivities were also observed
for the one-pot reductive amination of indanone (245d), the
yield was low due to competitive side reactions during imine
formation. A low yield for the synthesis of this imine was
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Table 8. One-Pot Reductive Amination of Ketones'*

Y

NaBH, S

0 -Ss
i THF, 4goc N 7O
>r *NH, RLRS
O Ti(OEt),, Y 247
N-TS
RY "R® THF,60-75°C g °

RLORS Y

245 246° \_L-Selectride HN'S‘\O
THF, 48 °C RL)\ RS
249
NaBH, L-Selectride
yield (%) dr  yield (%) dr
Ketone 245 of 247 247 of249 249

O 245a:R'=H’ 80  84:16 83 99:1
245b:R!'=0OMe 89 919 80 9733
2450:R'=NO, 73 90:10 72 982

R1
[}
@Eg 245d 28 991 27 >982
o]

©© 245p 100 5842 49  88:12

245¢: R2=Ph 78 96:4 89 973

o 245¢; R2 = Ph? 93 96:4

A 245a RZ=Bu 82  83:17 72 86:14

R 245r: R? = jPr 66 973 76 96:4

245s: RZ = jBu 74 92:8 70 96:4

245m:R>=/Bu 62  99:] 83 964

“Reductions run on 0.5—1.0 mmol scale unless otherwise noted.
bReduction run on 45 mmol scale.

also observed in Andersen’s study (vide supra). When this
method was extended to the seven-membered cyclic ketone
245p, the NaBH, reduction proceeded in quantitative yield
but with modest diastereoselectivity; in contrast, the L-
Selectride reduction provided good diastereoselectivity but
moderate yield. While the one-pot NaBH, reductive amina-
tion of acyclic ketones 245e and 245q—s had been previously
described (see Scheme 68),'*! in this study the L-Selectride
mediated reductive amination of these acyclic ketones was
also evaluated and gave the desired amines 249 in 70—89%
yields and with diastereomeric ratios ranging from 86:14 to
97:3. Interestingly, the Ti(OEt), mediated reductive amina-
tion of hindered ketone 245m with either reductant gave
superior yields and diastereoselectivities compared to those
reported previously for the reduction of the corresponding
isolated N-tert-butanesulfinyl ketimine (see Table 7). Im-
portantly, the reductive amination of 245e with NaBH, did
not display any scale dependence (from 1 to 45 mmol scale),
which contrasts with the scale dependence of the diastereo-
selectivity observed for the NaBH, reductions of the corre-
sponding isolated N-tert-butanesulfinyl imine 246e when
water was used as an additive (see Table 7). The stereo-
chemical outcome of this reaction was consistent with the
transition state models proposed by Andersen and co-workers
(Figure 4).

The reduction of N-tert-butanesulfinyl ketimines 253
derived from pyridyl ketones was demonstrated by Chelucci
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Table 9. Reduction of Pyridyl N-tert-Butanesulfinyl Ketimines'*

Yo YO Y

Ss M4>H LSe o+ SN
)N|\ © THF, -78 °C H’;l © e ©
Pyr” "R? Pyr” T R2 Pyr” "R?
253 254 255
DIBALLH L-Selectride
Iminc yield dr yield dr

(%) 254:255

N
|
I RS 253a 90 99:1 82 1:99
N ~#

(%) 254:255

Y
N 253b 88  99:] 92 595
P
N
i/ 253¢:R=Me 72 88:12 31 199
NI' 0 253d: R = iPr 87  42:58 69°  12:88
N R 253e:R=1Bu 92 13:87 0
| P 253f: R = Ph 75 23:77 50 19:81

“Reductions of 253¢ in the presence of 9-BBN at rt resulted in 99:1
dr and 50% yield. ®Reaction conducted at —40 °C.

and co-workers (Table 9)."** The ketimines 253a—c were
first examined with various hydride transfer reagents in THF
at low temperature (—78 °C). The coordinating reagent,
diisobutylaluminium hydride (DIBALH), provided the best
combination of yield and diastereoselectivity, favoring the
formation of 254, which could arise via a chelated transition
state. Conversely, the poorly coordinating bulky L-Selectride
was optimal for the formation of 255, indicative of an open
transition state (see Figure 4). The scope of the reaction was
further probed by reduction of a number of aryl and alkyl
2-pyridyl N-tert-butanesulfinyl ketimines (253c—f), revealing
that the stereochemical outcome of the reaction was sensitive
to both the reducing agent and the R substituent of the
ketimine 253. While the DIBALH and L-Selectride reduc-
tions of methyl derivative 253c¢ proceeded to provide either
254 or 255, respectively, with excellent diastereoselectivities,
increasing the steric bulk at the R position (253d—f) resulted
in diminished diastereoselectivity. Indeed, while yields
remained high, a switch in the observed facial selectivity
was noted for the DIBALH reduction of bulkier subtrates.
The L-Selectride reduction of 253d required elevated tem-
peratures in order to obtain the desired product, and no
reaction was observed for 253e, despite increasing the
reaction temperature. Several reduction conditions were also
surveyed with N-fert-butanesulfinyl 2-pyridyl ketimines
bearing heteroaromatic functionality at the R position, but
poor diastereoselectivity was observed in all cases. The
diastereomeric ratios for all adducts were determined by 'H
NMR, and the configuration of the a-stereocenter for
255a—d and f was assigned by chemical correlation experi-
ments, while 255e was assigned by analogy.

A large-scale synthesis of drug candidate 259 was
developed at Sepracor, Inc. by Singh and co-workers. This
compound was investigated as a therapeutic agent for central
nervous system disorders and is a diastereomer of the
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Scheme 71. Large-Scale Synthesis of 259

9 N

o) 7 |
“NH,
T 0 e
) 9BBN
Ti(OEt), 20 wt% in tqugne:THF
EtOH, THF, 0-5°C
O 70-75 °C O
C Cl
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257

o NH;Cl NH,Cl

HCl :
MeQH
cl g cl g cl

Cl _ Cl Cl

258: >99:1 trans:cis 259: 50-56% from 256 | 260: sertraline
multi-kilogram scale

Scheme 72. Total Synthesis of (R)-(+)-Salsolidine 264

¥ 5y

N’S\\O DIBALH ,S HCI
| -
MeQO j@/\
MeO
261 262: 87%
98:2 dr
NH3CI MeOm
e NH
PO T e
263: 89% 264: (+)-salsolidine

20%, 5 steps

antidepressant sertraline (260) marketed by Pfizer in the
United States as Zoloft (Scheme 71).!* Condensation of
(R)-1 with ketone 256 provided N-fert-butanesulfinyl ketimine
257, and the crude material was reduced with 9-BBN to
generate 258 in high yield and with excellent diastereose-
lectivity. The stereochemistry of the hydride reduction was
controlled by the sulfinyl group, overriding the substrate bias
of the 4S5 stereocenter for the cis-diastereomer. Acidic
methanolysis yielded 259 on a multikilogram scale in
50—56% overall yield from 256.

The synthesis of (R)-(+)-salsolidine (264) via the diaste-
reoselective reduction of N-fert-butanesulfinyl ketimine 261
was accomplished by Rozwadowsak and Grajewska (Scheme
72).1% This route complemented their previous approach to
(S)-(—)-salsolidine (164), which was achieved via the nu-
cleophilic addition of a Grignard reagent to the appropriate
N-tert-butanesulfinyl aldimine (see section 4.1.1).'% A
number of reaction conditions for the reduction of 261 were
examined, with DIBALH yielding 262 in 87% yield and with
a 98:2 diastereomeric ratio. After subsequent synthetic
transformations, the desired alkaloid 264 was obtained in
20% yield and with >95% enantiomeric purity for the five-
step sequence. Correlation of the sign of the specific rotation
of the synthetic natural product 264 to the literature value
for (R)-(+)-salsolidine confirmed the absolute configuration.

Robak et al.

Scheme 73. Reductive Amination of Substituted Indanones

Ti(OEt)4 (2 equiv) y

H THF, 60-75 °C, R HN-S
ﬁ “NH;  then NaBH,, -78 °C . ©
tort

2652 R=F 266a: 38%, >99:1 dr
265b: R = Me 266b: 24% >99:1 dr
265¢c. R = Ph 266¢:2 32%, >99:1 dr
1. [Rh(coe)zl, (10 mol%),
FcPCy2(30 mol%) -0 R
. -
Ji °
267 268

“Ti(OPh), (4 equiv) was used.

Scheme 74. Asymmetric Synthesis of TRPV1 Ligands

o Ti(OEt), (2 equiv)
0 THF, 60-75 °C,
. g then NaBHy,, -48 °C
SR e M
* ~NH,
NHSO,Me
F
269 (R)-or (S)-1
O tBu NHSO,Me
F
S
NHSO,Me N)kN
H H
(Rs, R 270 36% 272

(Ss, ) -271: 31%

A one-pot reductive amination of substituted indanones
was utilized by Ellman, Bergman, and co-workers for the
synthesis of aminoindanes 266a—c, which after sulfinyl
deprotection and condensation with aldehydes served as
chiral directing groups for rhodium-catalyzed intramolecular
C—H activation and cyclization toward dihydrobenzofurans
268 (Scheme 73).!%° In situ formation of the N-tert-
butanesulfinyl ketimines and reduction by NaBH, provided
266a and 266b in 38% and 24% yields as single diastere-
omers, respectively. The authors rationalized that the modest
yields were due to competing enamine formation, and low
yields for N-tert-butanesulfinyl ketimine formation from
indanone had been noted previously (vide supra).*'*3 The
attempted condensation of sterically hindered 265¢ with (R)-1
in the presence of a Ti(OEt), reagent that contained 5—15%
iPrOH resulted in Meerwien-Pondorf-Verley reduction to the
corresponding indanol, but this problem was circumvented
by employing Ti(OPh), to yield 266¢ in modest yield as a
single diastereomer. Acidic removal of the sulfinyl group
followed by formation of imines 267 provided the necessary
precursors for the asymmetric intramolecular alkylation
reaction.

In their efforts to optimize the in vitro activities of several
4-methylsulfonamide antagonists to the transient receptor
potential cation channel V1 (TRPV1), Lee and co-workers
devised an asymmetric synthesis of 272 via the reductive
amination of ketone 269 to probe the effect of substitution
at the benzylic position of the aniline moiety (Scheme 74).'47
Both (R)- and (S)-fert-butanesulfinamide were used as the

amine components for imine formation and NaBH, reduction,
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Scheme 75. Synthesis of Tamsulosin

M
H,NO,S

Ti(OiPr)y (2 equiv)
THF, 60-75 °C,

then NaBH,, -48 °C
then NabHe. 40 &

Q
S.

Ar NH, +
1

273
MeO HN'P EtO
- MeO O
H,NO,S HN >
., *HCI
H.NOLS "
HCl 274: P = SOBu; 276: Tamsulosin
MeOH |: 85:15 dr?
275: P = H,ClI;
>99% ee®

@ The manuscript'*® reports 87% optical purity, while the Supporting
Information indicates 85:15 dr. »99% ee after two crystallizations with
dibenzoyl-D-tartrate.

and (Rs,R)-270 and (Ss,5)-271 were synthesized in unopti-
mized 36% and 31% yields, respectively.

Reddy and co-workers at Suven Life Sciences developed a
stereoselective synthesis of the antihypertensive drug Tamsu-
losin (276) employing a reduction of an in situ generated N-tert-
butanesulfinyl ketimine (Scheme 75).'*® Several reductants
were surveyed, and the best result was obtained when 1 and
273 were treated with Ti(OiPr), followed by reduction with
NaBHy,, generating 274. Removal of the sulfinyl group from
crude 274 followed by two crystallizations with dibenzoyl-
D-tartrate provided enantiomerically pure 275, which was
further converted to tamsulosin (276).

4.2.2. Transition Metal Catalyzed Reductions of Ketimines

The nickel-catalyzed diethylzinc reduction of N-fert-butane-
sulfinyl ketimines was developed by Qin and co-workers
(Scheme 76).1* The reaction conditions were optimized,
revealing that 5 mol% Ni(acac), and 3 equiv of Et,Zn in
dioxane at ambient temperatures provided 277a in the highest
yield and diastereoselectivity (88%, 96:4 dr). The nickel
catalyst was essential for this transformation. No reaction
was observed in a '"H NMR study of ketimine 3 (R! = Ph,
R? = Me) and diethylzinc in the absence of this catalyst. A
number of aryl alkyl ketimines 3 were reduced employing
these optimized conditions to generate 277b—d in high yields
(82—92%) and with diastereomeric ratios ranging from 85:
15 to 98:2. While 277e was generated with excellent
diastereoselectivity (96:4 dr), the reduction was sluggish due
to steric hindrance, resulting in a low isolated yield. The
reductions of several N-fert-butanesulfinyl dialkyl ketimines
also proceeded in good yields (277f—h). Selective reduction
of a number of N-tert-butanesulfinyl ketimines in the
presence of their corresponding ketones 278 was also
demonstrated (eq 19).

Ss Ni(acac), (5 mol%) S
N| O O EtyZn (3 equiv) HN" 0 OH (19)
R)\ R)J\ dioxane, rt R)\ R)\
3 278 277 279
R=Ph 88% 0%
R=iBu 80% 0%

Recently, Yus and co-workers developed a ruthenium
catalyzed asymmetric transfer hydrogenation of N-tert-
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Scheme 76. Diethylzinc Reduction of N-tfert-Butanesulfinyl
Ketimines 3 Catalyzed by Ni(acac),

\_ﬁ Ni(acac), (5 mol%) ~&

/é\\ Et,Zn (3 equiv) /é\\
NI O dioxane, rt HN™ "0
R1/]\R2 R1J\R2
3 277
HN" S0 &

NS0
Ph/'\R2
R

277a: R = H; 88%, 96:4 dr 277c¢: RZ = Et; 90%, 89:11 dr
277b: R = OMe; 92%, 98:2 dr 277d: R? = iPr; 82%, 85:15 dr

SN ; ;
U PN .Sy
HN" %0 aN-So HN S0
Bu” “Ph RM'\ B>
277e: 23%  277f: R'=Pr, 88%, 73:27dr  277h: 81%
96:4 dr 2779:R'=iPr; 71%, 8218 dr  95:5dr

Scheme 77. Ruthenium Catalyzed Asymmetric Transfer
Hydrogenation of N-tert-Butanesulfinyl Ketimines

Y 1. [RuCly(p-cymene)], (5 mol%)
280 (10 mol%), KOtBu, 4 A MS

N"SSg  iPrOH, 40°C NH,
| T
R’)\RZ 2. HCl, MeOH RITR
NH,
3 N 281
280
NH;
NH; NH; X
: N Bt
P Ph” Et
R
281a: 9%, 97% ee 281h: 98%, 97% ee 281¢c: R = OMe;
85%, 95% ee
281d: R = NOy;

86%, 98% ee

butanesulfinyl ketimines, providing a new method for the
rapid synthesis of o-branched amines (Scheme 77).!%° Several
reaction parameters were examined using the ruthenium
precatalyst [RuCly(p-cymene)], and iPrOH as the hydride
donor and solvent, including ligand, temperature, and addi-
tives. A number of chiral amino alcohol ligands were
screened in conjunction with the ruthenium source, and
ligand 280 was chosen due to its cost-effectiveness as well
as the high level of selectivity obtained for 281a when this
ligand was employed. Under the optimized conditions of
heating to 40 °C, use of KOrBu as the base, and addition of
4 A MS to suppress competitive hydrolysis, amine 281a was
obtained in quantitative yield and with 97% ee. The scope
of the reaction was probed with three other N-fert-butane-
sulfinyl ketimines, and the resulting amines 281b—d were
produced in excellent yields (85—98%) and selectivities
(95—98% ee).

5. Synthesis of o,a-Dibranched Amines (Tertiary
Carbinamines)

There are two significant challenges that limit the success
and generality of many asymmetric additions of nucleophiles
to ketimines. First, ketimines are much less reactive than
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aldimines, and consequently, the propensity for side reactions,
including competitive o-deprotonation to form enamides or
competitive reduction by organometallics via S-hydride elimi-
nation, is greatly increased. Second, the level of diastereose-
lectivity for imine additions is dependent not only on the facial
selectivity but also on the E/Z-isomer ratio of the imine. In
contrast to aldimines where large steric differences inherently
provide very high E/Z-isomer ratios, for ketimines the steric
difference between the two ketimine substituents is often much
smaller, resulting in lower selectivity.

The use of N-tert-butanesulfinyl imines 3 largely over-
comes these challenges due to the activating nature of the
sulfinyl group, which enhances the electrophilicity of the
imine while at the same time minimizing undesired competi-
tive a-deprotonation. Morever, as described previously
(section 3.1.2), for these imines modest differences in sterics
between the two imine substituents result in good E/Z-imine
isomer ratios that enable highly diastereoselective additions
to be achieved. A large variety of nucleophiles have been
added to N-tert-butanesulfinyl ketmines 3 to give a variety
of tertiary carbinamine products (see relevant sections of the
review for specific addition products).

5.1. 1,2-Additions of Organometallic Reagents to
Ketimines

The addition of organolithium reagents to N-fer¢-butanesulfinyl
ketimines 3 was first reported by Ellman and Cogan in 1999,
providing a general method for the asymmetric synthesis of a,o-
dibranched amines.* In the following full paper, details were
provided on the effects of the organometallic reagent and
Lewis acid additives on the yield and stereoselectivity of
the transformation.”> The addition of Grignard reagents to
N-tert-butanesulfinyl ketimine 282 was first explored using
the reaction conditions previously optimized for additions
to N-tert-butanesulfinyl aldimines (see section 4.1.1). While
the addition of allylmagnesium bromide to ketimines pro-
ceeded with high yield and excellent diastereoselectivity (see
section 7.1), the addition of phenylmagnesium bromide
proceeded poorly, providing 283 in 21% as a 31:69 mixture
of diastereomers (eq 20). In contrast, the addition of
phenyllithium to 282 provided more promising results,
yielding 283 in 65% yield and 94:6 diastereomeric ratio,
favoring the diastereomer opposite that observed for the
Grignard addition. To enhance the product yield, a survey
of Lewis acids was conducted, including Al(OiPr);, trialky-
laluminums, diethylzinc, BF;+OEt,, and magnesium and zinc
salts. Trimethylaluminum (AlMes;) had the most dramatic
effect on the 1,2-addition of phenyllithium to 282, providing
283 in high yield and diastereoselectivity. The stereochem-
istry of this addition was rationalized by chelated transition
state 284 (Scheme 78).

Y PhM, additive. Y

.Sy solvent

N NS0 (20)
)'\ \Me
iPr Me iPr Ph
282 283
PhMgBr, CH,Cly:  21%, 31:69 dr
PhLi, toluene: 65%, 94:6 dr

PhLi, AlMeg,toluene : 93%, 97:3 dr

The AlMes-mediated addition of aromatic and alkyl organo-
lithium reagents to a variety of N-tert-butanesulfinyl ketimines 3
was found to be very general (Scheme 79). To minimize the

Robak et al.

Scheme 78. Chelated Transition State for Additions to
N-tert-Butanesulfinyl Ketimines 3

\k RM ‘.T RS i Y

NSso % SonRt — HN S0
Py o--M—R R
R RS ML, RY R
3 284 285

Scheme 79. Synthesis of a,o-Dibranched Amines from
N-tert-Butanesulfinyl Ketimines

Y i R Y
MegAl, R3Li _/—LR

Lo o INesyeelog [ 3.
)‘\ O toluene, -78 °C o0 -Li—R? FB‘\\RQO
R R2 A|M63 R ‘R?,
3 286 287
rﬁl\’s\‘o NS0
R” “Ph R/kBu

287a: R = iPr; 93%, 97:3 dr 287e: R = Ph; 86%, 98:2 dr
(no AlMe; 65%, 94:6 dr) (no AlMe; 26%, 99:1 dr)

287hb: R = Bu; 93%, 89:11 dr 287f: R = iPr; 61%, 99:1 dr
(no AlMe; 67%, 63:37 dr)

287c: R = iBu; 62%, 85:15 dr

287d: R = 2-naphthyl; 62%, 99:1 dr

Y

N’S\‘o an-Svo

H
~Bu ~Bu
iPr” R Ph/k
287g: R3 = Ph: 82%, 91:9 dr 287i: quant, 99:1 dr
287h; R® = Me; 82%, 91:9 dr
(no AlMe; 54%, 82:18 dr)

competitive side reaction of a-deprotonation, the N-fert-butane-
sulfinyl ketimines were first treated with AlMe; before slow
addition of the complex to a solution of the desired aryl or alkyl
lithium diluted in toluene at —78 °C. Under these conditions, the
reactions proceeded in good to excellent yields (61%-quantitative)
and with diastereoselectivities ranging from 89:11 to 99:1. Notably,
product 287b was isolated with a higher diastereoselectivity (89:
11) than the E/Z ratio of the N-fert-butanesulfinyl ketimine
precursor (5:1), which, given the high yield, suggests either that
complexation with AlMe; perturbs the imine isomer ratio or that
under the reaction conditions imine isomerization occurs at a rate
competitive to 1,2-addition. Several additions were performed
without the AlMe; additive, and marginally to dramatically lower
yields and diastereoselectivities were observed. The assignments
of the absolute configurations of 287a and 287i were established
by chemical correlation, while a derivative of 287h was analyzed
by X-ray structural analysis. The configurations of the other adducts
were assigned by analogy.

The utility of this chemistry was demonstrated in the synthesis
of the marine natural product (6R,7S)-7-amino-7,8-dihydro-o.-
bisabolene (see section 3.2.5).”° The AlMe;-mediated addition
of the organolithium to ketimine 115 produced 116 in 56%
yield with perfect diastereoselectivity (eq 21).

YM

o HSS 1)
IMe3 toluene S q
-78 °C Y
NF

116: 56%
single diastereomer
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Scheme 80. Synthesis of Heterocycle 291 from
N-tert-Butanesulfinyl Ketimine 288

A 3y

"S“o PhLi, AlMes Hn- S0
d\ toluene, -78 °C @\)(Ph
N* N‘N(/Pr)2 N”N‘N(iPr)2
(£)-288 289: 58%

— Ly

291: quant.

TFA, CH,Cly Ph s
AR NS
- N
N
290

Scheme 81. 1,2-Addition of Organometallic Reagents to 292

293a: M = M%Br; 74%,
80:20 (S)(R)

293b: M = MgBr;
78%, 6:94 dr
M = Li; 82%, 13:87 (S):(R) M= Li; 83%, 94:6

293c: M MgBr;
83%, 7:93 dr

s=0 Fr 5=0 5=0 OMe
| HN Vi HN ] HN |
\ ZN \ 2N
N N N
< S S
cN N N
F J CN JCN
293d: M = MgBr; 293e: M = Lj; 293f: M = Li;

100%,° 21:79 dr 36%, 3:97 dr 57%, 5:95 dr

“ Ratio of diastereomers given as (—):(+) enantiomers after deprotection
of the sulfinyl group. ” X-ray structural analysis established the absolute
configuration of 293a from the addition of MeMgBr as (S). ¢ Crude yield
of the N-tert-butanesulfinyl amine 293. “Isolated yield of the amine salt
after deprotection.

In an interesting application, Brase and co-workers added
phenyllithium to ketimine 288 (Scheme 80).'>! Despite
activation with the strong Lewis acid AlMe;, the triazene
present in 288 was stable to the reaction conditions, providing
289 in 58% yield. Further studies revealed that treatment of
289 with TFA promoted cyclization to the heterocycle 290,
which upon prolonged reaction times underwent complete
deprotection to 291 in quantitative yield.'>

In their work on the synthesis of protein farnesyl trans-
ferase (FTase) inhibitors, Shaw and DeSolms at Merck
explored the addition of organometallic reagents to N-tert-
butanesulfinyl aryl-heteroaryl and diaryl ketimines (Schemes
81 and 82).% Optimization of the reaction conditions
revealed that THF was the solvent of choice due to the
insolubility of the starting ketimines in Et,O or CH,Cl,. To
obtain the best yields, excess of the Grignard reagent was
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Scheme 82. 1,2-Addition of Organometallic Reagents to
Diaryl N-tert-Butanesulfinyl Ketimines

Y 1. MeM, THF
-78or0°C

NH
S\ 2
"0 5 Hel, MeOH X
)|\ - HCI, Me R” R
R” "R?
3 2942
NH
NH | b NH,
N ~
PNy | PR =
N NC N N
F
294a: 294b: 294c:
M = MgBr; M = MgBr; M = MgBr;
52%, 77:23 89%, 73:27 100%, 60:40
M = Li; M = Li; M = Li;
48%, 7:93 88%, 44:55 100%, 36:64
NH, NH, NH,
/©><Ph PhX©\
NC NC OMe OMe
294d: 294e: 294f:
M = MgBr, M = MgBr; M = MgBr;
100%, 73:27 93%, 63:37 90%, 39:61
M = Li; M = Li; M = Li;
88%, 30:70 72%, 14:86 95%, 27:73
NH
NH, z
P (1
NC
F
294g:° 294h:
M = MgBr; M = MgBr;
76%, 100:0 D2, 955
M = Li; 64%, 85.15
38%, 100:0

“ Ratio of enantiomers given as (—):(+). * Reactions conducted at 0 °C.
necessary (6 equiv), and the reaction was conducted at 0
°C. When organolithium reagents were used as the nucleo-
phile, the reactions were conducted at —78 °C. In the course
of their studies, they determined that addition of a Grignard
versus an organolithium reagent to the same imine proceeded
with opposite diastereoselectivity. The scope of this method
was investigated for addition of a variety of alkyl, alkynyl,
and aryl organometallic reagents to ketimine 292, providing
sulfinyl amines 293a—f in moderate to high yields (35—100%)
and with good to excellent diastereomeric ratios (Scheme
81). The scope with respect to the N-tert-butanesulfinyl
ketimine 3 was also explored using methylmagnesium
bromide or methyllithium as the nucleophiles, providing
amines 294 after methanolysis of the sulfinyl group (Scheme
82). While a reversal in diastereoselectivity depending on
the type of organometallic reagent utilized was observed for
additions to the aryl-heteroaryl ketimines and the diaryl
ketimines with an electron-withdrawing substituent (products
294a—e), no reversal was observed for electron-neutral or
electron-rich substrates (products 294f—h). Notably, an
increase in diastereoselectivity was observed for additions
to diaryl ketimines bearing an ortho-methyl substituent
(products 294g—h) similar to those shown in Scheme 81.

Graham and co-workers at Merck utilized compound 295,
obtained after methanolysis of the fert-butanesulfinyl group
of 293a in their synthesis of 296, which was designed as a
dual inhibitor of both protein farnesyltransferase (FTase) and

protein geranylgeranyltransferase I (GGTase-I) (eq 22).'**

Sakaitani and co-workers at Chugai Pharmaceutical Co.
prepared a large number of tertiary carbinamines in the
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NHy NMe
o~ N
|/ o} (22)
NC N
F
205 206

synthesis of potential protein FTase inhibitors that ultimately
culiminated in the development of inhibitor 300, obtained
by addition of a heterocyclic organometallic reagent prepared
from 298 to N-fert-butanesulfinyl ketimine 297 (Scheme
83).'% Notably, while the use of nBuLi as the base for
addition of 1-methyl-2-TES imidazole to 297 afforded adduct
299 with low diastereoselectivity (2:1), treatment of 298 with
ethylmagnesium bromide and subsequent addition to ketimine
297 proceeded with excellent diastereoselectivity (95:5).
Removal of the sulfinyl group and recrystallization provided
enantiomerically pure inhibitor 300, which showed significant
tumor regression in vivo for human nonsmall cell lung
carcinoma xenografts in mice.

Recently, Lautens and co-workers developed a domino
ortho-arylation and subsequent addition to a carbonyl group
for the rapid synthesis of fluorene and phenanthrene deriva-
tives.'’® While the majority of their study focused on
additions to other carbonyl functionalities (ketene, aldehyde,
and ester), N-tert-butanesulfinyl ketimines 302a and 302b
were also explored (Scheme 84). For the initial reaction
between 301 and 302a, PPh; was used as the phosphine
ligand, as it was optimal for related transformations, and 304
was generated in 85% yield but with moderate diastereose-
lectivity. When (2-biphenyl)di-fert-butylphosphine (ligand
303) was used, ketimines 302a and 302b both provided
product 304 in low yield but with high diastereoselectivity.

Scheme 83. Asymmetric Synthesis of FTase Inhibitor 300

xoo o

N Br
© |N 298
EtMgBr, THF
—_—
CN

95:5dr

1. HCI, THF
2. crystallization
—_—

300: 70%
99.5% ee

Scheme 84. Domino ortho-Arylation and Subsequent
Addition to N-tert-Butanesulfinyl Ketimine

Y [(n3-allylPdCl,);] \>/
(10 mol%), L,

NS5 Cs2C0s,

5 | norbornene
OO CH4CN, H,0
90 °C
X

304
301 302a: X=Br L,=PPh; (30 mol%) 85%,67:33dr

15%, 91:9 dr
20%, 93:7 dr

Lo = 303 (20 mol%)
302b: X =Cl L, =303 (20 mol%)
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In their efforts to develop a new method for the synthesis
of o,0-dibranched amines with adjacent stereocenters, Garcia
Ruano and co-workers examined the addition of deprotonated
305 to N-fert-butanesulfinyl ketimine (4)-306 (eq 23)."’
While the focus of the study was the addition of 305 to
diverse N-p-toluenesulfinyl ketimines, the transformation
failed due to imine decomposition when an N-p-toluene-
sulfinyl dialkyl ketimine was used as the substrate. In
contrast, addition to the N-fert-butanesulfinyl dialkyl ketimine
(£)-306 using AlMe; as an additive proceeded smoothly,
providing a 1:1 mixture of diastereomers, each arising from
one of the sulfinyl enantiomers, which were separated by
column chromatography to yield the diastereomerically pure
307 and 308. Overall, the transformation proceeded with
complete stereocontrol over the two newly formed chiral
centers, where the configuration of the carbon adjacent to
the amine was controlled by the N-sulfinyl group, and the
configuration of the benzylic stereocenter was dependent on
the configuration of the sulfoxide.

SOTol &
HN’S\\O

iPr

('s)' V 307:>99:1d

Tol , .o LDA AlMe; oA 23)
NI O THF, toluene +
N astc Q(
iPr

58% SOTOIS\
305 (£)-306 HN" S0
iPr

308: >99:1 dr

Rajapakse and co-workers at Merck examined the addition
of o-lithiated anilines to N-fert-butanesulfinyl imines, but
while additions to aldimines worked well (see section 4.1.2),
low to moderate yields were obtained for the analogous
addition to ketimines (eq 24).'>* Competitive deprotonation
of the starting ketimine was found to be the primary
nonproductive pathway, as determined by deuterium quench-
ing experiments.

NHBoc \k
1. sBuLi, TMEDA, THF

o] (24)

HN
2. \k 7810 0°C p?%D/C'
Sy,
of 53
O BocHN

|
309 Ph)\R 311a: R = Et; 37%, 91:9 dr
310 311b: R = Me: <5%

The first example of additions of organometallic reagents
to cyclic N-tert-butanesulfinyl ketimines derived from sub-
stituted cyclohexanones was reported by Ellman and Mc-
Mahon (Scheme 85)."* The reaction conditions previously
optimized for the addition of organometallic reagents to
acyclic N-tert-butanesulfinyl ketimines were first evaluated
(RLi, AlMe;s, toluene, —78 °C), but poor selectivity was
observed when organolithium reagents purchased as solutions
in Et,O were utilized (MeLi, PhLi), presumably due to the
aggregation state of the lithium species. However, unlike
additions to acyclic N-tert-butanesulfinyl ketimines, additions
of aryl or alkyl Grignard reagents to these cyclic ketimines
312 proceeded in good yields and with high diastereoselec-
tivities. Given that the ketimines 312 were isolated as 1:1
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Scheme 85. Addition of Grignard Reagents to Cyclic
N-tert-Butanesulfinyl Ketimines

.Sy R2MgBr .Ss

N . H 0
| Et,0,-78°Ctort_ R,
R R
312 313
HN" 70 HN"T 0 HN S‘o
R4 Rz/, gy,
{Bu tBu

313a; R? = Me; 78%, 98:2 dr 313d: R? = Me; 79%, 95:5dr 313g: 77%
313b: R2= Bu; 59%, 97:3dr 313e: R2=Bu; 57%, 964 dr > 96:4dr
313c; R2= Ph; 69%, 95:5dr  313f: R2 = Ph; 62%, 93:7 dr

Scheme 86. Synthesis of 4-Benzyl-4-aminopiperidine 319a

0 ;(g\NHZ Y Y y

NS%0 N-S=0
()1 d TMSCN NC BnMgCI Bn
Ti(OEY),, THF A ﬁj
BOC THF, A N
Boc Boc BOC
317 48a 318: 57% 319a: 49%

mixtures of imine isomers, the selectivity of this reaction
was rationalized by equatorial attack of the nucleophile on
the lowest energy chair conformation, with the sulfinyl group
playing no role in addition selectivity. Indeed, when racemic
tert-butanesulfinamide was employed, no loss in selectivity
was observed (compare 313a to 313g). Good yields and
diastereoselectivities were obtained for all compounds
313a—g. Addition of methylmagnesium bromide to ketimines
(Rs)-314 and (Ss)-314, derived from (R)-3-methylcyclohex-
anone, was also examined, and regardless of the sulfinyl
stereochemistry, the reaction proceeded with the same level
of stereoselectivity relative to the methyl substituent on the
cyclohexane ring, as confirmed after conversion of (Rs, R)-
315 and (Ss, R)-315 to the same amine hydrochloride product
316 (eq 25).

y MeMgBr Y NH,CI

N*S\\O Et,0,-78 °Ctort HN S\O HCI, MeOH "u.f (25)

(Rs)-314
(Sg)-314

(Rs.R)-315: 78%, 99:1 dr 316
(Ss.R)-315: 86%, 99:1 dr

Collins and Caldwell developed a method for the addition
of Grignard reagents to N-tert-butanesulfinyl ketimine 48a,
derived from N-Boc-piperidin-4-one (317) and racemic fert-
butanesulfinamide (1; Scheme 86).° Their initial route
required trapping the N-tert-butanesulfinyl ketimine 48a
through a Strecker reaction with trimethylsilylcyanide (TM-
SCN) before workup to avoid facile hydrate formation.
Subsequent treatment of the oi-aminonitrile 318 with 2 equiv
of benzylmagnesium chloride afforded adduct 319a in 49%
yield.

To shorten the overall synthetic sequence, an alternative
synthesis of the 4-benzyl-4-aminopiperidine class of com-
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Scheme 87. In Situ N-tert-Butanesulfinyl Ketimine
Condensation and Subsequent Grignard Addition

i
;( \NH2 Y

0 ()1 1HN'S\\O R NH2
. R
6] Ti(OEt)s, THF, A ﬁj HCI, MeOH f‘)
N In then RMgX, rt N n N n
Boc Boc H
317 (n=1) 319 321: 60-94%
320(n=2) y Y
HN-Sso ¢ S HN-Sso
> siole
Pz Pz
R/ R/ \
Boc Boc Boc
319a: R = H; 39% 319g: R= 4-F; 32% 3191: 41%
319b: R = 2-Cl; 42% 319h: R = 3-Cl; 55%
319¢c: R = 2- OCF3 39% 319i: R=4-Cl, 57%
319d: R = 3-OMe; 48% 319j: R = 5-Cl; 59%
319e: R = 3- OCF3 35% 319k R = 6-Cl; 66%
319f. R =4-Ph; 57%
NS0 NS0
Ph Ph?j
NBoc ¥S
319m; 54% 319n; 32%

pounds was developed via addition of Grignard reagents to
an in situ generated cyclic N-tert-butanesulfinyl ketimine
(Scheme 87). Formation of the N-tert-butanesulfinyl ketimine
from 317 followed by addition of excess benzylmagnesium
chloride provided 319a in an improved 39% yield compared
to the 28% overall yield for the two-step procedure (see
Scheme 86). This protocol was extended to include a variety
of electronically diverse substituted benzylic nucleophiles,
providing 319b—k in moderate yields (32—66%). Allylmag-
nesium bromide was also added to provide 3191 in 41% yield,
but the authors noted that a range of other Grignard reagents
were not effective nucleophiles for this transformation. The
effect of ring size was also briefly examined, and the sulfinyl
protected 4-benzyl-4-aminoazepane 319m was generated in
54% after purification. Variation of the N-protecting group
was also tested, and 319n was synthesized in 32% yield.
Concomitant deprotection of both the sulfinyl and Boc
protecting groups was demonstrated, providing amines 321
in 60—94% yield.

Nitta and co-workers at Toray Industries explored the
addition of lithiated benzothiazole derivatives to racemic
N-tert-butanesulfinyl cyclic ketimines 48b and 48c, which
were utilized in the preparation of a novel class of dipeptidyl
peptidase IV (DPP-1V) inhibitors for the treatment of type
2 diabetes (Scheme 88).”

Recently, Silvani and co-workers disclosed a method for
the addition of Grignard reagents to the isatin-derived N-fert-
butanesulfinyl imine 44, providing a rapid route for the
asymmetric synthesis of quaternary 3-aminooxindoles 324
(Scheme 89).” Optimization of the reaction conditions
revealed that the highest yields and diastereoselectivities were
obtained in the presence of the Lewis acid additive MgBr»,
using 5 equiv of the Grignard reagent. Addition of allyl,
alkyl, or aryl Grignard reagents generated 324a, b, and d in
moderate diastereoselectivities (70:30 to 85:15). The major
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Scheme 88. Addition of Benzothiazole Derivatives to
N-tert-Butanesulﬁnyl Ketimines 48

,S\\
N\ nBuL|
-78°Ctort Ctort
2. HCI MeOH
Y

48b (Y = 0)
48¢c (Y = S)

Scheme 89. Additions of Grignard Reagents to
N-tert-Butanesulfinyl Imine 44

r;l’s\\o RMgBr, MgBr, R/HN’S\\O
CH,Cl,
% -40°Ctort ©
N N
PMB PMB
a4 324
- Y "
NS, RHNS Sy,
0 @ES:O o
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324a: 46%°
85:15dr

324b: R = iPr; 52%° 78:22 dr
324c¢: R = vinyl; 0%

324d: 53%P
70:30 dr

“Yield of the major diastereomer after purification. ” Yield determined
by mass balance of the reaction mixture.

diastereomers were isolated in 46—53% yield after column
chromatography. Unfortunately, the addition of vinylmag-
nesium bromide to 44 did not provide any of the desired
product 324c.

Probst, Hom, and co-workers and Elan Pharmaceuticals
reported the addition of an aryl lithium reagent, prepared by
lithium—halogen exchange from the corresponding aryl
iodide, to N-fert-butanesulfinyl ketimine 325, providing
amine hydrochloride 326 after sulfinyl group cleavage
(Scheme 90).® Further elaboration provided a series of
compounds that were tested as [-secretase (BACE-1) inhibi-
tors. Similarly, Shao and co-workers at Merck reported the
addition of aryl lithium reagents to ketimine 327 to provide
amines such as 328 after sulfinyl deprotection.!” These
amines were incorporated into novel isoxazole voltage gated
sodium channel blockers.

A synthesis of cyclopropylamines via a proposed
Favorskii-type rearrangement upon reaction of Grignard
reagents with a.-chloro N-tert-butanesulfinyl ketimines 329
was reported by De Kimpe and co-workers (Scheme 91).68
Optimization of the reaction conditions revealed that addition
of 2.2 equiv of the Grignard reagent to the ketimine at —78
°C followed by subsequent warming to —40 °C provided
the highest yields and diastereoselectivities of this interesting
class of compounds. Several Grignard reagents were tested,
providing 330a—h in moderate yields and with varying
diastereoselectivities (79:21 to 96:4). While conversions were
high for this reaction, yields dropped significantly upon
isolation of the major diastereomer by column chromatog-
raphy despite several attempts to improve the purification
procedure. The absolute configuration was determined by
X-ray structural analysis of 330b. Removal of the sulfinyl
group under acidic conditions was also demonstrated.

Robak et al.

Scheme 90. Applications of Aryl Lithium Additions to
Cyclic Ketimines
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Scheme 91. Synthesis of N-tert-Butanesulfinyl
Cyclopropylamines
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330d: R? = Ph; 38%, 95:5 dr
330b: R? = vinyl; 62%, 91:9 dr 330e: R? = vinyl; 37%, 91:9.dr
330c: R? = Et; 41%, 79:21 dr 330f: R? = Et; 30%, 79:21 dr

L,

S
T

330a: R? = Ph; 57%, 95:5 dr

330g: R? = Ph; 31%, 96:4 dr
330h: R2 = Et; 23%, 81:19 dr

6. Synthesis of Allylic Amines

6.1. 1,2-Additions of Vinyl Reagents to Aldimines
and Ketimines

The addition of vinyl Grignard reagents to N-fert-butane-
sulfinyl imines was first reported by Ellman and co-workers
in their 1999 full paper (eq 26; for full substrate scope, see
section 4.1.1).%?

The utility of the addition of vinyl Grignard reagents to
aldimines was demonstrated by Lee and Ellman in the develop-
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Y CH,CHMgBr Y

3 M in ELO N
Nl’s\\o ¢ 20) HN" %0 26)
CHzclz P
R™H -48°C, 4-6 h R/'\/
2

135d: R = Ph; 79%, 94:6 dr
135h: R = Bn; 81%, 91:9 dr
1350: R = jPr; 90%, 88:12 dr

ment of a seven-step parallel solution-phase synthesis of cysteine
protease inhibitors 336 (Scheme 92).'® In this sequence,
adaptations were made to eliminate the need for chromato-
graphic purification of intermediates. Starting from diverse
aldehydes 332, N-tert-butanesulfinyl imines 333 were formed,
utilizing Ti(OEt), as a Lewis acid. Removal of titanium
adducts was accomplished by incubating the mixture with a
combination of sand and Na,SO,, followed by filtration and
concentration. The crude imines were then dissolved in
CH,Cl, and treated with an excess of vinyl Grignard reagent
in Et,O, providing N-sulfinyl amines 334a—c with 88:12 to
96:4 dr. After acidic methanolysis of the sulfinyl group, the
allylic amine products were neutralized and scavenged on
sulfonic acid resin, allowing purification by rinsing away
undesired side products. Elution with ammonia and methanol
provided the desired allylic amines 335 in 50—51% overall
yields from ferz-butanesulfinamide. A series of subsequent
transformations allow access to diverse mercaptomethyl
ketone cysteine protease inhibitors 336.

Hashimoto, Nakata, and co-workers disclosed the highly
diastereoselective addition of a vinylzinc reagent to heteroaryl
imine 338 (Scheme 93).!%° Further elaboration of the product
provided fragment 340, which was used toward the total
synthesis of siomycin A (341). A large excess (5 equiv) of
the organozinc reagent was required to obtain high yields
of the desired product. Attempted addition of the corre-
sponding vinyllithium reagent was unsuccessful, resulting
in decomposition of the imine. The stereochemistry of the
newly formed stereocenter, confirmed by crystallographic
analysis at a later stage in the synthesis, is consistent with
addition to the imine via an open transition state.

The ability of the N-fert-butanesulfinyl group to dominate
the stereoselectivity of Grignard additions to chiral imines
was demonstrated by Shuto and co-workers.!®® A series of
eight a- and S-cyclopropyl imines 342 and 343 were
prepared, representing the full range of stereochemical
combinations with respect to both the sulfinyl stereocenter
and the cis/trans cyclopropyl isomers. Treatment of these

Scheme 92. Parallel Solution-Phase Synthesis of Protease

Inhibitors”
12 NSo b HvSo e NH,
= | —_ : . =
R "H R1J\H RITNF RN
332a: R=Cy 333a-c 334a: 88:12dr 335a: 51%
332b: R= CH,Cy 334b: 88:12 dr 335b: 50%
332¢: R= CH,CH,Ph 334c: 94:6 dr 335¢: 50%

o}
4 steps HN J\ R?
R? YS RS
O
336

“(a) (1) (S)-tert-butanesulfinamide, Ti(OEt);, CH,Cl,; (ii) 2:1 sand/
Na,SO,* 10H,0; (b) (i) vinyl Grignard/Et,O, CH,Cly; (ii) aqueous workup;
(c) (i) 4 N HCl/dioxane, MeOH; (ii) 1 M KOH; (iii) sulfonic acid resin,
CH,Cl,; (iv) saturated NH3;/MeOH.
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Scheme 93. Addition of a Vinylzinc Reagent to a Heteroaryl
Imine
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Scheme 94. Vinyl Grignard Additions to o- and
p-Cyclopropyl N-tert-Butanesulfinyl Aldimines

B MgB % \k
ﬁQf S MgBr

=/ /S

HN""S0 /Nm’ ~0 HN" %0
‘.~ toluene toluene =
RN qig°C R™H 110°C R
344 [0.01M]  (Ss)342a-d  [0.01 M] 345
(Rg)-343a-d

344a: quant, 94:6 dr TBOPSO._<T %,

344b: 96%, 89:11 dr TBDPSO\A/\KJ 345b: 96%, 90:10 dr

344c: quant, 95:5 dr TBDPSO\/q

344d: 93%, 89:11 dr TBDPSO\/q\ 345d: quant, 98:2 dr

imines with vinylmagnesium bromide provided the full range
of N-sulfinyl amines 344a—d and 345a—d in excellent yields
(Scheme 94). The major diastereomer in each case was
formed with at least 89:11 diastereoselectivity, with the
stereochemistry of the newly formed chiral center dictated
by the sulfinyl stereochemistry, matching that predicted by
a chelated transition state. Subsequent synthetic transforma-
tions allowed the synthesis of proteasome inhibitor belactosin
A (346) from intermediate 344b (eq 27). This chemistry was
utilized for the synthesis of a series of systematically varied
belactosin A stereo- and regioisomers, which were evaluated
as proteosome inhibitors. ¢!

345a: 95%, 96:4 dr

345¢: 94%, 90:10 dr
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~
O\\$J< ) J}(“ 2, OI;I H:
HN\(\%R_' HN Y\/\H)‘\'Et\m)
O COH
X 0

344b: R = CH,OTBDPS 346: belactosin A

The asymmetric synthesis of allylic amines via addition
of a vinyl triorganozincate reagent to aryl N-fert-butane-
sulfinyl aldimines 2 was recently demonstrated by Guijarro,
Yus, and Almansa (eq 28)."*' A catalytic amount of dim-
ethylzinc (0.15 equiv) is employed in the presence of an
excess of Grignard reagent, providing 225g, q, and r in high
yields and with high diastereoselectivities (see section 4.1.3
for further details pertaining to this transformation).

RN X i .Sy
N| o MeoZn (0.15 equiv) HN S‘O 8)
R)\H vinylMgBr (1.3 equiv) AP
alternating portionwise
addition ;
THF, -78°C, 2 h R
2 225g: R! = H; 94%, 98:2 dr

225q: R' = CI; 78%, 96:4 dr
225r: R" = Me; 90%, 94:6 dr

The first example of a rhodium-catalyzed addition of an
alkenylboron reagent to imines was recently reported by Ellman

Scheme 95. Addition of Alkenyl Trifluoroborates to
N-tert-Butanesulfinyl Imines

[RA(OH)(cod)],
L (2.5 mol%) N\
A R3 dppbenz R
oSN KF3B\%\ , Boma%) Sy ge
| + R ! B
M ELN (2 equiv) /\/\
H™ R R? H,0:DMF (3:2) R R*
80°C R?
2 347 348
o*>NH O/’S\NH o”S‘NH

W Pr & Pr = Pr
R1

348a: R' = H; 82%, 99:1 dr

348b: R' = Ci; 94%, 99:1 dr 0
348¢: R! = CF4; 96%, 98:2 dr 348e: 83% 348f: 96%
348d: R = OMe; 52%, 99:1 dr >99:1 dr 99:1dr

N\~

O/’S\NH
Cl R'CI

N

348g: R! = H; 66%, 99:1 dr 348j: 70% 348k: 75%
348h: R' = CF5 22%, 99:1 dr 98:2 dr 99:1 dr
348i: R" = OMe; 91%, 99:1 dr

o*S N o"> N1 BU oSN

R/\/\Cy

348I: R = 4-CI-Ph;
91%, 99:1 dr

348n: R = 4-CI-Ph;
91%, 98:2 dr

348p: R = 4-Cl-Ph;
97%, 96:4 dr

348m R = 3480: R = (CH),Ph;  3484: R = (CHy),Ph:
(CH,)sPh; 69%, 991 70%. 982dr 0%, 955 dr
dr
N~ N\ 348s: R' = Me; 52%, 98:2 dr
N H 348t R' = Et; 62%, 98:2 dr
0”7 NH o“S*NH 348u: R = pentyl, 72%, 98:2 dr
s N ot R
BN RIS MBVR!=Bn78%99 1 dr
Cy Pr "\ ~p 348w R = Bu 76% 982 dr
o Pr348x R = Cy; 84%, 982 dr
gg_szr-d‘:fw %o 348y: R' = Ph; 44%, 97:3 dr
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and Brak to provide a practical diastereoselective synthe-
sis of allylic amines (Scheme 95).'9? For this transforma-
tion, the commercially available and air-stable precatalyst
[Rh(OH)(cod)],, in conjunction with dppbenz as the ligand
and Et;N as an additive in a 3:2 ratio of HO/DMF at 60 °C,
gave the highest yields and selectivities. It was also
determined that, for this transformation, alkenyl trifluorobo-
rates'® were more effective coupling partners than the
corresponding alkenylboronic acids. A range of different
N-sulfinyl aromatic imines were tested with pentenyl trif-
luoroborate, demonstrating that the electronic nature of the
imine had little effect on the transformation. Electron-
donating, electron-withdrawing, and ortho-substituents were
all tolerated, with the successful addition to the 3-acetylphe-
nyl N-sulfinyl imine highlighting the functional group
compatibility of this method (348a—f). The authors noted
that the electronic effects on the trifluoroborate influenced
the outcome of the reaction and lower yields were observed
for the addition of highly electron-deficient trifluoroborates
than for electron-rich trifluoroborates (348h—i). Several
substitution patterns on the trifluoroborate species were also
incorporated into the final products, including di-, tri-, and
tetrasubstituted alkenyl inputs (348j—q). cis-Disubstituted
alkenyl trifluoroborates could also be used without olefin
isomerization at short reaction times (348n—o). Importantly,
the scope of the reaction also included aliphatic N-sulfinyl
imines. Unbranched, y-, 8-, and a-branched substrates could
be utilized to obtain the allylic amines in good yields and
diastereoselectivities (348m, o, q—y), including the N-sulfinyl
imine derived from phenylacetaldehyde, which is a particu-
larly challenging substrate due to imine tautomerization
(348y). Overall, all additions proceeded in good yields and
with very high diastereoselectivities (95:5 to 99:1 dr).
Significantly, this reaction was demonstrated on a moderate
scale (10 mmol) with only 1 mol% loading of the rhodium
catalyst using standard Schlenk techniques, providing adduct
348v in 75% yield and 99:1 dr.

Wipf and co-workers reported the addition of the alkenylor-
ganometallic intermediates 350, prepared by carboalumination
of alkynes 349 in the presence of water and catalytic Cp,ZrCl,,
to N-tert-butanesulfinyl imines for the synthesis of allylic amines
352 (Scheme 96).'** While the focus of this study was
additions of 350 to N-p-toluenesulfinyl imines, a number of
N-tert-butanesulfinyl imines 2 were investigated to probe the
effects of the bulkier fert-butanesulfinyl group on the
diastereoselectivity of the reaction. For analogous cases,
comparable (352c¢) or superior (352d—e) facial selectivity
was observed for the N-tert-butanesulfinyl adducts, but yields
were lower (50—67% versus 75—85%). The absolute con-
figuration of 352e was established by chemical correlation
experiments. The authors rationalized the stereochemical
outcome by the four-membered chelate transition state model
351, where the Lewis acidic aluminum coordinates to the
imine nitrogen and addition of the nucleophile occurs
opposite to the bulky fert-butyl group.

This methodology was later slightly modified and extended
to additions to imine 353 (Scheme 97).'® Additions of
nucleophiles bearing alkyl, silyl ether, carbamate, and
sulfonamide substituents were tolerated under the reaction
conditions, providing adducts 354a—e in good yields and
with excellent diastereoselectivities. This method was applied
to the synthesis of 356, a more potent a-C-galactosylcera-
mide analogue of the marine sponge glycolipid immuno-
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Scheme 96. Asymmetric Synthesis of N-fert-Butanesulfinyl
Allylic Amines via Organoaluminum Reagents

_Ss
1. AlMes (2 equiv) JN'\ 0
CpoZrCly (0.03 equiv) 2
. R2™H
H,0 (1 equiv) 2
— = Y
Me,Al_z .
CH,Cly, 0°C 2 R| -16°C
349 350
O/'S\N é
JMAMe; | 0" NH
= RZTNF R
R
351 352
0" NH
/?\/L 352a: R? = 4-CI-Ph; 20%, 91:9 dr
R? Bu 352b: R? = 2-naphthyl; 50%, >99:1 dr
N 352¢: R = Ph; 50%, 95:5 dr

0" /Ni/L 352d: R = hexyl: 60%, >97:3 dr
pr PR 3526 R = (CH),OTIPS; 67%, 96:5 dr

Scheme 97. Addition of Organoaluminum Reagents to
N-tert-Butanesulfinyl Imine 353

1.CpoZrHCI (2 equiv), Y

2. AlMe; (1.2 equiv)

CH,Cly, 0°C oBn HN" 0
=R [ONRS ~
: Y 1
349 s.  BnO “'OBn R
OBn NTo OBn
o »“\)\H single diastereomer
" 354a: R = Bu; 82%
BnO OBn 354b: R = (CH,),OTBDPS; 81%
OBn 354¢: R = (CH,),N(CO,Me)Ts?, 5%
353 354d: R = Cy; 85%
354e: R = Cy4Hag, 72%P
o]
OH CysHsi” "NH OH
. O X B <
354e N . \/Y\CMHzg
HO on O
OH  385.x=0
356 X = CH,

@ A 93:7 diastereomeric ratio was obtained. * Isolated yield after sulfinyl
deprotection.

stimulant 355, which displays potent biological activity
against various disease models.

This chemistry was also utilized in the synthesis of
branched allylic amines 360 (Scheme 98).'° Hydrozircona-
tion of alkynes 357a and b followed by transmetalation
provided the corresponding alkenyl aluminum reagents,
which underwent addition to enantiomerically pure N-tert-
butanesulfinyl imines 358 to provide adducts 359, which
were isolated in diastereomerically pure form by chroma-
tography. A series of subsequent reactions provided the
desired products 360 in enantiomerically pure form, which
were evaluated as [-turn mimetics for S-sheet nucleation.

The synthesis of 1,3-enynamines was accomplished via the
nucleophilic addition of an alkynylzinc species to N-tert-
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Scheme 98. Synthesis of f-Turn Mimetics”

1. CpZi(H)CI Q(
P oteops 2 AlNes, CHoCly .
R/\/ 3. Y
=
357a: R= H N OTBDPS
357b: R = Me NO R
S 3592 R = H; 78%
358 359b; R = Me; 63%
NH, O
— WOH
R =
360a (R = H)
360D (R = Me)

“ The enantiomer of 360b was prepared analogously from (5)-358.

Scheme 99. Synthesis of Dihydropyrrole 367

S.
H s equiv ZnEt, NH HO Ph
| toluene, reflux HAuCI+4 H,O

St _
3 Ph
/’]\1\ 0O | then, PhCHO Ph toluene
Ph” "H Ph /l
133 4 equiv Ph
365: 70%
o]
% H
>Ls
N._.Ph
N. .ph HCIMeOH Ph
Ph then NH,OH —
= Ph
/ Ph Vi
PH
Ph
366: 66% 367: 87%

butanesulfinyl aldimines, as reported by Xu and co-workers.'®”
Extensive screening of reaction conditions revealed that
refluxing a 1:2.5:5 mixture of N-tert-butanesulfinyl imine 2,
diethylzinc, and acetylene 361 in toluene provided the best
selectivity and yield of 362 (Table 10). The scope of the
reaction was probed by surveying a number of different
N-tert-butanesulfinyl aldimines 2. Electronically diverse
substituents on the aryl moiety could be incorporated into
the final products in high yields and with excellent diaste-
reoselectivites (entries 1—8). However, ortho substitution on
the aryl ring resulted in lower diastereoselectivites (entries
9—11) except for the N-tert-butanesulfinyl 2-fluorobenzaldi-
mine (entry 12). An alkyl N-fert-butanesulfinyl aldimine was
also evaluated, and it provided the desired 1,3-enynamine
362m in high yield (83%) and diastereoselectivity (>99:1,
entry 13). The yields and diastereoselectivities were also
excellent when a functionalized aryl alkyne and an aliphatic
alkyne were used (entries 14 and 15). However, when an
N-tert-butanesulfinyl ketimine 3 was examined, the N-tert-
butanesulfinyl propargylamine product 363p was obtained
in low yield and with moderate diastereoselectivity (entry
16). The absolute stereochemistry for compounds 362 was
determined by X-ray structural analysis of a derivative of
362a. Sulfinyl group deprotection and amine acylation
without racemization were also demonstrated for select
adducts 362a, d, and f—h (eq 29). Interestingly, when the
reaction was quenched with benzaldehdye, compound 365
could be obtained in 70% yield (Scheme 99). Cyclization of
365 followed by removal of the sulfinyl group provided the
highly substituted chiral dihydropyrrole 367.
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Table 10. Synthesis of Enynes

H X v

25 equiv ZnEty  R? ' s
.Ss N 5equivZnEt; R4, " HN" S0
)NI\ 0 | | toluene, reflux R S R?
3 R N
R™R? R / N
R3
20r3 361 362 363
(5 equiv)
isolated
entry R R? R? 362/363 product yield (%) dr
1 Ph H Ph 50:1 362a 93 >99:1
4-Me-Ph H Ph 28:1 362b 92 >99:1
3 4-MeO-Ph H Ph 34:1 362c 91 >99:1
4 4-Et,N-Ph H Ph 16:1 362d 60 >99:1
5 3-Cl-Ph H Ph 42:1 362e 91 97:3
6 4-CI-Ph H Ph 24:1 362f 88 >99:1
7 3-F-Ph H Ph 40:1 362¢g 86 >09:1
8 naphthyl H Ph 20:1 362h 85 >99:1
9 2-MeO-Ph H Ph 28:1 362i 86 95:5
10 2-Cl-Ph H Ph 28:1 362j 88 95:5
11 2-Br-Ph H Ph 20:1 362k 78 90:10
12 2-F-Ph H Ph 40:1 3621 90 >99:1
13 Bu H Ph 40:1 362m 83 >99:1
14 Ph H 4-CI-Ph 99:1 362n 95 >99:1
15 Ph H pentyl 25:1 3620 81 >99:1
16 Ph Me Ph 1:99 363p 51 87:13
Y Scheme 100. Cobalt-Mediated Formal [3 + 2] Annulation of
NHAC Alkenes with o,f-Unsaturated Imines
Hn-Ssg 1. HCI, MeOH, dioxane M
o N e
2. Acy0, pyridine,CH,Cl, | — (Me4Cp)Co(CO), Me
| > — R/ - // Ph (29) NO, hexane /& %
“Z ) Ph >R W Gow
R Ph Mg},zR
Ph 0
: - 83-95% 370a: R = -CH,CH,- 371a: 66%
362a.d,f-h 383;,/?255 5 370b: R = -CHyOCH,- 371b: 72%
370c: R = -CHyNTsCH,- 371c: 19%
6.2. 1,2-Addition to o,f-Unsaturated Aldimines
and Ketimines <;>:N
Qin and co-workers reported the addition of several I
Grignard reagents to o,3-unsaturated imine 91¢, which was 373
prepared via self-condensation of N-tert-butanesulfinyl phe- v
nylacetaldimine (see section 3.2.3).%% High diastereoselec-
tivity was obtained, but the isolated yield varied dramatically Me
depending on the Grignard reagent (eq 30). Unfortunately, © O
the absolute configurations of the product amines 368a—d ~co
were not determined. Me N R
o NH
NP N ZS:O
NIIS\\O RMgCI %S0
je] * 374b: 65%, 55:45 dr 375a: 54%, 72:28 dr
Bn [ H - Bn R 39) 375b: 67%, 55:45 dr
Bn CH,Cl,, 0°C Bn \ 375c: 69%, 67:33 dr
77
e 368a: R = Tol; 79% (93:7 dr) 130 °C, pw
368b: R = Me; 63% (99:1 dr) H o
368¢c: R = iPr; 56% (99:1 dr) N-g?
368d: R = {Bu; 21% (99:1 dr) \
O,
,S\\O BnTMS (2 equiv) HN/S\\O //O
/\)N'\ TBAF (30 mol%), 4A MS I
Ph” ™~ H CH4CN,-45°C Ph” X"+ Bn 376: 90%
229 68% 229f was reported by Hou and co-workers (eq 31; for
369 80:20 dr additions to other imines, see section 4.1.3).!33
The fluoride promoted reaction of benzyltrimethylsilane Bergman, Toste, and Schomaker reported that cobalt

and N-tert-butanesulfinyl imine 369 to provide allylic amine dinitrosyl complexes 371a—c, prepared from the correspond-
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ing 4- and 5-membered cyclic alkenes 370, could be
deprotonated with LHMDS and reacted with o.,3-unsaturated
N-tert-butanesulfinyl ketimines 372 and 373 in the presence
of Sc(OTf)s, providing adducts 374b and 375a—c, respec-
tively (Scheme 100).!%® Yields for this reaction ranged from
54 to 69% with modest diastereoselectivities (55:45 to 72:
28). Diastereomerically pure 374b was obtained after isola-
tion and treated with norbornadiene under microwave
conditions to yield tertiary amine product 376 in 90% yield,
constituting a formal [3 + 2] annulation reaction between
alkene 370b and imine 372.

6.3. Reduction of o,f-Unsaturated Ketimines

Ellman and co-workers reported the one-pot stereoselective
reductive amination of an o,f-unsaturated ketone in 1999
(eq 32; for reaction with other ketones, see section 4.2.1).'4!
Significantly, only 1,2 reduction (and not 1,4 reduction) was

observed.
Ti(OEt)4 (2 equiv) Y
O 4 N
g . THF, 60-75°C, HN-SSo
~, “NH, | then NaBH,, -48 °C H 32)
Ph J/\
Ph

1 377 238h: 76%, 90:10 dr

The reductive amination of the N-fert-butanesulfinyl
ketimine derived from methyl vinyl ketone 378 was
demonstrated by McDonald, Liotta, and co-workers in
their synthesis of 1-deoxysphingolipid derivatives with
conformationally restricted pyrrolidinediol head groups
(380, Scheme 101).'%” Formation of the N-fert-butanesulfinyl
ketimine and subsequent NaBH, reduction provided 379 in
36% yield over the two steps and an 88:12 diastereomeric
ratio. Further elaboration provided several stereoisomers
of 380. The same synthetic route was also followed with
(R)-1 to access the enantiomers of these pyrrolidinediol
derivatives.

In the context of their work on the reduction of trifluoro-
methyl a,B-unsaturated N-zert-butanesulfinyl ketimines (see
section 15.1.2), Liu and Liu reported the DIBALH-mediated
reduction of o.f-unsaturated imines 381 to provide allylic
amines 382 in high yield, but with moderate diastereoselec-
tivity (eq 33).”7

Y DIBALH Y

PN -8y, 33
M THF,-78°c  HN 0 ¢
R™ " ph R"ph
381a: R = Ph 382a: 99%, 80:20 dr
381b: R = tBu 382b’ 96%, 84'16 dr

Scheme 101. Synthesis of Cyclic 1-Deoxysphingolipid
Derivatives 380

o) 0 1. Ti(OEt), H

CizHyr
I} 2. NaBH Sy
HJ\‘L ‘\‘S\NH#» b )*\ﬁgH
[T Ho” S,
ﬁ\ HO
378 1 379: 36%, 2 steps 380

88:12 dr
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Scheme 102. Palladium-Catalyzed Allylation Reaction of
Allylic Carbonate 384 and Lithiated Sulfinamide 383

o 5 mol% H
2 . OCOEt py(PPhy), N.g-0
ﬁ “NHLi THF A

383 384 385
1. TFA, MeOH H
2. PhCOCI, Et;N, DMAP N\”/Ph
(J1
386: 18%
13% ee

6.4. Palladium-Catalyzed Allylation of tert-Butane-
sulfinamide Anion

An alternative approach for the preparation of chiral allylic
N-tert-butanesulfinyl amines from the palladium-catalyzed
reaction of allylic carbonate 384 with lithiated fers-butane-
sulfinamide 383 was developed by Pyne and Dong (Scheme
102).'7° Treatment of 384 with Pd(PPhs), and subsequent
nucleophilic addition of deprotonated (S)-tert-butanesulfi-
namide to the resulting (17°-allyl)palladium(II) cationic spe-
cies generated the unstable allylic amine 385, which was
further converted to benzamide 386. Unfortunately, both the
overall yield and enantiomeric purity of 386 were low for
this synthetic sequence.

7. Synthesis of Homoallylic Amines

7.1. 1,2-Additions of Allyl Reagents to Aldimines
and Ketimines

The first example of an addition of allylmagnesium
bromide to an N-tert-butanesulfinyl imine was reported by
Ellman and co-workers in their seminal report on additions
of Grignard and organolithium reagents to N-fert-butane-
sulfinyl aldimines and ketimines.”> Ketimines 3 were evalu-
ated as substrates for the allylation reaction (eq 34). The
noncoordinating solvent CH,Cl,, which had been optimal
for the additions of Grignard reagents to N-tert-butanesulfinyl
aldimines (see section 4.1.1), was employed, and 388a and
b were produced in excellent yields and with high diaste-
reoselectivities (see section 5.1 for a more detailed discussion
on the synthesis of tertiary carbinamines). The high level of
diastereocontrol exhibited in this reaction was consistent with
the chelated transition state 387, previously proposed by Hua
and co-workers for the allylations of N-p-toluenesulfinyl
imines,'”" where addition to the imine occurs from the si-
face and both the sulfinyl oxygen and imine nitrogen are
coordinated to the metal. The coordination of the nitrogen
to the metal could serve to activate the imine, which may
explain the higher yields and diastereoselectivities observed
for allylations relative to the additions of other Grignard
reagents.

Y vi T XY

:
.S, alyMgBr O N=Ly | — HN""S0 (34)
)N,\ O CH,ch.0°C O\M'/\\:/// A
R R
=
3 387 388a: R = Ph;
85%,>99.9:0.1 dr
388bh: R = iPr;

93%, >95:5 dr
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In their synthesis of ureapeptoid macrocycles, Burke and
Wang reported the addition of allylmagnesium bromide to
N-tert-butanesulfinyl aldimine 389 (eq 35).!”* This reaction
was conducted in a 1:4 mixture of THF and Et,0O, providing
390 in a moderate 50% yield.

" ailyiMgBr N\
N’é\‘o 1:4 THF-E,0 HN'é‘\O
| oc S (35)
POk 2
EtO- EO-
EtO” EtO” ~
389 390: 50%

Wolfe and Bertrand utilized an allylation of N-tert-
butanesulfinyl aldimine 391 in their asymmetric synthesis
of (+)-preussin, a natural product that displays interesting
biological properties, including antifungal, antiviral, and
anticancer activity (Scheme 103).!73 A dropwise addition of
allylmagnesium bromide to 391 in CH,Cl, at 0 °C provided
homoallylic amine 392 as a 91:9 mixture of diastereomers.
Purification of 392 by silica gel chromatography provided
diastereomerically pure material in a 77% isolated yield.
Cleavage of the sulfinyl group and protecting group ma-
nipulation generated 393, which was converted to (+)-
preussin (394) over a number of subsequent synthetic
transformations. The total synthesis of (+4)-preussin was
completed in nine steps and a 12% overall yield from
commercially available decanal.

A formal asymmetric synthesis of (—)-aphanorphine (401),
an alkaloid natural product, was completed by Grainger and
Welsh (Scheme 104).'7* The introduction of the amine-
substituted C4 stereocenter was achieved by addition of
2-methylallylmagnesium chloride (396) to N-fert-butane-
sulfinyl aldimine 395, providing homoallylic N-fert-butane-
sulfinyl amine 397 in excellent yield (95%) as an 83:17
inseparable mixture of diastereomers. The stereochemical
outcome of this addition was confirmed upon synthesis of
the known intermediate 400 and was consistent with a
chelated transition state (see 387, eq 34). N-Methylation, ring-
closing metathesis with Grubbs’ second-generation catalyst,
and removal of the sulfinyl group generated 399, which was
isolated in high yield as a single enantiomer after recrystal-
lization. Further transformations provided 400, completing
the formal synthesis of (—)-aphanorphine (401) in 14% yield
over 13 steps.

In their syntheses of the Lycopodium alkaloids (—)-
cernuine (404) and (+)-cermizine D (405), Takayama and
co-workers explored the addition of allylmagnesium bromide
to N-tert-butanesulfinyl imine 402 (Scheme 105).!”> While
the allylation and removal of the sulfinyl group to produce

Scheme 103. Synthesis of (+)-Preussin

Y Y 1. HCI, MeOH
2. (Boc),0, NaOH

KN allylMgBr E-N
N CH,Clp0°c M0
CgHig™ H CgHyg =
391 392: 77%
(91:9 crude dr)
|
NHBoc

N
CgH
P 9 19\<_r\Ph

OH

394: (+)-preussin
12% over 9 steps
96% ee

CoHyg =

393: 85%

Robak et al.

Scheme 104. Formal Synthesis of (—)-Aphanorphine

o /]'\/MQCI
] (]
l/\/% s 396 T
N ﬁ CH,Cly, Et,0 X ”/Sﬁ

-48 °Ctort

395 397: 95%
83:17 dr

1. BuLi, then Mel, 93% é [e] HCI, MeOH é
I _—
2. Grubbs' Il (2 mol%) »,N,S.,, ﬁ "’hlleCl

CH,Cly, reflux |

398: 94% 399: 87%

(>98% ee)

¢}
4
MeO x « 2 steps HO. \N
- WN— - U
N H

400:14% over 13 steps 401: (-)-aphanorphine

Scheme 105. Addition of Allylmagnesium Bromide to
N-tert-Butanesulfinyl Imine 402

H H
1. allyiMgBr
CH,Cl,,
-78 °C
2. HCI,
J/,,S,N (e] MeOH HZN/r,
1]
C H
402 403. 54%

80:20 dr

404: (-)-cernuine

405 (+)-cermizine D

homoallylic amine 403 proceeded in an acceptable 54%
overall yield for the two-step procedure, the diastereoselec-
tivity was moderate (80:20). For this reason, an alternative
sequence was employed to prepare these alkaloids.

Batey and Li demonstrated the addition of an allyltrifluo-
roborate 407 to the N-tert-butanesulfinyl imine 406 using a
catalytic amount of BF;+OEt; (eq 36).'7° Under these reaction
conditions, the desired product 408 was obtained in 84%
yield as a single diastereomer, as observed by 'H NMR. The
sulfinyl group could also be removed under acidic conditions
to generate the homoallylic amine in high yield and without
racemization.

N\ 0mol% N\~
F BF3+OEt, :
N i et N
Nl’S\O + KF3B/\/ HN’S\O (36)
Ph H Ph X
406 407: (2 equiv) 408: 84%
>98:2 dr

The addition of allyl indium reagents to N-tert-butane-
sulfinyl imines 410 was first described by Grigg and co-
workers (Scheme 106).!77 For this methodology, the allyl
indium species was prepared by transmetalation of a sr-allyl
palladium(II) complex 411 generated from 10 mol %
Pd(OAc),, 20 mol % of the tris(2-furyl)phosphine ligand,
aryl iodide 409, and allene. The three-component cascade
reaction provided sulfinyl-protected homoallylic amines
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Scheme 106. Asymmetric Cascade Allylation of

N-tert-Butanesulfinyl Imines
y Pd(OAC), (10 mol%)

|
©/ . . NS0 P(2-furyl)s (20 mol%)
. ’ _—
1 i H In (1.5 equiv)
R DMA. 100 °C
RZ
409 410

i S>; 0
R! R2

R1
413: single diastereomer

413a R'=H, R?=CN; 52%
413b: R'=H, R? = Ac; 45%
413c: R' = H, R? = CO,Me; 56%
413d: R' = H, R% = CF5; 56%
413e: R"= OMe, R? = CF3; 54%

Scheme 107. Intramolecular Asymmetric Cascade Allylation
of N-tert-Butanesulfinyl Imines

TS PA(OAC), (10 mol%)
P(2-furyl); (20 mol%) !

j W\n Arl. In, DMA, 80 °C Ny)
= N N
= N

Hio, CiH
Ar HN-S

W

415

415a: R = H; 60%, 87:13 dr
415b: R = 3-OMe; 58%, 89:11 dr
415¢: R = 4-Ac; 56%, 85:15 dr

415d: 37%, 77:23 dr

415e: R = H; 61%, 81:9dr
415f: R = 3-OMe; 55%, 91:9 dr

413a—e in 45—56% yield as single diastereomers. The
stereochemical outcome was determined by X-ray structural
analysis of 413c and was consistent with the chelation
controlled transition state 412.

Grigg and co-workers extended this bimetallic cascade
methodology to the intramolecular allylation of N-tert-
butanesulfinyl imines 414 to produce highly functionalized
amino-substituted pyrrolidine and piperidine products (Scheme
107).'7® Treatment of imine 414 with iodobenzene using the
previously optimized catalytic system (vide supra) provided
415a in 60% yield as an 87:13 mixture of diastereomers.
Crystal structures of both the major and minor isomers
confirmed the absolute stereochemistry of the two newly
formed stereocenters, consistent with the previously proposed
chelated transition state. Several aryl iodides were investi-
gated, providing products 415a—f in moderate yields and
with diastereomeric ratios ranging from 77:23 to 91:9. The
lowest diastereoselectivity was observed with 2-iodo-

Chemical Reviews, 2010, Vol. 110, No. 6 3647

Scheme 108. Indium-Mediated Addition of Allyl Bromides
to N-tert-Butanesulfinyl Imines

ﬁ'/ R2 1.1n (1.3 equiv), Y

THF, 60 °C N
NSto * B HN“%0
Py 2. H,0 R

R™H ~ % l

J’ é H R
2 416 N 418
Sy
M™
R R?
Q'/ “r Y
S HN’S“O

418a: R = iPr; 84%, 92:8 dr 418e: R = iPr; 82%, 88:12 dr

418b: R = octyl; 91%, 96:4 dr 418f: R = octyl; 86%, 95:5 dr

418c: R = (CHy),Ph; 79%, 91:9dr  418g: R = (CHy),Ph; 83%, 90:10 dr
418d: R = Ph; 94%, 94.6 dr 418h: R = Ph; 91%, 93:7 dr

Scheme 109. Synthesis of 2,6-cis-Disubstituted Piperidines

Q N>
B N~ ﬁk S0

N
v In (1.3 equiv) R
& THF.80°C_HN Sy [RY R

N ; CHyCly &
A R/I 45°C
R”H
\ O

419a: R = Pr 420a: 86%, 90:10 dr 421a-d: 72-85%
419b: R = n-CgHqg 420b: 80%, >95:5 dr
419¢: R = n-Cy1H,3 420c: 76%, >95:5 dr
419d: R = Ph 420d: 94%, >95:5 dr

422a: (+)-dihydropinidine
422h: (+)-isosolenopsin
422c: (+)-isosolenopsin A
HeHCI 422d: R = COyH;
B-methylpipecolic acid

thiophene, potentially due to competitive coordination of the
thiophene sulfur to the indium.

Foubelo and Yus developed an asymmetric synthesis of
homoallylic amines by the indium-mediated addition of allyl
bromides to N-tert-butanesulfinyl aldimines (Scheme 108).'"
The optimal reaction conditions were achieved with 1.3 equiv
of indium in THF at elevated temperature (60 °C). The
reaction was found to be general, allowing addition of allyl
bromides 416 to a variety of N-fert-butanesulfinyl alkyl or
aryl imines 2 to provide 418a—h in high yields and
diastereoselectivities. The absolute configuration of 418d was
determined by chemical correlation. The stereochemical
outcome was consistent with the chelated transition state 417.

Foubelo, Yus, and co-workers applied this methodology
to the synthesis of four naturally occurring 2,6-cis-disubsti-
tuted piperidines 422a—d (Scheme 109).!% The allylations
of (S)-N-tert-butanesulfinyl imines 419a—d under the previ-
ously optimized reaction conditions provided homoallylic
amines 420a—d in 76—94% yields and with high diastere-
omeric ratios. The homoallyic amine products 420 were
further functionalized by olefin cross-metathesis using the
Hoveyda—Blechert ruthenium catalyst [Ru] to yield 421a—d.
Additional synthetic transformations then provided (+)-
dihydropinidine, (+)-isosolenopsin, (+)-isosolenopsin A, and
(2R,6R)-6-methylpipecolic acid.

The allylation of N-fert-butanesulfinyl imines in aqueous
media was first reported by Lin, Xu, and co-workers (Scheme
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Scheme 110. Indium-Mediated Allylation of
N-tert-Butanesulfinyl Imines in Aqueous Media

Y In (4 equiv) Y

.S, + o~ _-Br .Ss,
)NI\ 0 Z sat'd. ag. NaBr HN 0
R™ 'H R X
2 423
Hn S0 Y

423a: R=H; 92%, 97:3dr  423g: Ar = 3,4-(MeO),-Ph; 81%, 98:2 dr
423b: R = Cl; 99%, 97:3 dr 4§gh: Ar = 1-naphthyl; 9%/%, 98:2 dr
R= . 500, . 423i: Ar = 2-naphthyl; 98%, 98:2 dr
:ggg'. Fé N ,C\:A';?’giguf’ggg_'; ddrr 423 Ar = 2-thienyl. 98%, 946 dr
: s 977, 98 423k: Ar = 3-furyl, 90%, 955 dr
423¢:R = Phy 93%, 991 dr  4331:2 Ar = 2-pyridyl; 73%, 95:5 dr
423f: R = MeO; 85%; 98:2 dr 423m: Ar = ferrocenyl; 74%, >99:1 dr

Yooy Y

S\\O S\O ,S\\O
R
423n: R=Cl; 423p: R=F; 423s: R =Cl,
98%, 98:2 dr 92%, >99:1 dr 95%, >99:1 dr
4230: R = MeOQ; 423q. R =Br; 423t R = MeO;
95%, 98:2dr 99%, >99:1 dr 84%, >99:1 dr
423r. R = MeO;

94%, >99:1 dr

Y Y

.S, .Ss
HN™ 0 HN S\O
R B Ph/\/k/\

423u; R = Pr; 84%, 92:8 dr 423x: 92%, 95:5 dr
423v: R = iPr; 82%, 96:4 dr
423w: R = Cy; 87%, 96:4 dr

“ Absolute stereochemistry not rigorously determined.

110).'3" When the indium-mediated reaction was conducted
with water as the solvent, a low yield of the desired
homoallylic amine product was observed. Yields were
drastically improved when the solvent was changed to an
aqueous saturated salt solution, with saturated aqueous NaBr
being optimal. Notably, the use of 4 equiv of In was found
to be necessary to achieve the highest yield. The scope of
the reaction was explored employing these optimized reaction
conditions, and additions to a wide variety of diverse aryl,
heteroaryl, alkenyl, and alkyl substituted N-fert-butanesulfinyl
aldimines 2 were investigated. In all cases, the desired N-tert-
butanesulfinyl homoallylic amines 423a—x were obtained
in high yields (73—99%) and with diastereoselectivities
ranging from 92:8 to >99:1. While electronic and steric
factors did not seem to affect the yields of the products, the
highest diastereoselectivities were observed for ortho-
substituted aryl or bulky alkyl substituents. An attempt to
extend this methodology to the allylation of the N-fert-
butanesulfinyl ketimine of 4-bromoacetophenone resulted in
a high diastereoselectivity (94:6) but a low yield (30%). The
configurations of the homoallylic amine products were
assigned as S based on the comparison of the minor
diastereomers to the products synthesized by the zinc-
mediated allylation of N-tert-butanesulfinyl imines in wet
HMPA (vide infra).

Allylation of a number of N-tert-butanesulfinyl imine
substrates 424 that were prepared from 2-formylbenzoates

Robak et al.

Scheme 111. Asymmetric Synthesis of Allyl-Substituted
Isoindolinones

Y el Y o

NS S HCl
~0 In (4 equiv) ~0 MeOH A
l sat'd. aq. |, = NH
| T H  NaBr | A o= R? Y
> coRr RZZ COR
424 425 >99:1 dr 426a-g: 88-99%
i/ Y MeQ HN“>So
HN""S0 HN S0 e
@(K/\ Cj@f\/\ /@5\/\
CO,Me cl coMe MO COzMe
425a: 94% 425b: 98% 425¢: 42%
Y Y
.Ss HN" S0 N
HN""S0 HN
SO
= AN
C02Me OO
X CO,R CO,Me
425d: X=F, R=Me; 95%  425f 92% 425g: 98%

425e: X = Br, R = Et; 89%

Scheme 112. Diastereoselective Allylations of
N-tert-Butanesulfinyl Ketimines

Y Zn (2 equiv) ) y

allylBr (2 equiv) S
O In(OTHz(1.3equiv) HN" SO

N
| _—
Ar)\ Ar)\/\

THF, 1t

431h: R = Me; 66%, 95:5 dr

431a: R = H; 69%, 97:3 dr ¥
431i: R=Cl; 81%, 98:2 dr

431b: R = OMe,; 76%, 95:5 dr

431c: R = Me; 67%, 96:4 dr

431d: R = Cl, 83%, 97:3 dr

431e: R = Br; 85%, 97:3dr

431f: R=F, 79%, 97:3 dr

431g: R = CF3; 89%, 96:4 dr
was also achieved (Scheme 111).'8! As previously noted for
imines bearing ortho-substituted aryl substituents, diastereose-
lectivities in all examples were extremely high (>99:1). The
N-tert-butanesulfinyl protected homoallylic amines 425a—g
were mostly generated in high yields (89—98%), with 425c,
bearing two ortho substituents, being the notable exception
(42%). The absolute configuration of 425e was confirmed
by X-ray structural analysis. Cleavage of the sulfinyl group
under acidic conditions and subsequent lactamization pro-
vided a series of enantiomerically pure allyl-substituted
isoindolinones 426a—g in 89—99% yield.

The synthesis of both stereoisomers of chiral homoallylic
amines from a common N-tert-butanesulfinyl imine precursor
was achieved by Lin, Xu, and Sun (Table 11)."82!% Allylzinc
bromide, which was prepared in sifu, was chosen as the
allylation reagent. Optimization of the reaction conditions
revealed that the addition of the Lewis acid In(OTf); resulted
in an increase in diastereoselectivity in THF, and the
stereochemical outcome for product 428, established by
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Table 11. Diastereoselective Allylation of N-fert-Butanesulfinyl Aldimines

Zn (2 equiv)
allylBr (2 equiv} Zn (2 equiv)
Y In(OT)s3 (1.1 equiv) Y allylBr (2 equiv) Y
S. THF, rt S HMPA, H20, rt S
HN"TF0 |/ 0 HN""%0
R/'\/\ R R)\H Y RN
428 M\ 2 429
Nz, NS0
I‘S'l\\' =
k R®m
LM
426 427
THF conditions HMPA, H,O conditions
entry R product yield (%) dr product yield (%) dr
1 Ph 428a 93 98:2 429a 97 99:1
2 4-F-Ph 428b 98 98:2 429b 97 99:1
3 4-Cl-Ph 428¢ 98 98:2 429c¢ 96 97:3
4 4-Br-Ph 428d 93 97:3 429d 99 98:2
5 4-Me-Ph 428e 95 96:4 429¢ 88 97:3
6 4-MeO-Ph 428f 91 95:5 4291 81 98:2
7 2-Cl-Ph 428g 91 97:3 429g 73 98:2
8 2-Me-Ph 428h 95 98:2 429h 89 97:3
9 3-Br-Ph 428i 98 98:2 429i 99 98:2
10 2-naphthyl 428j 81 95:5 429§ 86 97:3
11 cyclopropyl 428k 98 86:14 429k 97 96:4
12 Cy 4281 99 97:3 4291 94 97:3
13 Et 428m 93 88:12 429m 92 95:5
14 iPr 428n 96 94:6 429n 94 98:2
15 (CH,),Ph 4280 92 90:10 4290 93 96:4
16 cinnamyl 428p 83 91:9 429p 87 94:6
chemical correlation, was consistent with the chelated Y
transition state 426. Notably, the opposite diastereomer 429 s
was obtained upon use of wet HMPA as solvent in the HN770
absence of additives, presumably due to the disruption of Ph/\/'\/\(TMS
the chelation between zinc and the N-fert-butanesulfinyl
imine as shown in the open transition state 427. With reaction ]/T'V'S ; ’\CAPZZZTHCL 78°C 434: 36%, >95:5 dr
conditions to obtain either 428 or 429 identified, the scope | Ve + (37)
of the reaction was evaluated. An array of different N-tert- )J\ 3 Y Y
butanesulfinyl aldimines 2 was surveyed, including aryl, Ssq 'R
vinyl, and various alkyl derivatives, and the desired products 432 HN™ "0

were obtained in high yields with excellent diastereoselec-
tivities.

The allylation of N-fert-butanesulfinyl ketimines with
allylzinc bromide in the presence of In(OTf); as a Lewis
acid was also demonstrated (Scheme 112). Again, yields and
diastereoselectivities were high for a variety of acetophenone-
derived imine precursors 430 (66—85% yield, =95:5 dr).
However, when the optimized HMPA conditions were
employed, no reaction was observed.

Wipf and Pierce demonstrated a method to access silyl-
substituted homoallylic amines via hydrozirconation of
allenylsilane 432, transmetalation with Me,Zn, and subse-
quent addition to N-fert-butanesulfinyl aldimine 433 (eq
37).1% However, the regioselectivity of this transformation
was low, producing 434 and 435 in a 1:1.3 ratio, albeit with
high diastereoselectivities for each product. The authors
attempted to modify the reaction conditions to improve the
regioselectivity but were not successful. The mixture of 434
and 435 was separated by column chromatography, and the
structures were assigned by NOE experiments.

Marek, Knochel, and co-workers devised a novel synthesis
of N-tert-butanesulfinyl protected homoallylic amines bearing
a quaternary carbon stereocenter (Scheme 113).'%° Treatment
of disubstituted vinyl iodides 436 with Buli at low
temperature followed by addition of Cul provided intermedi-
ates 437, which underwent homologation reactions with a

X
433 Ph/\/\%(\

T™MS
435: 45%, 96:4 dr

Scheme 113. Preparation of Homoallylic Amines 439 from
Vinyl Iodides 436

1. tBuLi
2. Cul
R THF 30°¢c R__ fu .S EtaZn, CHylp
>=/ —_— >=/ + N \o — T
Hex Hex J|\
R2"~H
436 437 2
R? Y
——2ZNR .Sy
Hex\fg,\i HN-S%0
R :,S\L RZ- XX
0 Hex R
438 439
.S .Ss
HN S\o HN"TS0
Ph” TN R OXTY
Hex R Hex Et

439a: R = Et; 85%, >98:2 dr
439b: R = Me; 65%, >98:2 dr
439¢: R = iPr; 87%, >98:2 dr

439d: R? = 4-Br-Ph; 81%, >98:2 dr
439e: R? = 4-Ac-Ph; 77%, >98:2 dr
439f: R? = PhCH=CH; 75%, 95:5 dr
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Scheme 114. Carbocupration of Alkynes and Additions to
N-tert-Butanesulfinyl Imines

. R?Cu, MgX, R?  Cu/MgXy 835 EtpZn, CHylp

_ N
R——H >:/ + Jl\ —_—
R R3
440 2
R3 Y
J\ /Zn-—X
/=N .Ss
Hex /S O“ng HN™ "0
R.‘ - J\(\
o RO
N 2R
441 442
NS0 NS0

H
3&(\ XX

£ H
ex Br

442¢: R? = Et; 75%, >98:2 dr
442d: R? = Bu; 70%, 97:3 dr
442e: R? = iPr; 62%, >98:2 dr

442a: R%= 4-Ac-Ph; 67%, >98:2 dr
442b; R3= Bu, 67%, >98:2 dr

.Sy
~0

H
N
Hex Bu
Br

442f. 60%, 96:4 dr

zinc carbenoid, prepared in situ from diethylzinc and
diiodomethane, before addition to N-tert-butanesulfinyl imi-
nes 2. This sequence provided homoallylic amines 439a—f
in good yields (65—87%) and diastereoselectivities
(=95:5). Primary and secondary alkyl substituents on the
vinyl iodide and aromatic or alkenyl N-fert-butanesulfinyl
imines were all tolerated. However, the authors noted that
additions to aliphatic N-fert-butanesulfinyl imines gave poor
diastereomeric ratios (70:30). The stereochemical outcome
of this one-pot sequence was confirmed by X-ray structural
analysis of 439d and was rationalized by the chelated

Robak et al.

transition state 438 with the imine substituent occupying a
pseudoaxial position.

Interestingly, a switch in diastereoselectivity was observed
upon the addition of the metal salt MgBr, (Scheme 114).
For this transformation, vinyl copper species 440 were
prepared by direct carbocupration of alkynes with R*Cu/
MgBr, and were subjected to the same homologation with a
zinc carbenoid, as described previously (vide supra). Nu-
cleophilic addition to N-tert-butanesulfinyl imines 2 provided
homoallylic amines 442a—f in good yields (60—75%) and
with excellent diastereoselectivities. The switch in facial
selectivity was rationalized by invoking cyclic transition state
441, where the sulfinyl oxygen is coordinated to the
magnesium salt.

The synthesis of homoallylic amines 444 or 446 was
recently described by Studer and co-workers in the desym-
metrization of metalated cylohexadienes via addition to
N-tert-butanesulfinyl imines 2 (Table 12).!%¢ The effect of
the metal on the desymmetrization reaction was studied with
MgCl, providing 444 as the major isomer in addition to
varying amounts of 446. When the metal was changed to
the dicyclohexadienyl zinc derivative (M = ZnCg¢H,), a
reversal in regioselectivity was observed, and the symmetrical
diene 446 was obtained as the major isomer along with a
mixture of other isomers. Excellent diastereoselectivities were
observed for all additions of the cyclohexadienyl M =
MgCl) nucleophile to N-tert-butanesulfinyl aryl, heteroaryl,
alkenyl, and aliphatic imines (444a—k, entries 1—11).
However, small amounts of 446 were isolated in each case
(1—13%), and for additions to the N-tert-butanesulfinyl
aliphatic imines (entries 8—11), it could not be separated
from the major isomer. Varying diastereoselectivities were
observed when the dicyclohexadienyl zinc derivative was
employed (M = ZnCgH;) with aryl or heteroaryl imine
precursors, and 446a—f were isolated in modest to good
yields (entries 1—6). Conversely, good yields and excellent
diastereoselectivities were obtained when N-tert-butanesulfi-
nyl aliphatic imines were utilized (entries 9—10). The relative
configurations of the major isomers 444a (entry 1, M =
MgCl) and 446b (entry 2, M = ZnC¢H;) were assigned by

Table 12. Addition of Metalated Cyclohexadienes to N-fert-Butanesulfinyl Imines

\k
M = MgCl \k
H @ THF,-78°C N
©w 8
R1
444 443 2

+ 446 (1-13%)

\__%
@ A e

M
M= ZnCeH7
%o, THF -50 °C
“ZnRz

T Cm

445 446
+ other isomers
(4-24%)

cyclohexadienyl-MgCl conditions

cyclohexadienyl-ZnCgH; conditions

entry R product yield (%) dr® product yield (%) dr

1 Ph 444a 77 >99:1 446a 62 98:2
2 4-Me-Ph 444b 74 >09:1 446b 64 97:3
3 4-MeO-Ph 444c 86 >99:1 446¢” 59 92:8
4 2-Me-Ph 444d 69 >09:1 446d 49 90:10
5 2-MeO-Ph 444e 72 >99:1 446e” 49 nd
6 2-furyl 444f 77 >99:1 446f 32 nd
7 (E)-CH=CHPh 444¢ 75 >99:1 446g

8 Bn 444h* 48 >99:1 446h

9 iPr 444i® 79 >99:1 446i° 57 >99:1
10 Cy 444j’ 74 >99:1 446j" 58 >99:1
11 Bu 444k 58 >99:1 446k

“ Diastereoselectivity with respect to the other three possible 1,3-diene isomers. ? The other isomer(s) could not be separated.
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Table 13. Asymmetric Addition of Substituted Allylic
Organozinc Reagents to Aldimines 2

©/ZnCI V

447 HN S
" THF, -78°C
N\~ Rl
l’s“o 448
-
R™H Ph™ " zncl s
2 449 HN"T0
THF, 78 °C R N
Ph
450
entry R R?ZnCl  product yield (%) dr
1 4-Br-Ph 447 448a 98 >908:2
449 450a 95 >98:2
2 4-F-Ph 447 448b 95 >98:2
449 450b 94 >98:2
3 4-Me-Ph 447 448c 96 >98:2
449 450c 95 >98:2
4 4-OMe-Ph 447 448d 93 >98:2
449 450d 94 >98:2
5 2-Br,4-F-Ph 447 448e 96 >98:2
449 450e 94 >98:2
6 furyl 447 448f 95 >08:2
449 450f 95 >08:2
7 Et 447 448g 97 >98:2
449 450g 93 >98:2
8 Cy 447 448h 92 97:3

X-ray structural analysis. The generation of 444 was
rationalized by transition state 443, in which the imine adopts
a Z-conformation and the magnesium metal acts as a Lewis
acid to complex both the sulfinyl oxygen and imine nitrogen.
The formation of 446 was rationalized by cyclic transition
state 445, similar to the transition state proposed by Marek,
Knochel, and co-workers (vide supra).

The addition of substituted racemic allylic zinc reagents
to N-tert-butanesulfinyl aldimines was developed by Reddy
and co-workers at Novartis, allowing the synthesis of a
variety of homoallylic amines bearing adjacent stereogenic
centers (Table 13).!87 Treatment of a variety of N-fert-
butanesulfinyl aromatic imines with racemic cyclohexenylz-
inc chloride 447 at low temperature (—78 °C) afforded
448a—f in high yields and diastereoselectivities (entries
1—6). Linear and branched aliphatic aldimines (entries 7—8)
were also effective substrates. Likewise, the addition of the
cinnamylzinc chloride 449 to aromatic (entries 1—5), het-
eroaromatic (entry 6), and alkyl (entry 7) imines proceeded
smoothly, providing the corresponding homoallylic amines
450a—g in excellent yields (93—95%) and with excellent
diastereoselectivities (=98:2). However, the authors noted
that the method was not suitable for crotylation, as it resulted
in a mixture of diastereomers. The absolute configurations
of homoallylic amines 448a and 450a were determined by
X-ray structural analysis.

This method was also amenable to reaction of organome-
tallic reagents 447 and 451 with N-tert-butanesulfinyl
ketimines 3 (Scheme 115). Adducts 452a—c containing one
quaternary center were produced in excellent yields and with
very high diastereoselectivities upon addition of 447. Like-
wise, addition of 451 to an N-tert-butanesulfinyl ketimine
resulted in the regiospecific and diastereoselective reaction
producing 452d with two adjacent quaternary centers in 90%
yield and with =98:2 dr.
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The tetrabutylammonium fluoride (TBAF) promoted ad-
dition of allyltrimethylsilane to N-fert-butanesulfinyl aldi-
mines 2 was described by Zhang and co-workers (Scheme
116)."3* Racemic N-tert-butanesulfinyl imines 2 were em-
ployed, and the relative stereochemistry of the major isomer
was unfortunately not determined. A screen of reaction
conditions revealed that the optimal results were obtained
when 30 mol % of TBAF was used and the reaction was
conducted at —60 °C in THF. Molecular sieves were a
necessary additive to remove any adventitious water. Both
linear and o-branched aliphatic imines were examined. The
moderate yields of 453a—d were attributed to the presence
of an a-proton on the imine precursor, which could be
deprotonated under the reaction conditions, leading to the
formation of byproducts. Yields were higher when N-tert-
butanesulfinyl aromatic aldimines were used as substrates
(70—80% yield, 453e—i).

8. Synthesis of Propargylic Amines

8.1. 1,2-Additions of Alkyne Reagents to Aldi-
mines and Ketimines

The first report of the 1,2-addition of an alkyne nucleophile
to an N-fert-butanesulfinyl aldimine was an isolated example
from Barrow and co-workers in their study on the synthesis

Scheme 115. Asymmetric Addition of Substituted Allylic
Organozinc Reagents to Ketimines 3

= 3
,S\\ . R ZnCl THF ZHN,S\\O
N" "0 -78t0-30°C R4,
A R
R R2 R =
447 (R®=H)
3 451 (R% = Me) 452

IHN’S\\O HN-Sso /HN’S‘\O
Etn,
N \ R
R Br

452a: R = H; 92%, >98:2 dr
452b: R = Br; 96%, >98:2 dr

452c: 94%,
>98:2 dr

452d: 90%,
>98:2 dr

Scheme 116. Addition of Allyltrimethylsilane to
N-tert-Butanesulfinyl Imines

\/ 2 equiv CHp=CHCH,TMS Y

_S._ 30mol% TBAF, 4A MS _Ss
Nl © THF, -60 °C Ho
R1J\H ! R1)*\/\
(£)-2 453

453a; R' = jPr; 48%, 88:12 dr

.Ss 453b: R = sBu; 52%, 92:8 dr

o 453c: R' = Pr; 40%, 87:13 dr
453d: R" = (CH,),Ph; 43%, 85:15 dr

453e: R = H; 73%, 88:12 dr 453i: 61%, 84:16 dr
453f: R = F; 80%, 85:15 dr

4539g: R = Me; 70%, 91:9dr

453h: R = OMe; 71%, 92:8 dr
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of 1,2-amino alcohols (see section 11.1).%> Kuduk and co-
workers also reported a single example of addition of an
alkynyl Grignard reagent to the N-fert-butanesulfinyl 2-py-
ridyl imine 142, providing 144e in 90% yield and with 94:6
dr (eq 38, see section 4.1.1 for addition of other nucleophiles
to this imine).”

\k Me——=——MgBr \k

Sy - PN

N0 HN"7 0 (38)
N\ H THF, -20 °C N\ S
I | A
= Pz Me
142 144e: 90%
94:6 dr

An isolated example of the 1,2-addition of an alkyne
nucleophile to an N-fert-butanesulfinyl ketimine was also
disclosed by Shaw and deSolms (eq 39; see section 5.1 for
more details).!>* The reaction proceeded smoothly, providing
293d in 100% crude yield and with a 70:21 diastereomeric

ratio.
Sx
520 1 Pr—=—MgBr R0
N' Me LAr——=—"Mg5 nc l'\\‘/le (39)

NC Me THF 0°c T
[ AR

F N Pr

292 293d: 100% (crude yield)
79:21dr

In their study of Lewis base catalyzed reactions, Scheidt
and Lettan reported that the electron-deficient triethoxysi-
lylalkyne 454a could act as a nucleophile for additions into
a variety of carbonyl compounds in the presence of a catalytic
amount (20 mol %) of KOEt and 18-crown-6.'3% Addition
of this nucleophile to N-fert-butanesulfinyl imine 133 at —78
°C provided the secondary propargylic amine 455 in 95%
yield and 95:5 dr (eq 40). Interestingly, this method provided
the opposite stereoisomer to the analogous reaction between
imine 133 and alkynes 454b or ¢, which were added at 0 °C.

: THF N
Nl/S\\o + M——=—Bu — AN""0  40)
Ph)\H P
Bu

133 454 455
454a: M = Si(OEt),, cat. KOEt/18-c-6: 95%, 95:5 dr
454b: M = MgBr 74%, 25.75 dr
454c: M =Li 99%, 12:88 dr

The first general method for the synthesis of propargylic
amines via the addition of deprotonated alkynes to N-tert-
butanesulfinyl aldimines 2 was developed by Hou and co-
workers (Scheme 117).'% Under the optimized conditions
(LHMBDS in hexanes), aromatic, aliphatic, or silyl substituted
alkynes could be added to aromatic and aliphatic aldimines
in high yields (69—93%) and diastereomeric ratios (=94:6
dr, 456a—i). While the diastereomeric ratio remained high
for the addition of phenylacetylene to the N-tert-butanesulfi-
nyl aldimine derived from cinnamaldehyde, the yield was
low (26%, 456j). The relative configuration of 456a was
determined by X-ray structural analysis. Very recently, Wang
and co-workers published an extensive study on the highly
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Scheme 117. Synthesis of N-fert-Butanesulfinyl Propargylic
Amines

H—R? .Sy

’S‘\o HN"" 0
)|\ LHMDS Z
hexanes R Y
R H 78°Ctort /\Rz
(£)-2 Y 456
8¢ Y
HN"S0 N
: HN’S\O
/©/\ R? Ph/\
MeO Ph

456a: R? = Ph; 93% 98:2 dr
456b: R? = TMS; 75%, 98:2
456¢: R? = Bu; 88%, 94:6 dr

456d: 91%, 96:4 dr

HN""S0 AN 70
Bu/\Rz R/\Ph

456e: R? = Ph; 76%, 97:3dr  456h: R = iPr; 90%, 94:6 dr
456f. R2 = TMS; 69%, 95:5 dr 456i: R = tBu; 73%, 95:5 dr
456g: R? = Bu; 74%, 97:3dr  456j: R = cinnamyl; 26%, 95:5 dr

Scheme 118. Synthesis of o,o-Dibranched Propargylic
Amines

= r H
N’S\‘o 457 RHN’ o)
i MesAl toluene R? %
R2" R -78°Ctort \\
R3
3 458
HN’S\‘O HN’S“O
. S 2 X
iPr \\ R \\
RS ™S

458a: R = Pr; 71%, >99:1 dr 458d: R? = tBu; 81%, >99:1 dr

458b: R3= Ph; 74%, 95:5 dr 458e: R? = Cy; 73%, >99:1 dr

458c: R® = TMS; 87%, >99:1 dr  458f RZ = Bu; 46%, 95:5 dr
458g: R? = Ph; 20%, 86:14 dr

EtHN/S\\O HN’S\\O HN,S\\O
C
y\ /CF\ CF\
TMS ™S T™MS
458h: 80% 458i: 80% 458j: 85%
90:10 dr >99:1 dr 97:3dr

diastereoselective addition of alkynyl Grignard reagents to
N-tert-butanesulfinyl aldimines.'*

A general method for the synthesis of o,o-dibranched
propargylamines via the addition of alkyne nucleophiles to
N-tert-butanesulfinyl ketimines 3 was disclosed by Ellman
and Patterson (Scheme 118).'! For this transformation, high
diastereoselectivities could be achieved by the dropwise
addition of a solution of 3 and AlMe; in toluene at —78 °C
to a solution of in situ generated lithium acetylides 457.
N-Propylethynyllithium, phenylethynyllithium, and (trim-
ethylsilyl)ethynyllithium could all be added in high yields
and with excellent diastercoselectivities (458a—c¢, Scheme
118). Several other alkyl and aryl ketimines also provided
the desired adducts in high yields and diastereoselectivities
(458d—j). Even the very sterically hindered product 458h
was obtained with only a minor drop in diastereomeric purity.
A lower yield was observed for products 458f and g, with
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Figure 5. Chloromethyl ketone inhibitor of cathepsin S.

Scheme 119. Synthesis of Nitrile Inhibitor 461

H o)
1. TBAF, THF / NH  N:
2. HCI, MeOH y/— y =\
458 "\ — N.__CN
CIHsN s H
Bu
460: 96% 461

competitive deprotonation of the imine substrate likely
impeding reaction progress. Different reaction parameters
were tested for these substrates, such as changing the solvent
or omission of AlMes;, but modifications that resulted in
higher yields were not identified.

The utility of this method was demonstrated by the
efficient synthesis of potent, nonpeptidic cathepsin S
inhibitors.!®? A crystal structure of the chloromethyl ketone
inhibitor 459 (Figure 5) in complex with cathepsin S
established the sense of induction for alkyne additions to
N-tert-butanesulfinyl ketimines and provided valuable insight
for inhibitor optimization that led to the development of the
highly potent and selective nitrile inhibitor 461 (Scheme
119).12 Silyl and sulfinyl group removal from 458i provided
the enantiomerically pure propargyl amine 460, which was
then converted in four steps to the desired nitrile 461.'%

The scope with respect to the synthesis of N-tert-
butanesulfinyl propargylamines was further extended to
include trifluoromethyl alkyne nucleophiles by Qing and co-
workers.!** Dropwise addition of aldimines 2 in toluene to
a solution of acetylide 462, which was generated in situ from
the deprotonation of 2-bromo-3,3,3,-trifluoropropane with
LDA, provided adducts 463a—d (eq 41). The observed
stereochemical outcome was consistent with a chelated cyclic
transition state (128, Scheme 33, section 4.1). However, the
opposite diastereomer 464 was observed when THF was used
as the solvent (eq 42), which by coordinating to the metal
cation could promote an open transition state (130, Scheme
33, section 4.1). The addition of 462 to N-tert-butanesulfinyl
ketimines 3 was also examined. In the presence of AlMe;
as an additive in toluene, adducts 465a—c were obtained in
69—88% yield and with =93:7 dr (eq 43). In the absence of
AlMe;, lower diastereoselectivity was observed. Addition of
462 to an aromatic N-fert-butanesulfinyl ketimine also
proceeded with high diastereoselectivity but provided a low
yield (31%) of 465d. The absolute configurations of the
products were determined by crystal structures of 463a and
465b. The sulfinyl groups were also cleaved using HCI in
MeOH from select representative addition products to
generate the corresponding enantiomerically pure trifluo-
romethylated propargylamines.

9. Synthesis of a-Amino Acid Derivatives

9.1. Nucleophilic 1,2-Additions to N-tert-
Butanesulfinyl Imino Esters

In 1999 Davis and co-workers published the first report
on the additions of organometallic reagents to N-tert-
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g FC——Li N\
462 (15 equiv)

)N|\ toluene, -78 to -40 °C 0 (1)

)
X
/

CF3
463a: R = Et; 79%, 86:14 dr
463b: R = iPr; 85%, 87:13 dr
463c: R =Pr; 76%, 91:9 dr
463d: R = /Bu; 85%, 99:1 dr

S F——L

462 (1.5 equiv)

85
J\ THF, -78 to -40 °C Yo
R”H R)\

(42)

464a: R = Et, 69%, 93:7 dr
464b: R = jPr; 73%, 92:8 dr
464c: R = Pr; 67%, 94:6 dr
464d: R = iBu; 76%, 89:11 dr

~& F.C———1Li N

& 462(1.5equiv) N0 )
N0 =
\ AlMej, toluene R \\
R)\ 7810 -40 °C CFs

465a: R = Et; 69%, >99:1 dr

3 465b: R = jPr; 88%, 94:6 dr

465¢: R = /Bu; 83%, 93:7 dr
465d: R = Ph; 31%, >99:1 dr

butanesulfinyl imino esters, providing a direct route for the
synthesis of N-tert-butanesulfinyl protected amino acid
derivatives.®” The addition of BnMgCl to the N-tert-butane-
sulfinyl aldimine (R)-55b proceeded with good diastereose-
lectivity (90:10) but poor yield (<30%). However, the
precomplexation of the imine with 2 equiv of BF;-OEt,
followed by addition of the Grignard reagent provided 467a
in good yield and with high diastereoselectivity (Scheme
120). Interestingly, lower yields and selectivities were
observed for the addition to the corresponding N-p-toluene-
sulfinyl imino ester. The stereoselectivity of this reaction,
which is opposite to that observed for Grignard additions to
unfunctionalized imines, was explained by open transition
state 466, in which Lewis acid coordination to both the
sulfinyl oxygen and the imino nitrogen disrupts formation
of a chelated transition state. Unfortunately, this protocol
was not amenable to the use of EtMgBr, providing a low
yield of the desired adduct 467¢ due to competitive imine
reduction. However, in this case, Et,Zn was found to be a
suitable nucleophile, allowing isolation of 467¢ in 88% yield
with >99:1 dr (Scheme 121). The less reactive Me,Zn
provided only 43% yield of product 467d, although with
higher stereoselectivity than the corresponding Grignard
addition.

Standaert and co-workers utilized the conditions developed
by Davis and co-workers for addition of a cyclobutenyl
Grignard reagent to imino ester (5)-55¢ in the asymmetric
synthesis of unnatural amino acid 471 for incorporation into
proteins using the in vitro protein biosynthetic machinery
(Scheme 122).”° While the imino ethyl ester 55b was a
suitable substrate for the addition reaction, the subsequent
saponification of the ester was unsuccessful due to epimer-
ization and decomposition. Therefore, fert-butyl ester 55¢
was used, providing 469 in high yield and with 90:10 dr.
Diastereomerically pure material was obtained by recrystal-
lization of the crude material. HCl-mediated removal of the
sulfinyl group followed by treatment with TFA to cleave the
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Scheme 120. Grignard Addition to o-Imino Esters

EtO,C H _RMgX *
\(/ G H_RMg
_S. _ BF3*OEt, 2

N" 70 (2 equiv) HN’S‘\O
g0, A ] BFs | Eto. -
H  RMgX 3 W]/\R
o) CH,Cl, 5
§5b 466 467
HN'S‘\O HN’S\\O HN/S\\O HN’S\\O
EtO EtO._A EtO\H/\/ Eto\ﬂ/"\
o] m 0 0
467a: 70% 467b: 70% 467¢: 27% 467d: 59%
94:6 dr 84:16 dr >99:1 dr 83:17 dr

Scheme 121. Dialkylzinc Addition to a-Imino Esters

¥ ¥

N“S%0 Ryzn (2-3 equiv) iS50
| - = A
EtOjH\ R
: T,
55b \// 467
HN’S\‘O HN’S\\O
EtO.__~ EtO
0 o)
467c: 88% 467d: 43%
>99:1dr 92:8 dr

Scheme 122. Synthesis of 1-(1-Cyclobutenyl)glycine

~

1. tBuLi, E4,0 aN-S%0

Br
= 2. MgBrz OW/kE] HCI/MeOH
3.BF;+OFt, >|/ o dioxane

468 (2 equiv) =
CHCl S5y 469:73%, 90:10 dr

|
SO
O 55¢
NH3Cl  CF,CO,H, NH,-HO,CCF3
SO oy N
0 (1:1)

e}
470: 99% 471: 72%

(45%, >98:2 dr after
recrystallization)

tert-butyl ester then provided free amino acid 471 in 72%
yield without epimerization.

A triorganozincate reagent, prepared by mixing EtMgBr
with dimethylzinc, has been used as the nucleophile for the
asymmetric synthesis of o,a-disubstituted amino acids from
N-tert-butanesulfinyl imino esters, as reported by Yus and
co-workers (eq 44; for addition to other imines, see section
4.1.3).128131 Dimethylzinc is used due to the inability of
methyl groups to transfer from the triorganozincate reagents.
The additions to imines 472 were carried out at low
temperature in THF, and the desired ethylation products 473a
and 473b were obtained in high yields (82—96%) and with
good to excellent diastereoselectivities (79:21—96:4). As
further evidence for the presence of a triorganozincate
reagent, a switch in diastereoselectivity was observed when
the Grignard reagent was used as the nucleophile in the
absence of dimethylzinc, providing 473a and 473b in 15:85
and 21:79 dr, respectively.

Robak et al.
N’S\‘o EtMgBr/Me,Zn VRS »
l_orR THF \Et
i 78 or-100 °C, 1-3 h CO,R
472 473a: R = Et
96%, 96:4 dr
473b: R = iPr

82%, 79:21 dr

The addition of organoindium reagents to N-fert-butane-
sulfinyl imino esters has also been examined. Grigg and co-
workers demonstrated allylations of N-fert-butanesulfinyl
imino ester (S)-55b via a bimetallic Pd/In mediated cascade
sequence for the synthesis of nonproteinogenic a-amino acid
derivatives (Scheme 123).!°> With this N-tert-butanesulfinyl
imine electrophile, slight modifications to their previously
employed reaction conditions for the analogous transforma-
tion with N-fert-butanesulfinyl aryl or alkyl aldimines
(catalytic PA(OAc),, P(2-furyl)s, In, Arl, DME; see section
7.1) were implemented, including the addition of a catalytic
amount of copper iodide, the addition of 1 equiv of
piperidine, and the use of DMF as the solvent as opposed to
DME. The authors propose that the copper iodide additive
may facilitate formation of Inl, which is more easily
transferred from the solid to the solution phase, but they
could not rule out the possibility of a copper allyl species.
A number of aryl iodides were employed to evaluate the
scope of the reaction. Electron-rich and electron-poor sub-
stituents on the aryl ring as well as heteroaromatic substit-
uents were all incorporated to provide 475a—h as single
diastereomers in yields ranging from 52 to 92%. The free
amine products 476 were generated in 50—100% yield after
a two-step deprotection sequence. The same synthetic
sequence was also demonstrated with (R)- 55b. The absolute
configuration of 475e was established by X-ray structural
analysis. This outcome was rationalized by the chelated
transition state 474, which displayed the most exothermic
heat of formation according to semiempirical calculations.

Tethered aryl iodide/allene substrates 476 were also
employed to further extend the scope of this methodology
(Scheme 124). Using the same reaction conditions (vide
supra), 477a—d were formed regioselectively in moderate
yields (28—64%) with complete stereocontrol over the two
new contiguous stereocenters. The absolute configuration of
477b was determined by X-ray structural analysis, and a
chelated transition state was proposed to account for the
results. The authors also carried out the synthesis of the
enantiomers of 477 by employing (R)-55b.

The allylation of N-fert-butanesulfinyl imino ester (R)-55b
with an organoindium reagent in aqueous media was
demonstrated for the first time by Lin, Xu, and co-workers
(Scheme 125).'%! The effects of saturated aqueous salt
solutions were probed, with NaBr providing the highest yield
of the desired product (see section 7.1). Under these reaction
conditions, the resulting homoallylic N-fert-butanesulfinyl
amino ester 478 was produced in excellent yield and
diastereoselectivity and was subsequently converted to D-
allylglycine 479 after deprotection of the sulfinyl and ester
groups. Interestingly, the stereochemical outcome for this
transformation was opposite to that observed with unfunc-
tionalized N-tert-butanesulfinyl imines and was rationalized
by a transition state change in which coordination of the ester
carbonyl to the indium plays a significant role (see 474,
Scheme 123).
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Scheme 123. Synthesis of Non-proteinogenic Amino Acids
via the Bimetallic Cascade Allylation of N-tert-Butanesulfinyl
Imino Esters
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P(2-furyl); (20 moi%),
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Scheme 124. Tandem Cyclization—Allylation Cascades with
N-tert-Butanesulfinyl Imino Ester 55b
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Scheme 125. Synthesis of D-Allylglycine (479)
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The addition of silyl ketene acetals 480 to an N-tert-
butanesulfinyl imino ester 55b for the synthesis of aspartic
acid derivatives 481 was explored by Skrydstrup and
Jacobsen (Table 14).'% Initial reaction optimization revealed
that the presence of a Lewis acid was required to obtain the
desired product and that the best yield and diastereoselectivity
were achieved when 2 equiv of BF;+OEt, were used for the

479:78%
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Table 14. Lewis Acid Promoted Addition of Silyl Ketene Acetals

to 55b
X R _ OTMS Lewis acid (2 equiv) i
N0 * A oae~ T~ HNTTTO
)|\ R OR2 CH,Cl,, -78 °C s CO.R?2
Et0,C” “H EtO,C7 <~ 2
R R
55p  480a: R=Me, R? = Et 481
480b: R = H, R = Et
480c: R=H, R? = tBu
entry 480 Lewis acid product yield (%) dr
1 480a BF;-OEt, 481a 81 87:13
2 480a AlMes 481a 50 80:20
3 480b BF;-OEt, 481b 67 90:10
4 480b AlMe; 481b 92 93:7
5 480c¢ BF;-OEt, 481c 17 96:4
6 480c AlMe; 481c 28 97:3
7 480c AlMe; 481c 86 97:3

“Eight equivalents of 480c¢ were used.

reaction between 55b and silyl ketene acetal 480a (entry 1).
For this transformation, the use of AlMes as the Lewis acid
resulted in a diminished yield and diastereoselectivity (entry
2). However, when silyl ketene acetal 480b was used, AlMe;
was the most effective Lewis acid (compare entries 3 and
4). The diastereoselectivity could be further increased in the
presence of either BF;+OEt, or AlMe; by employing the
more sterically demanding silyl ketene acetal 480c, but 8
equiv of 480c was required to obtain 481c in high yield (entry
7). The absolute configurations of the major diastereomers
of 481b and 481c were determined by chemical correlation
experiments, and the major diastereomer of 48la was
assigned by analogy. The stereochemical outcome was
rationalized by an open transition state model analogous to
that proposed by Davis (466, see Scheme 120). A one-pot
procedure for the synthesis of S-lactams was also developed
using the silyl ketene acetal 482, derived from 2-pyridyl
thioacetate, and N-tert-butanesulfinyl imino ester 55b (eq 45).
However, product 483 was isolated in only a moderate yield
and with poor diastereoselectivity.

V CO,Et

S+ OTBS  pE .0Et, ( 2 equiv) i 5)
)i\ S(Z—pyl')CHZC!?' -78 °C (e} \”Sk
Et0,C” H o
55b 482 483: 40%
63:37 dr

a-Arylglycines are a particularly important class of amino
acids because they are components of a number of pharma-
ceutical agents, including vancomycin and related glyco-
peptide antibiotics,'”’ the norcardicin antibacterial agents,!*®
and the cardiovascular drug Plavix.!”® Naskar and co-workers
reported the first general method for the preparation of N-tert-
butanesulfinyl a-arylglycines through use of fert-butane-
sulfinamide as the amine component in the Petasis boronic
acid Mannich reaction (Scheme 126).'> The one-pot, three-
component coupling of tert-butanesulfinamide 1, a boronic
acid 484, and glyoxylic acid monohydrate or pyruvic acid
485 took place under mild reaction conditions (ambient
temperature in CH,Cl,), providing adducts 486a—j as a 1:1
mixture of diastereomers. The scope of the reaction was
examined with a number of electron-rich aromatic and
heteroaromatic boronic acids, which provided 486a—g in
50—73% isolated yields. An alkenyl boronic acid was also
employed, providing 486h in 57% yield. When pyruvic acid
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Scheme 126. Synthesis of o-Arylglycines 486 by the Petasis
Reaction
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OH

was used (485, R? = Me), the desired products 486i and
486j were generated, but yields were diminished (37—39%).
Although this reaction is not diastereoselective, the authors
demonstrated that the diastereomers of 486a could be
separated by preparative HPLC.

N-tert-Butanesulfinyl protected o-arylglycine derivatives
have also been synthesized by the transition metal-catalyzed
addition of arylboronic acids to N-tert-butanesulfinyl imino
esters. The first example of this transformation was disclosed
by Ellman and co-workers.”! Building on their previous
success with the Rh(acac)(coe), and 1,2-bis(diphenylphos-
phinyl)benzene (dppbenz) catalyst system for additions to
aromatic and aliphatic N-tert-butanesulfinyl aldimines (see
section 4.1.4), these conditions were applied to additions to
N-tert-butanesulfinyl imino esters 55 to provide access to
diverse o-arylglycine derivatives (method A, Scheme 127).
Methyl, benzyl, and fert-butyl esters 55 all provided high
yields and selectivities, thereby maximizing flexibility in the
choice of ester protecting group (489a, method A). High
yields and diastereoselectivities were achieved for arylboronic
acids with either electron-donating or electron-neutral sub-
stituents (489a—c, e), and ortho-substitution resulted in only
a modest reduction in yield (489¢). Importantly, arylboronic
acids bearing electron-withdrawing substituents could also
be incorporated (489h—k), which are ineffective coupling
partners in the Petasis reaction (see Scheme 126).2% It is
notable that, for all of the ester derivatives of 55 and for all
types of arylboronic acids, the products were obtained in >98:2
dr. Following this initial report, Lu and Dai published a cationic
palladium-catalyzed addition of arylboronic acids to N-sulfinyl
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imino esters (catalyst 487, method B, Scheme 127).2%! Similar
yields and diastereoselectivities that approached those ob-
tained for the rhodium-catalyzed additions were observed
for a variety of arylboronic acid coupling partners (489a—g,
j, and k). However, neither the Rh(0) nor Pd(0) catalyst
systems, methods A and B, respectively, provided successful
addition of pyridylboronic acids. The sense of induction
observed for both methods is consistent with transition state
488, in which addition of the aryl group adds to the re-face
of the imine, opposite to the tert-butyl group.

Ellman and co-workers also demonstrated that the enan-
tiomerically enriched N-fert-butanesulfinyl protected a-arylg-
lycine esters could undergo subsequent, selective transfor-
mations such as sulfinyl deprotection (490), hydrolysis to
the free carboxylic acid (491), and reduction to the -amino
alcohol (492), in each case with minimal to no racemization
(Scheme 128). Moreover, they rigorously established that
the N-tert-butanesulfinyl o-arylglycine 491 obtained upon
ester hydrolysis can be employed in peptide synthesis without
racemization using N-(3-dimethylaminopropyl)-N'-ethylcar-
bodiimide (EDC), 1-hydroxy-7-azabenzotriazole (HOAT),
and proton sponge, which are the conditions developed by
Carpino®? for coupling N-Boc a-arylglycines without epimer-
ization (Scheme 129).

Recently, a trimethylsilyl trifluoromethanesulfonate
(TMSOTY) promoted addition of electron-rich arenes to
N-tert-butanesulfinyl imino ester 55b has also been demon-
strated by Gautun and co-workers to furnish N-tert-butane-
sulfinyl protected heteroarylglycine esters (Scheme 130).2%
A series of heterocyclic aromatic compounds were tested,
with addition of furan, pyrrole, and indole, generating 494a,
b, and d in moderate to high yields and diastereoselectivities.
For the less reactive thiophene, an increase in reaction
temperature to —20 °C was required, providing 494¢ with
poor diastereoselectivity and a modest 40% yield. The
reaction between anisole and 55b also required increased
reaction temperatures (—20 °C) to give 494e as a mixture
of diastereomers in a combined 65% yield. In contrast,
addition of pyridine to 5S5b was unsuccessful, even upon
increasing the reaction temperature. The C, symmetric adduct
494f was obtained in 77% yield as a single diastereomer by
treatment of pyrrole with 2 equiv of 55b. The absolute
configurations of 494d and f were determined by X-ray
structural analysis, and 494b was assigned in accordance with
494f. The absolute configurations of 494a and 494e were
established by chemical correlation experiments. The ob-
served stereochemical outcome for compounds 494a, b, and
d is consistent with an open transition state model (analogous
to 466, Scheme 120).

N-tert-Butanesulfinyl imino ester 55b has been used as
the electrophilic partner in the rhodium-catalyzed hydrogen-
mediated reductive coupling of 1,3-enynes or 1,3-diynes to
form a-amino ester products (Scheme 131).2%* Krische and
co-workers disclosed that hydrogen-mediated coupling of a
1,3-enyne to 55b at ambient pressure and temperature could
be achieved in the presence of a rhodium catalyst generated
from [Rh(cod),]OTf and the bidentate ligand 2,2'-bis(diphe-
nylphosphino)-1,1'-biphenyl (BIPHEP). Initial studies used
an N-p-toluenesulfinyl imino ester as the electrophile. While
this substrate provided high yields of the desired product,
poor diastereoselectivity was observed. In contrast, reductive
coupling with the N-fert-butanesulfinyl imino ester 55b gave
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Scheme 127. Transition Metal Catalyzed Synthesis of N-fert-Butanesulfinyl Protected o-Arylglycines

A: 5 mol%
Q/ Rh(acac)(coe)s,,
é 5.5 mol% dppbenz,
o*> N +  R,B(OH), dioxane, 70 °C

|
H)WOR or
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dioxane, 60 °C
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Scheme 128. Further Synthetic Transformations of
N-tert-Butanesulfinyl Protected Arylglycine Products
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Scheme 129. Peptide Coupling of N-fert-Butanesulfinyl
Arylglycine 491

L-Leu-OMe, =S~ H fo)
EDC, HOAT,
proton sponge N\:)J\OMe

CH,Cl,

N

492: 83%, 99:1dr

O"""NH
OH
c 0 D-Leu-OMe, i/
491: 99:1dr EDC, HOA‘I", 0°""NH H fo)
roton sponge N
\gH o pong m OMe
212 le]
Cl

493: 78%, 99:1dr

the expected coupled adducts 496 in good yields (66—99%)
and >95:5 diastereomeric ratio (496a—h). Attempts to couple
1-phenyl-1,3-pentadiyne to 55b under the reaction conditions
optimized for enyne reductive couplings failed to give any
of the desired product 496i. For this transformation, the
N-2,4,6-triisopropylbenzenesulfinyl imino ester was a more
effective coupling partner. Regioselective hydrogenations of
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Scheme 130. Synthesis of Heteroaromatic
N-tert-Butanesulfinyl Protected o.-Amino Esters

/é\ arene, TMSOTf é\
N CH,Cly, 78 °C HN™0
Y e PN
EtO,C EtO,C
55b 494
N N Ss
HN-S%0 HN"" 0 HN- S0
EO,C” Xy B0 NS Eo,c
L/ W, \
NH
494a: X = Q; 56%, 494c: 40%, 49_4di 82%,
83:17 dr 40:60 drad single
494b: X = NH; 92%, . diastereomer

single
diastereomer

HN, / N NH

Et0,C YQ\\
EtO,C H  CO,Et
OMe

494e: 65%, 73:27 dr? 4941 77%, single
diastereomer

“ The reaction was conducted at —20 °C. ? The configuration of the major
diastereomer was not determined.

Scheme 131. Hydrogen-Mediated Reductive Coupling of
Conjugated Alkynes with N-fert-Butanesulfinyl Imino Ester
55b

5 mol% Rh(cod),OTf

5 mol% BIPHEP
A_/ R 1 atm H, z
S I LRI S
Py EtO NS
EtO,C &
O R
55b 495 496: >95'5 dr
10 mol% RhCKPPhy,), H
1 atm H,, toluene HN’S\\O
EtO. = Me
O R
- 497: 70-93%
HN S0 L
EtO NG S ?
: N
N HN" "0
© @m HN" 0 EtO =
EtO NS “
0 R © R
496a: 76% 496b: R = Ph; 99%, 496e: R = Bu; 66%
496¢. R = 2- naphthy! 96% 496f R = OTBS; 68%
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X
(o] OTBS fe} Ph Me
496h: 70% 496i: 0%

the terminal alkenes were achieved in 70—93% yield in the
presence of Wilkinson’s catalyst (Scheme 131). Exhaustive
hydrogenation of the diene side chain was also achieved
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using Crabtree’s catalyst, but replacement of the sulfinyl
group with a carbamate protecting group was necessary.

Gautun and co-workers have demonstrated that N-tert-
butanesulfinyl imino ester S5b can act as a dieneophile in
the Lewis acid mediated aza-Diels— Alder reaction, providing
a number of heterocyclic adducts in varying yields and
diastereoselectivities (eq 46; see section 18.3 for a more
detailed discussion of this transformation).?%

P R BF4:OEt, R
: A R2 Trer Se AR
S v (N RETMSOTE | orSo N RE
/le 0 (\)"_? CH,Cl, ©n | . (46)
E10,¢” ~H ré R® T8100°C EOC 1 R
55b 497 498: 7-76%

59:41 to >99:1 dr

Liu, Chen, and co-workers reported a Lewis acid catalyzed
vinylogous Mannich reaction between N-tert-butanesulfinyl
imino esters S5a—d and dioxinone-derived silyl dienolate
499 (Scheme 132).2%° Careful tuning of the Lewis acid
catalyst provided access to either diastereomer of the
y-product (500a—c and 501a—d) or the a-regioisomer (502a,
b, and d). Using Ag(OTf) as the Lewis acid catalyst,
y-selectivity was observed, and 500a—c¢ were obtained in
varying yields and with moderate diastereoselectivities. The
Zn(OTf), catalyzed reactions of 55a—d with 499 provided
excellent y-selectivity but with a reversal of the diastereo-
selectivity, and 501a—d were obtained in moderate to good
yields and with excellent diastereoselectivities. The authors
also noted that the counterion of the Ag(I) salt had a profound
effect on the regioselectivity, where AgOCOCF; or AgOAc
provided good yields (42—89%) of the a-regioisomers 502
with high diastereoselectivities (97:3 to 99:1).

Scheme 132. Vinylogous Mannich Reaction

\%

10 mol% AgOTf® >

S 070
CHyCly, -78 °C W
Y RO,C

500a: 56%, 82:18 dr

)|\ 500b. 83%, 87:13 dr
RO.C 500c: 40%,
2 75:25 500(: 502¢, 85:15dr
55a: R = Me L
55h; R = Et . a E
ggg ';i tBBu 10 mol% Zn(OTf), ,S NH O o
SREEn CH,Cly, -78 °C /\M
. RO,C
>< 501a; 57%, 92:8 dr
0 0 501b: 86%, 92:8 dr
501¢: 50%, 95:5 dr
}\/\OTMS 501d: 70%, 94.6 dr
499 \%
\10 mol% AgCOCF3? o/’S\NH o)
CHJCl,, -78 °C RO,C | 0

502a: 89%, 99:1 dr

502b: 87%, 98:2 dr
502d:0 42%,

82:18 502d:500d, 97:3 dr

“ Regioselectivity was >25:1 as determined by 'H NMR unless otherwise

noted. » AgOAc was used as the Lewis acid catalyst.
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The vinylogous Mannich product 501d was converted to
piperidinedione 503, a known precursor to 4-hydroxypipe-
colic acid, in 59% over three steps (eq 47).

\% 1. aqg. HCI o
Y 2. (BOC)zO, I
& 3. toluene, A
oS o>(0 3. toluene, A b (47)
BnO,C X o O Eoc CO,Bn
501d 503: 59%

Several transition state models were proposed to account
for the different selectivities observed between catalysts
(Figure 6). For the Ag(OTf) catalyzed reaction, the diaster-
eomeric outcome was rationalized by transition state 504,
while, for the Zn(OTf), catalyzed reaction, transition state
505 was proposed. To account for the observed effect of
the counterion on promoting a-selectivity, the authors
proposed transition state 506, where the counterion interacts
with the TMS group of 499, enhancing the coordination
between Ag' and the oxygen of the silyl dienolate.

9.2. 1,2-Addition of Nucleophilic Carboxylic Acid
Precursors

9.2.1. The Strecker Reaction with N-tert-
Butanesulfinyl Imines

The asymmetric Strecker reaction is an important method
for the synthesis of o-amino nitriles and the corresponding
a-amino acids.?’” The addition of a cyanide nucleophile to
a chiral imine is an expedient method for introducing
asymmetry in the Strecker reaction. While the use of
p-toluenesulfinyl aldimines as the imine input in the asym-
metric Strecker reaction has been well developed,?%2% fewer
examples of the analogous reaction with N-fert-butanesulfinyl
imines have been reported.

The first example of an asymmetric Strecker reaction using
an N-tert-butanesulfinyl aldimine was presented by Cordi and
Mabic in their evaluation of the reaction of ethylaluminum
cyanoisopropoxide [EtAl(OiPr)CN] (eq 48) or TMSCN with
507 (Table 15).2'° Ethylaluminum cyanoisopropoxide [EtAl-
(OiPr)CN], which can be generated in situ from diethylalu-
minum cyanide and /PrOH, was chosen because it had
previously been the most successful cyanide delivery agent
for the asymmetric Strecker reaction with p-toluenesulfinyl
aldimines.’”®® When [EtAl(OiPr)CN] was used with the N-tert-
butanesulfinyl aldimine 507 in THF, the reaction took place in
high yield and with high diastereoselectivity (eq 48). Similar results
were obtained in other solvents of diverse polarity and chelating
ability. The absolute configuration of the newly formed chiral center
was determined by X-ray structural analysis of 508.

The reaction between imine 507 and TMSCN did not
proceed in the absence of a Lewis acid or when the
temperature was below 10 °C. A large variety of Lewis acids
were screened, revealing that the nature of the metal as well

OR
504 505 506

Figure 6. Transition state models for the addition of 499 to N-tert-
butanesulfinyl imino esters.
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Table 15. Evaluation of Several Lewis Acids

¥y Yooy

N"SS0 20 mol Lewis  HN"0 NS
| acid, TMSCN S
CH,Cl, CN  + CN
so7 508 509
entry catalyst yield (%) dr (508/509)
1 Znl, 80 30:70
: SnCly 74 35:65
3 BF;+OEt, 72 32:68
p Ib(OTD; 38 20:80
5 Sc(OTf); 98 97:3
6 Y(OTf); 90 08:2
7 La(OTf); 48 08

as the salt form of the metal had a significant influence on
the yield and diastereoselectivity of the reaction (Table 15).
The use of Znl,, SnCly, BF;+OEt,, or Yb(OTf); generated
mixtures of 508 and 509 in moderate to good yield with
diastereoselectivites of up to 80:20 favoring 509 (entries
1—4). However, an inversion in the diastereoselectivity was
observed with triflate salts Sc(OTf);, Y(OTf);, and La(OTf);.
These Lewis acids provided 508 in moderate to good yield
and with very high diastereoselectivities (entries 5—7). Other
Lewis acids evaluated also favored the formation of 508,
albeit with inferior diastereomeric ratios. The utility of this
product was demonstrated by the conversion of 508 to
imidazoline 511 (Scheme 133). Treatment of 508 with borane
dimethyl sulfide complex under reflux conditions followed
by hydrolysis of the boride intermediate and cleavage of the
sulfinyl group under acidic conditions provided the ethylene
diamine 510 as the bis-hydrochloride salt in 67% yield.
Cyclization of the diamine with formamidine acetate afforded
511, which was isolated as the hemifumarate in 67% yield
after crystallization.

Y Y

.Ss

BN
Nl O ELAICN, iPrOH, HN™ ™0
w W CN  (48)
507 508: 95%
97:3 dr

The Lewis acid catalyzed addition of TMSCN to an N-fert-
butanesulfinyl aldimine was exploited by Plant, Williams,
and Thompson (Scheme 134).2!! The N-tert-butanesulfinyl
imine derivatives of uridine 512 and 513 were examined as
precursors to novel chitin synthase inhibitors, which could

Scheme 133. Synthesis of 511 from N-Sulfinyl-a-aminonitrile
508

NH,;Cl N=\
NH4CI NH
1. BHy*DMS 1. NH=CHNH,*AcOH CO,H
508 THF.A EtOH * 12
2. HCl, 2. fumaric acid,
MeOH, A iPrOH/EL,0 CO.H
510: 67% 511: 67%
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Scheme 134. Stereoselective Cyanide Addition to
N-tert-Butanesulfinyl Imines

H
fj\/l BF3+OEt,
N~ o CHCl,, NC

H
Q A0 78°C, then Q o)
><S*\N TMSCN ><S~” -

e 6.0

(Rs)-512 (Rs,R)-514: 77%, 97:3 dr
(8,)-513 (S, S)-515: 70%, 94:6 dr
O (0]
ﬁ NH ﬁNH
MeO,C N/&O MEOQC N/go
o 9 o}
HCI, MeOH_ H,N"* — NG
R N/ \ H -
HO OH . HO OH

07 "R?
(R)-518, (S)-517: 76% (R)-518, (S)-519: 21-45%
be utilized as potential pesticidal agents. Contrary to Cordi
and Mabic’s findings (vide supra), with these more electro-
philic imines, high yields and diastereoselectivities were
achieved when the reactions were conducted at low temper-
ature (—78 °C) using BF;-OEt, as the Lewis acid. Under
these conditions, (Rs,R)-514 was generated in 77% yield and
97:3 dr (Scheme 134). Comparable results were obtained
when imine (Ss)-513 was utilized, providing (Ss,S)-515 in
70% yield and 94:6 dr. Treatment of (Rs,R)-514 or (Ss,S)-
515 with HCl in MeOH produced the corresponding methyl
esters (R)-516 and (5)-517 with concomitant removal of the
sulfinyl and isopropylidene protecting groups. Coupling of
the free amine (R)-516 or (5)-517 with isoxazole carboxylic
acid analogues provided several derivatives of (R)-518 and
(8)-519 in 21—45% yield.

Recently, Xu and co-workers demonstrated that the N-zert-
butanesulfinyl imine 520, derived from D-ribose, was an
excellent substrate for the asymmetric Strecker reaction
following the Et,AICN/iPrOH protocol developed by Davis
and co-workers (vide supra), providing adduct 521 in 67%
yield as a single diastereomer (eq 49).2'> Unfortunately, all
attempts to hydrolyze the nitrile to furnish the desired
carboxylic acid under acidic conditions failed due to the
instability of the substrate under the reaction conditions.

H NG
] O._owe ERAICN O _oMe
S\7 PPIOH
PN (49)
>\ = THF, -78 >\
<

520 521: 67%
single diastereomer

The first example of an asymmetric Strecker reaction
utilizing an N-fert-butanesulfinyl ketimine was reported by
Davis and co-workers in 2000 (Scheme 135).2'*> While the
primary focus of Davis’s study was the use of his Et, AICN/
iPrOH protocol for additions to N-p-toluenesulfinyl ketimines,
the N-tert-butanesulfinyl ketimines 522 were also tested to
probe the effects of the bulkier fert-butanesulfinyl group on
the diastereoselectivity of the reaction. Ketimine 522a, which
exists as a single imine isomer, was converted to the
corresponding amino nitrile 523a in a 92:8 diastereomeric
ratio, and a 56% yield of the major diastereomer was
obtained after recrystallization. A lower diastereomeric ratio
(83:17 dr) was observed for additions to the more challenging
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Scheme 135. Addition of Et,AICN/iPrOH to Ketimines 522

EtAICN (1.5 equiv) Y
iPrOH (1 equiv) 6NHola  NH:

o Sronieduy) S,

N~ S0 . HN" S0
)l\ THF, -78°C P R”COH

R R”YCN
522a: R = Ph? 523a: 56%2, 92:8 dr 524a: 64%

522b: R = Et 523b: 93%°, 83:17 dr

“Yield of the major diastereomer after recrystallization. * Isolated yield
of both diastereomers.

Scheme 136. Synthesis of a-Phenylserine

Y Et,AICN (1.6 equiv), Y 1,12 N HCI, A

S\O iPrOH (1.1 equlv) S\
—————————-‘P

NH,
_J=COoH
grr—— PR
\ THF, -20 °C CN 2. propylene
ph)"’/ oxide, EtOH, A OH

OTBDPS OTBDPS
525 526: 52%, 81:19dr

114% HF/pyridine

Ph

527. 93%

528: 93%

N-tert-butanesulfinyl ketimine substrate 522b, and compound
523b could not be purified to diastereomeric purity. The
diastereoselectivity observed for 523a and 523b was higher
than that obtained for the corresponding N-p-toluenesulfinyl
amino nitriles (80:20 and 75:25 dr, respectively). The free
amino acid 524a could be generated in good yield (64%)
without epimerization by hydrolysis of 523a in refluxing 6
N HCI (Scheme 135).

Later, Davis’ protocol was utilized by Avenoza, Peregrina,
and co-workers for the synthesis of a-phenylserine 527
(Scheme 136).2!'* Treatment of ketimine 525 with ethylalu-
minum cyanoisopropoxide [EtAl(OiPr)CN] at —20 °C pro-
vided 526 in 52% yield as an 81:19 mixture of diastereomers.
Attempts to increase the diastereoselectivity of the reaction
by lowering the temperature were unsuccessful due to
attenuated reactivity. However, diastereomerically pure 526
was obtained after column chromatography. Selective cleav-
age of the silyl group by treatment with HF in pyridine
provided alcohol 528 in high yield. A crystal structure was
obtained to unambiguously establish the (R)-configuration
at the newly formed stereocenter. Treatment of diastereo-
merically pure 526 with 12 N aqueous HCI at reflux
successfully removed both the sulfinyl and silyl groups and
hydrolyzed the nitrile group. Conversion of the amine
hydrochloride salt to (S)-a-phenylserine (527) was then
achieved in high yield (93%) by treatment with propylene
oxide in EtOH under reflux conditions (Scheme 136). The
opposite enantiomer of 527 was also generated in the same
manner by utilizing (S,)-N-tert-butanesulfinyl ketimine 525,
constituting an efficient route to either enantiomer of
o-phenylserine.

The asymmetric Strecker reaction for the synthesis of
o-trifluoromethyl oi-amino acids from CF;-substituted N-fert-
butanesulfinyl ketimines 529 was demonstrated by Lu and
co-workers (Table 16).7° The reaction conditions were
optimized for the addition of TMSCN to the N-tert-
butanesulfinyl ketimine 529a. A panel of solvents was
investigated, revealing that hexanes provided the desired
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Table 16. Addition of TMSCN to CF;-Substituted
N-tert-Butanesulfinyl Ketimines

O”S]\l\ + TMSCN O/’S\NHCN + O/’S\)r\l‘l—i
ACN
R” “CFy R/I‘CF3 R” “CFy
529 530 531
hexanes, rt DMF, —35 °C

drof yieldof drof yield of
entry imine R 530:531 530 (%) 531:530 531 (%)

1 529a Ph 99:1 85 86:14 72

2 529b 4-Me-Ph 92:8 87 88:12 69
3 529¢  4-MeO-Ph 93:7 89 90:10 78
4 529d 4-Cl-Ph 89:11 83 86:14 71
5 529¢ Me 96:4 69 95:5 71
6  529f Et 88:12 77 91:9 76
7 529g  hexyl 93:7 88 92:8 84
8 529h (CH,),Ph 88:12 92 94:6 89

adduct 530a in the highest yield and diastereoselectivity,
while the reaction in DMF provided the opposite diastere-
omer 531a (entry 1, Table 16). A variety of aromatic and
aliphatic derivatives were evaluated (entries 2—8). While the
asymmetric Strecker reaction proceeded in high yields for a
range of ketimines 529, the authors noted that N-tert-
butanesulfinyl ketimines without a CF; substituent were not
compatible coupling partners under these conditions. Com-
pound 530a was then hydrolyzed to (S)-2-amino-2-phenyl-
1,1,1-trifluoropropanoic acid 532 in 80% yield (eq 50).

_8. 12NHC, A H,N_ CO.H
ONH, T P T (50)
Q P CF,
Ph" YCF,
530a 532: 80%

The stereochemical outcome of this reaction was estab-
lished by X-ray structural analysis of 530a and 530e. Based
upon the observed sense of induction, the authors rationalized
the solvent dependence of the stereochemical outcome by
proposing divergent reaction pathways (Figure 7). In hexanes,
a chelated transition state (533) was invoked where the
sulfinyl group activates the TMSCN to undergo the Strecker
reaction. Placing the CF; moiety in the equatorial position
minimizes electrostatic repulsion between the CF; substituent
and the sulfur lone pair, providing the major product 530
with (R,,S) configuration. The authors propose an open
transition state for the Strecker reaction in DMF, where the
Lewis basic DMF can activate TMSCN instead of the sulfinyl
group (534). Under these conditions, the major product 531
has an (R;,R) configuration.

9.2.2. Addition of Furanyl Lithium Reagents to N-tert-
Butanesulfinyl Imines

a-Amino acids have also been prepared by the addition
of furanyllithium derivatives to N-tert-butanesulfinyl aldi-
mines and ketimines wherein the furan substituent in the
addition products is subsequently oxidized to a carboxy

R, ,CF3
LY RO
Sy AN A
/l\‘CN ~NN
533 534

Figure 7. Proposed transition states for the asymmetric Strecker
reaction.
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Scheme 137. 1,2-Addition of 535 to N-tert-Butanesulfinyl
Ketimines

\/ \Q/ Y cat. RuCly*H,0 Y
NalO,4

o M 0 o
Me;Al u\R CH,Cly, CHyCN, 2
| 3 . 0, 2012, GHy \R
R)\RZ toluene, 0 °C R | p H,O /'\COZH
3 536 537: 62-69%
.Sy .Sy
HN™ ™0 HN"~0

<" 0 \Buo
Ve Ve

536a: R = Ph; 80%, 99:1 dr 536d: R = Ph; 87%, 97:3 dr
536b: R = jPr; 97%, 94:6 dr 536e: R = iPr; 91%, 80:20 dr
536¢: R = jBu; 75%, 75:25 dr

Scheme 138. Use of 537b as a Reagent for Peptide Synthesis

1. HATU, Et3N, DMF
then HCI-Phe-OMe
(82%) iPry

0.9 « JPr &
N Xco . or RHNX(N\:/COZMe
2 1.80Cl,, cat. DMF o
2. HCl-Phe-OMe, Ph
537b NayCO3/NaHCOs3,  TrOH, 538: R =Bus
CHyClo, HO (79%)  cH,Cl, E539. R=H 65%

group. Ellman and co-workers first developed this approach
for the expedient synthesis of o,a-disubstituted amino acids
by the 1,2-addition of 5-methylfuryllithium 535 to N-fert-
butanesulfinyl ketimines 3 (Scheme 137).2'> The conditions
previously optimized for the addition of other organolithium
reagents to N-fert-butanesulfinyl ketimines were employed
(AlMe;, toluene, —78 °C; see section 5.1), except that for
this nucleophile the reaction is carried out at 0 °C to achieve
the best yields. The scope of this transformation with respect
to the ketimine 3 was probed, and high yields with moderate
to high diastereoselectivities were obtained for o,o-dialkyl
and o-aryl-o-alkyl amines 536a—e. Oxidation of the resulting
N-tert-butanesulfinyl amines 536 to the N-tert-butanesulfonyl
(Bus)-protected amino acids 537 was achieved with NalO,
and catalytic RuCl;, in a CH,Cl,, CH;CN, and H,O solvent
comixture. Removal of the Bus-protecting group and conver-
sion of the resulting amine to the (+)- and (—)-MTPA amides
rigorously established that no racemization had occurred
during this synthetic sequence. The utility of these com-
pounds was demonstrated by the application of 537b as a
protected amino acid in peptide synthesis (Scheme 138). The
coupling of 537b to HCI-Phe-OMe under two different
amide bond formation conditions was evaluated, with each
transformation proceeding in good yields. Cleavage of the
Bus group from the resulting dipeptide 538 using TfOH/
CH,Cl, provided the free amine 539 in 65% yield.

Xu and co-workers utilized the nucleophilic addition of
2-lithiofuran 540 to N-tert-butanesulfinyl aldimine 520 in
their total synthesis of thymine polyoxin C, a core structure
of the polyoxin and nikkomycin antibiotics (Scheme 139).212216
The reaction proceeded in high yield and provided 541 as a
single diastereomer. The absolute configuration of the newly
set stereocenter was confirmed by X-ray structural analysis
of 541 and was consistent with addition via a chelated
transition state. Concomitant oxidative cleavage of the furan
ring to the carboxylic acid and oxidation of the sulfinyl group
to the Bus group was achieved with catalytic RuCl; and
excess NalOy4. Subsequent conversion of the carboxylic acid
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Scheme 139. Synthesis of Thymine Polyoxin C
Li
Q H 0.0 \@ 0/3
S\N//\g Mo s 2 O\ OMe
N \ / —_— S~
A\ . THE, 78°C > H/\g
o ¢
520 541: 96%
single diastereomer

1. cat. RuCl3*H,0, NalOy, O o = O M
CH,Cly, CHLCN, H,0 \éiNWO e
H —
2. CHyNy, Et,0 dxb
542: 72%
o 0
NH 1. LiOH NH
Me0:C " ,go THF. H0,0°C_ o . ,go
~° 2. PIC, Hy, -~ O
CbzHN MeOH HzN
AcO: 6Ac HO: bH
543 544: thymine polyoxin C; 54%

Scheme 140. Synthesis of 5-0-Carbamyl-2-epi-polyoxamic
Acid (549)

Q Lie©
% HZN’S”'ﬁ %O \@
d @ 1 o i . o _ 5w
CHO Giso,, PRTS \/\E/\N‘S., THF, -78 °C
oTBS SLLECERVAN
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540 0@ O COH
(o H S

— H,N S A
\/\-/\N\S//o — > 2 \n/o\/ \/\NHBOC
5 H ™ o] 0
TBSO
A
547: 92% 548
92:8 dr
CF3COzH, MeOH, OH COzH
then propylene oxide, EtOH H.N. _O A A
2 NN,
0 OH
549: 62%

5-O-carbamoyl-2-epi-polyoxamic acid

to the methyl ester using diazomethane provided 542 in 72%
yield over two steps. Further synthetic transformations
provided intermediate 543,2'> which was then globally
deprotected, providing thymine polyoxin C (544) in reason-
able yield over the two-step deprotection sequence.’!'®

In order to facilitate the synthesis of polyoxin analogues,
Xu and co-workers synthesized 5-O-carbamyl-2-epi-poly-
oxamic acid (549), a common side chain in many members
of the polyoxin family (Scheme 140).2'® A modified proce-
dure for the condensation of (R)-fert-butanesulfinamide with
aldehyde 545 was developed, where addition of 1 equiv of
PPTS in the presence of anhydrous copper sulfate provided
the desired imine 546 in excellent yield. Subsequent nucleo-
philic addition of 540 to imine 546 under the previously
optimized reaction conditions (vide supra) provided 547 in
92% yield and with 92:8 diastereomeric ratio. The high
diastereoselectivity observed for this transformation was
attributed to a matched combination of the chirality of the
(R)-sulfinyl group and the protected triol moiety, which was
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Scheme 141. Synthesis of 2" -epi-Polyoxin J
1. N-hydroxysuccinimide,

O GO DCC,EtOAG then 544,
J 3 iPr,NEt, DMSO (77%)
HZN\H/O\/\/\NHBOC
H 2. TFA, Hy0, 0 °C (85%
3 3 , H20, (85%)
548 o
\kaH
COLH N/&o

550: 2"-gpi-polyoxin J

experimentally confirmed by the inferior diastereoselectivity
obtained for addition of 540 to the (§)-N-tert-butanesulfinyl
imine diastereomer. Subsequent synthetic transformations
provided 548, which afforded 5-O-carbamyl-2-epi-polyox-
amic acid 549 after facile deprotection.

Xu and co-workers then developed a convergent synthesis
of 2"-epi-polyoxin J (5§50) via amide bond coupling of the
two intermediates prepared via tert-butanesulfinamide chem-
istry, 548 and 544, followed by deprotection (Scheme 141).2!¢

9.3. Synthesis of a-Amino Phosphonic Acids

Recently, N-fert-butanesulfinyl aldimines and ketimines
have been utilized for the asymmetric synthesis of o-ami-
nophosphonic acids, the phosphonic acid analogues of
o-amino acids. Indeed, many natural and synthetic o-ami-
nophosphonic acids display pharmacological properties,
behave as enzyme inhibitors, are growth regulators in plants,
or function as potent antimicrobial agents.?!’

Yuan and Chen reported the first addition of dimethyl
phosphite 551 to N-fert-butanesulfinyl imines 2, affording
a-aminophosphonates 552 (Scheme 142).21821% A screen of
temperature, solvent, and base with the N-fert-butanesulfinyl
imine derived from benzaldehyde revealed that the best yield
and diastereoselectivity for the desired adduct 552a were
obtained using K,CO; as a base in CH,Cl, at room
temperature (81%, 91:9 dr). The optimized protocol was then
applied to include a variety of N-tert-butanesulfinyl aryl and
alkyl aldimines 2, generating the N-fert-butanesulfinyl o--ami-
nophosphonates 525a—g in good yields and with good
diastereoselectivities. In each case, the major diastereomer
was isolable by column chromatography.

The synthesis of quaternary o-aminophosphonates from
N-tert-butanesulfinyl ketimines 65 was also demonstrated

Scheme 142. Synthesis of N-Sulfinyl o.-Aminophosphonates
from Aldimines

Z H._.OMe K,COs, rt &
e O/,P\ 23 N’ <0
/“\ OMe CH20|2 /—\
R™ > H R”PO(OMe),
2 551 552
! N2
HN" S0 N
HN™ ™0

PO(OMe) z
/©/\ ’ R”PO(OMe);
R

552a: R =H; 81%, 91:9dr
552b: R = OMe; 78%, 93:7 dr
552¢: R = Me; 81%, 90:10 dr
552d: R = Cl; 82%, 86:14 dr

552e: R = Et; 80%, 88:12 dr
552f. R = iPr; 79%, 93:7 dr
5§52g: R ={Bu; 77%, 937 dr
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Scheme 143. Synthesis of Quaternary o-Aminophosphonates
from N-tert-Butanesulfinyl Ketimines

z H._.OMe K,CO,, rt ,é\
NS0 o om 02H C|3 N0
| e L,Cly or Et,O =
R)\ R” “PO(OMe),
65 551 553
: N
N S0
HN’S‘O
3 PO(OMe),
PO(OMe),
R
553a: R = H; 85%,>97:3 dr 553f: 83%
553b: R = Me; 82%, >97:3 dr >97:3 dr

553c: R =CI; 85%, >97:3 dr
553d: R = NOy; 81%, »97:3 dr
553e: R = Ph; 80%, >97:3 dr

R” ~PO(OMe),

553g: R = Et; 73%, 86:14 dr
553h: R = Bu; 75%, >97:3dr
553i: R = tBu; 73%, >97:3 dr

(Scheme 143). Using the reaction conditions optimized for
the addition of 551 to N-fert-butanesulfinyl aldimines (vide
supra), a variety of N-fert-butanesulfinyl quaternary alkyl
and aryl o-aminophosphonates 553a—i were synthesized in
good yields (73—85%).2'® The addition of 551 to all of the
N-tert-butanesulfinyl ketimines 65 surveyed proceeded with
>97:3 dr except for the addition to the particularly challeng-
ing substrate 65 (R = Et), which gave o-aminophosphonate
553¢g in a quite respectable 86:14 diastereomeric ratio.

Nitrogen protecting group manipulation was demonstrated
by selective cleavage of the sulfinyl group and replacement
with a Cbz group to give products 554 in high yields (eq
51). The free aminophosphonic acids 555 were also obtained
by refluxing 552 or 553 in 10 N HCI followed by addition
of propylene oxide (eq 52). The absolute configurations of
the o-aminophosphonic acids were determined by correlation
to known compounds, thus establishing the stereochemical
outcome of the addition reaction.

\_:% 1. 4N HCI,

.Ss MeOH
E{N <0 eOl R2 r;lHCbZ 51
RIS 2. NaHCO R1>\PO(OMe) ©n
1 . Na 3, 2
R™ "PO(OMe), &\
552a,d.g9
553a 554: 81-85%

~L 1. 10 NHCI, A

- 2. Propylene

. oxide, EtOH gz NH2
HNTTS0 Y N (52)
RS R “PO(OH),
R'” TPO(OMe),
552a 555: 81-88%
553a,c-g

Yuan and co-workers also explored the addition of dimethyl
phosphite 551 to chloro-substituted N-zert-butanesulfinyl aldi-
mines and ketimines 556.72° For these substrates, they found
that the product obtained depended on the choice of base
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Table 17. Addition of 551 to Chloro-Substituted
N-tert-Butanesulfinyl Imines 556

" HPO(OMe), ~ Moo
o 551 S

g7
Sa .Sy i
NSO = oo Y © ~ N
1 base, CH,Cl, cl RO i ’.:R
Ol g N POOMe), T SPO(OMe);
556 557 558
l 4
RHry’s\‘o
(MeO)ZOP\H?\PO(OMe)Z
559
yield yield yield
entry n R base  jtsgy  Grssg  ofsse O
1 1 Me K,CO; 84 80:20
2 1 Me KF 75 92:8
3 1 H K,CO;4 86 >97:3
4 2 Ph K,COs 82 89:11
5 2 Ph  Cs,CO; 87 61:39
6 3 Me K,CO; 85 93:7
7 3 Ph CsyCOs 83 71:29
Table 18. Synthesis of a-Amino Phosphinates 563 and 564
Q  OEt
I
N \_ﬁ \k
- OEt OEt N N’S\\
N0 862 Meg O OEt T Meg O Ot
R RbyCO; RO 7 R ?'<
65 CH,ClI,, rt OEt OEt OEt OEt
563 564
yield (%) yield (%)
entry R 563 of 563 564 of 564
1 Ph 563a 46 564a 50
2 4-Me-Ph 563b 37 564b 48
3 4-MeO-Ph 563c 48 564c 50
4 4-CH;S-Ph 563d 37 564d 34
5 4-morpholino-Ph  563e 29 564e 36
6 2-F-Ph 563f 37 564f 36
7 4-F-Ph 563g 43 564g 50
8 4-Cl-Ph 563h 46 564h 48
9 4-Br-Ph 563i 41 564i 35
10 1-furyl 563j 35 564j 49
11 1-thienyl 563k 45 564k 47
12 3-pyridyl 5631 50 5641 35
13 2-naphthyl 563m 43 564m 49
14 4-biphenyl 563n 49 564n 49
15  4-CN-Ph 5630 41 5640 48
16  4-NO,-Ph 563p 32 564p 38
17 hexyl 563q 45 564q 30

used as well as the structure of the starting N-fert-butane-
sulfinyl imine (Table 17). For the N-tert-butanesulfinyl
ketimine 556 (R = Me, n = 1), the aziridine product (558)
was obtained in the presence of either K,CO; or KF, but the
diastereoselectivity was highest with the latter base (entries
1 and 2). However, when the corresponding aldimine was
examined with K,CO; as the base, the 2-phosphoryl-1-
aminophosphate 559 was generated with very high diaste-
reoselectivity (entry 3). When the alkyl chain length was
increased (n = 2), the azetidine product was obtained in the
presence of K,COj; (entry 4), but Cs,CO; promoted the
formation of the diphosphonate 558, albeit with poor
selectivity (entry 5). Further extension of the alkyl side chain
to n = 3 on the N-tert-butanesulfinyl chloroalkyl methyl
ketimine 556 (R = Me) provided the 4-chloro-1-methyl-1-
aminophosphonate 557 when K,CO; was employed (entry
6) whereas cylization to the pyrrolidine 558 occurred for the
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N-tert-butanesulfinyl chloroalkyl phenyl ketimine 556 (R =
Ph) when Cs,CO; was used as the base (entry 7). The
reaction conditions were also applied to the addition of 551
to cyclic N-tert-butanesulfinyl ketimine 560, providing 561
in good yield and with moderate diastereoselectivity (eq 53).
While not rigorously determined, the absolute configurations
of products 557, 558, or 559 were predicted by analogy to
the previous study conducted by Yuan and Chen on the
addition of 551 to N-fert-butanesulfinyl aldimines and
ketimines (vide supra).

S\‘o . H;P\,OMe K2CO4, 1t HN’S‘O (53)
al | 0" “oMe CH.Cl, cl \@PO(OMe}Z
560 551 561: 78%
86:14 dr

Yuan and Zhang have also reported the synthesis of o.-amino
phosphinates (563 and 564) via the addition of ethyl di-
ethoxymethyl phosphinate 562 to N-tert-butanesulfinyl imines
65 (Table 18).2>! Based on their previous conditions for the
addition of dimethyl phosphite to N-fert-butanesulfinyl
ketimines (vide supra), the use of K,COj; as the base was
first explored, but this gave low yields after prolonged
reaction times. In contrast, Rb,CO; effectively promoted
addition of 562 to several aryl, heteroaryl, and alkyl
ketimines (entries 1—17). The products were obtained as a
mixture of phosphorus stereoisomers 563 and 564, which
were separable by column chromatography. A crystal
structure of each isomer was obtained, revealing that 563
with Sp stereochemistry and 564 with Rp stereochemistry both
displayed R stereochemistry at the newly formed stereogenic
carbon center. High imine diastereofacial selectivity was
observed, as demonstrated by single peaks in each *'P NMR
for 563a—q and 564a—q and by chiral HPLC analysis of
selected oxidized derivatives. The free o.-amino-H-phosphinic
acids 565 were obtained by refluxing 563 or 564 with 4 N
HCI (eq 54). The authors noted that these monobasic acids
may better mimic oi-aminocarboxylic acids and could display
greater biological activity than the well-studied o-amino-
phosphonic acids.

N
S OOOEt 4NHCI refluxthen NHzo
q propylene oxide S/,
R~ @ — RO (64
| { H
OEt OEt HO
563 or 564 565: 61-94%

>95% ee

9.4. Synthesis of o-Amino Boronic Acids

a-Amino boronic acids are another biologically important
class of surrogates for a-amino acids and have been shown to
be key mechanism-based pharmacophores for serine protease
inhibition.??? Ellman and co-workers have recently developed
a method for the copper-catalyzed addition of bis(pinacolato)-
diboron 566 to N-fert-butanesulfinyl aldimines 2 for the
synthesis of o-aminoboronate esters 567 (Scheme 144).2%
The optimal catalyst for this transformation was (1,3-
dicyclohexylimidazol-2-ylident)copper(l) fert-butoxide, which
was developed by Sadighi and co-workers?** for the addition
of bis(pinacolato)diboron across aromatic and aliphatic
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Scheme 144. Synthesis of Functionalized o.-Amino Boronate
Esters

(IDtBu
Cu
Y Cy\N)\\N/CY Y
S\ N/ .Ss
)I\ O+ Bypiny (5 mol%) Hl;l ¢}
R H benzene, rt R/\Bpin

2 566
(1 equiv)

YYYY
QX

Bpm Bpin \(\Bpm OﬂBpln
567a: 74% 567b: 59% 567c: 88% 567d: 81%
>98:2dr >98:2dr >98:2dr 97:3dr

NS0 in-So

.Ss
HN S0 N N
TBDPSO._ A~ - :
~"Bpin ©/\/\Bpin Xspin
567e: 75% 567f 70% 567g: 75%
991 dr 99:1 dr 96:4 dr
N .S 8
HN" "0 HN" 70 HN S0
©/\Bpin /©/\Bpln @(\Bpln
R cl
567h:2 54% 5670 R = OMe; 56712 52%
99:1 dr 57%, >98:2 dr >97:3dr
567j: R = CI;
61% 99:1 dr
567k:? R = CFy:

66% conv, >95:5dr

“ Reactions carried out with 2 equiv of 566, 10 mol % catalyst, toluene,
0 °C.

aldehydes. Additions to unbranched and branched aliphatic
aldimines proceeded in good yields and with high diaste-
reoselectivites (567a—g). Aryl aldimines could also be used,
but for these substrates, the best yields were obtained when
the temperature was lowered to 0 °C, the catalyst loading
was increased from 5 to 10 mol %, and an excess of 566
was used (567h—j). The utility of this method was demon-
strated by the rapid synthesis of bortezomib (Velcade), the
first FDA approved proteasome inhibitor drug, which is
clinically used for the treatment of multiple myeloma and
mantle cell lymphoma. Sulfinyl deprotection of adduct 567a
provided amine hydrochloride 568, and subsequent peptide
coupling reactions afforded bortezomib (469) in 41% yield
from 568 (Scheme 145).

10. Synthesis of 3-Amino Acid Derivatives

10.1. Synthesis of #-Amino Esters

10.1.1. Methods for 1,2-Addition of Ester Enolates to
N-tert-Butanesulfinyl Imines

The asymmetric synthesis of -amino acids via enolate
addition to N-tert-butanesulfinyl imines was first evaluated
by Ellman and Tang in 1999?2322 and was later expanded
in a full report.??” Optimization of the reaction conditions
revealed that the highest yields and diastereoselectivities were
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Scheme 145. Synthesis of Bortezomib

Y NH4Cl
N HCI, MeOH /k/‘\
Bpin

567a 568: 93%

Ph
? H
[Nj)kN N._B(OH),
— H :
N/ o} Y

569: Bortezomib
41% over 4 steps

Scheme 146. Additions of Titanium Enolates to
N-tert-Butanesulfinyl Imines

A( CITi(OiPr)z (2 equiv) =
N 0 i N
N’S\O R3\)J\ LDA (2.1 equiv ) o*°*NH O
P + OR* THF,-78°C RS,
R "RS e v OR*
R. OR R3
20r3 570 s/lfﬁ'\/\' 571
R3\/ :O
7
tBurS=0
_- 4
v 572
O/’S‘NH 0 QA
EP :
R OMe _S.
O°"°NH ©
571a: R = Me, 94%, 99:1 dr Me,,/y\/[J\
571b: R = jBu, 80%, 98:2 dr R OMe

571c: R = iPr, 85%, 98:2 dr
571d: R = Ph, 90%, 98:2 dr
571e: R = 3-pyr, 70% 95:5 dr

571f: R = jPr, 85%, 99:1 dr
571g. R = Ph, 89%, 98:2 dr

; _S.

O/’S\NH e} O""'NH O
He Hr.,
R’/’\‘)kome /‘BU/'\HkOR“

Me Me

571h: R = Me, 96%, 92:7:1:0dr  571j: R*= Me, 81%, 95:3:2:0 dr
571i: R = Ph, 85%, 86:4.0.0dr 571k R*= (Bu, 87%, 59:19:17:5 dr
5711: R*= PMB, 85%, 88:12:0:0 dr

.. _5. N
O°"°NH O O*"°NH © O°"°NH ©
Hi, H:., Me:.,
Et OR* Me OR* Ph OMe
Bn PMB Me

571m: R*= Me, 67%, 5710: R*= Me, 65%, 5719: 81%,
90:10:0:0 dr 83:17:0:0 dr 91:9:0:0ar
571n: R*= PMB, 70%, 571p: R*= PMB, 70%,
93:7.0.0dr 89:11:0.0 dr

obtained with titanium enolates, which were prepared by
transmetalation of a lithium enolate with CITi(OiPr); at low
temperature in THF. Diastereoselectivities were further
improved by increasing the CITi(OiPr); stoichiometry from
1 to 2 equiv. Under these optimized conditions, additions of
the titanium enolate of methyl acetate 570 to a wide variety
of N-tert-butanesulfinyl aldimines 2 were explored, providing
products 571a—e in 70—94% yield and with =95:5 dr
(Scheme 146). Enolate additions to N-fert-butanesulfinyl
ketimines 3 were also conducted, and 571f and g were
synthesized in 85% and 89% yields and with 99:1 and 98:2
diastereomeric ratios, respectively. This constitutes one of the
few available methods for the preparation of 3,3-disubstituted
[B-amino acids. The scope with respect to the enolate coupling
partner was also explored. a-Substituted N-tert-butanesulfinyl-
fB-amino esters 571h—p were produced with aryl or alkyl
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Scheme 147. Synthesis of o,0,f-Trisubstituted and
o,0,f3,-Tetrasubstituted f-Amino Esters

CITi(OiPr)z (2 equiv) B

(@] i PN
Se + " LDA (2.1 equiv ) O0*°*NH O
N°0 OR* THF,-78°C RS,
Lk' s 3 ' RY OR*
R R R R3 R3
20r3 573 574
/;\ /é\ o”s*NH 0
O"™NH O O°7NH O Ve
Hi., Me:., -
ol L, M Lo o
Me Me Me Me
574a: R = iBu, 83%, 99:1 dr 574c: 86% 574d: 65%
574b: R = Ph, 86%, 99:1 dr 99:1 dr 99:1 dr

substituents at the S-position and alkyl or benzyl groups at the
o-position and various ester protecting groups. The synthesis
of an a,3,3-N-tert-butanesulfinyl 3-amino ester 571q was also
demonstrated. In addition, alternative ester protecting groups
were evaluated. While the use of an acid labile zerz-butyl ester
provided low stereoselectivity (571k), the comparably acid labile
p-methoxybenzyl (PMB) ester provided selectivity similar to
that observed for the methyl ester (5711, n, and p). o,o-
Disubstitutions on the enolates 573 were also competent with
both N-tert-butanesulfinyl aldimines and ketimines as electro-
philes to provide tri- and even tetrasubstituted -amino acid
products (574a—d, Scheme 147).

The absolute configurations of 571a, e, g, h, and j were
determined by chemical correlation. The absolute configuration
of 571m was determined by X-ray structural analysis, and the
absolute configurations of other a-substituted S-amino acid
derivatives were assigned by analogy. The observed diastereo-
selectivity was rationalized by the chelated transition state 572.
In this transition state the predominating E-isomer of the starting
N-tert-butanesulfinyl imine serves to define the relative stere-
ochemistry of the -substituents of the product.

Selective acidic cleavage of the PMB-ester protecting
group in the presence of an N-fert-butanesulfinyl group was
also demonstrated by treatment of substrate 571p with TFA/
anisole to afford the free carboxylic acid 575 in 8§9% yield
with minimal (<5%) cleavage of the fert-butanesulfinyl group
(eq 55). This use of the PMB protecting group is of practical
importance for the preparation of a-substituted S-amino acids
because considerable epimerization at the o-stereocenter is
known to occur under the basic conditions required for
saponification of o-substituted $-amino esters.?*8

.S, N
S L TFA/anisole NH O (55)
55
OPMB 45 min. OH
OMe OMe
571p 575: 89%

The first example of an addition of Reformatsky reagent to
N-tert-butanesulfinyl imines was achieved by Staas and co-
workers at Merck in their synthesis of a,a-difluoro S-amino
esters 577 (eq 56; for details, see section 15.4)>*° More
recently, the Reformatsky addition of unsubstituted acetate
enolates to N-tert-butanesulfinyl aldimines 2 and ketimines
3 has been developed by Brinner and co-workers at Novartis
(Scheme 148).22923! Notably, this reaction is conducted at
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convenient temperatures (0 °C or rt versus —78 °C for
titanium enolate additions) and is amenable to large scale
synthesis (vide infra). Reactions using the Reformatsky
reagent 578 derived from ethyl bromoacetate (R* = Et) were
conducted at 0 °C to prevent Claisen condensation with the
resulting B-amino ester products. Under these conditions,
580a—c were generated in good yields (75—97%) and with
excellent diastereoselectivities (94:6 to >99:1). When fert-
butyl bromozinc acetate was employed, self-condensation
was suppressed and the reaction could be performed at room
temperature, providing 580d and e in comparable yields and
diastereoselectivities. The Reformatsky reaction was also
applied to N-fert-butanesulfinyl ketimines 3, providing
quaternary substituted -amino esters 580f—h in good yields
and with high diastereoselectivities. The absolute configu-
ration was determined by chemical correlation experiments
and is consistent with the cyclic transition state 579. Removal
of the sulfinyl group to convert crude 580a to 581 was also
demonstrated (eq 57).

Brzn CO,Et

x
V FF
576 N
PN HN""S0 (56)
N"T%0
Py THF &COZEt
R H R
FF
2 577
N\~ 1. HCI, EtOH,
: Et,0 NH,
S, - . (57)
0" 'NH 2. basic aq. Ph)\/COZEt

CO,Et worku
Ph/'\/ 2 P

580a: >99:1 dr 581. 73%

Girgis, Prasad, and co-workers at Novartis recently
reported the optimization of this Reformatsky reaction for
use on the pilot-plant scale (eq 58).2%? In paticular, reaction
calorimetry experiments were utilized to determine an
optimal method for activation of the zinc in the formation
of the Reformatsky reagent. Activation of the zinc using
DIBALH is carried out in the presence of a small amount
of the starting bromoester 582, followed by slow addition
of the remainder of the bromoester while maintaining the
reaction temperature at 40 °C. The imine 583 is slowly added
to this preformed reagent at —10 °C. After quenching and
an extractive reaction workup, the desired product 584 is
obtained as a 22% MTBE solution in >99% yield, and with
>95% purity and >99:1 dr, as determined by HPLC analysis,
and is used without further purification in the next step of
the synthetic sequence. Six batches of the process shown in
eq 58 were performed on pilot plant scale (15 kg of 583 per
batch) as part of a development effort.

1. Zn (3.5 equiv) B
DIBALH (0.035 equiv)
THF,40°C,2h

OEt
Br/Y CO,Et (58)
Dy Q“

o}
S\
582 (1.8 equiv) 584: quant., >99:1 dr
fon
F Br
583 (49 mol)
THF,-8°C, 16 h

The addition of silyl ketene acetal 480a to N-tert-
butanesulfinyl imine 133 was explored by Skrydstrup and
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Scheme 148. Reformatsky Reaction with
N-tert-Butanesulfinyl Imines

.
Y BrZn.__CO,R? [ R Y
S

N
N THF, 27:: t bhznymCoRe »Rzii/\o
| or A _COR®
R)\RZ H R 2
20r3 579 580
N/S\\O S\

H
"R|")\/COQEt

580a: R = Ph; 97%, >99:1 dr
580b: R = /Bu; 82%, 94:6 dr
580c. R = jPr; 75%, 95:5 dr

Y Y

HN- S0 a0

. /'\/COZEt '/'\/coztBu

580f: R = Ph; quant., >99:1 dr 580h: quant., >99:1 dr
580g: R = iPr; 65%, 96:4 dr

al )\/COQtBu

580d: R = Ph; 86%, >99:1 dr
580e: R = /Bu; 88%, 96:4 dr

Jacobsen (eq 59).'°° Unfortunately, low stereoselectivity was
observed for this reaction. Better results were obtained when
the same silyl ketene acetal was added to an N-fert-
butanesulfinyl imino ester, allowing synthesis of aspartic acid
derivatives (see section 9.1).

y y

RN PN
NI ~0 OTMS | swis acid HN™ "0
+ = — . (59)
@)\H OEt  CHoCl ©/$<002Et
(£)-133 480a 585

TMSOTf, -78 °C  89%, 72:28 dr
BF3-OEty, -78 °C 0%
BF3-OFEty, rt 92%, 50:50 dr

Davis and co-workers reported the synthesis of a-substi-
tuted S-amino esters via the addition of vinylaluminum
reagent 587 to N-tfert-butanesulfinyl aldimines (Scheme
149).23% The vinylaluminum reagents were prepared from
DIBALH, 4-morpholine N-oxide (NMO), and a-acetylenic
esters 586. Preliminary studies had focused on the use of

Scheme 149. Addition of Vinylaluminum Reagents to
N-tert-Butanesulfinyl Imines

JN|\ 0 Y
CO,Et . 27>y
DIBALH EtOij/AI/Buz 2 HN’S\\O
| | " . | - . fB
NMO, THF 5 ~_-COEt
R 25t075°C R R /\[
R
586 587 588
HN’S‘\O HN/S‘\O
~_CO,Et ~__CO,Et
Ph/\[ 2 Et/\[ 2
R R

588a; R = H; 65%, 92:8 dr 588d: R = H? 55%, 937 dr
588b: R =Me; 71%, 87:13dr  588e: R = Me? 50%, 92:8 dr
588c. R = Ph; 71%, 87:13dr  588f: R = Ph; 35%, 86:14 dr

“ Inseparable mixture of diastereomers.
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N-p-toluenesulfinyl imines as the electrophile, but higher
diastereoselectivities were obtained when the analogous
N-tert-butanesulfinyl imines were employed, and the scope
of the reaction was assessed with the latter nitrogen protecting
group. The vinylaluminum reagent 587 (R = H) was
evaluated, and moderate yields and high diastereoselectivities
were observed for products 588a and d. Additions of
[-substituted vinylaluminum reagents to N-tert-butanesulfinyl
aryl (R? = Ph) or alkyl (R?> = Et) aldimines provided adducts
588b, ¢, e, and f with moderate to good diastereoselectivities.
Isolation of the major diastereomer was achieved in most
cases by column chromatography. The absolute configuration
of 588a was determined by chemical correlation experiments
and was consistent with addition via an open transition state.
The Z olefin geometry was established by NOE experiments.
Hydrogenation of the alkene moiety was accomplished in
the presence of a catalytic amount of the cationic rhodium
complex 589, providing anti-o-substituted N-tert-butane-
sulfinyl -amino esters 590a—d and f (eq 60). However,
hydrogenation of 589 provided -amino ester 590e as a
mixture of diastereomers and starting material, and prolonged
exposure to the reaction conditions resulted in decomposition.

Ph\P,Ph
“RhY B
- ph >
PH X Y
BF,

NS0 589 (7.5 mol%) HN” S50 60)
Rz/\[COZEt H, (1 to 25 atm) Rz/\(COZEt
R R
588a-f 590a: 83%, > 95:5dr

590b: 81%, 95:5 dr
590c¢: 79%, 95:5 dr
590d: 55%, 91:9 dr
590e: decomp.

590f: 79%, 94:6 dr

Grigg and co-workers developed a method for the syn-
thesis of 5-amino acid derivatives via a Pd- and In-mediated
allylation of 2-pyridyl N-fert-butanesulfinyl imine 142 (Scheme
150).%* Addition of both copper iodide and ascorbic acid
was necessary, and the yields of the desired products were

Scheme 150. Synthesis of Chiral f-Amino Acid Derivatives
via a Pd/In Transmetalation Cascade Reaction

10 mol% Pd(OAc),

20 mol% P(2-furyl)
V 20 mol% Cul V
CO,Et = 40 mol% ascorbic acid S\
Ar-l + H/ * N~SSo1n (1.5 equiv) 0
. CO,Et
XN  DMF,80°C | SN
| N t ~N
# | A Ar
591 592 142 N.# Ar 594
',“\ N
; '}l
O s{ CO,Et
A
593
V ,é\ V
N HN™ "0 S.
HN""0 COEt HN" S0
B COEL || N CO,Et

594a: 60%, 94:6 dr 594b: 69%, 92:8 dr 594c: 60%, 90:10 dr
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Table 19. Baylis—Hillman Reaction with N-fert-Butanesulfinyl

Imine 133
\k o 3-HQD \!%

Lewis acid S\\
NS0+ owe ©
Py | n7days CO,Me
PR "H
133 595 596
entry Lewis acid yield (%) dr
1 none 8 88:12
2 La(OTf)3 12 96:4
3 Zn(OTf), 27 89:11
4 Sc(OTHf); 10 92:8
5 Yb(OTf); 10 91:9
6 In(OTf); 17 82:18

depressed in the absence of these components. The authors
propose that the copper iodide promotes formation of Inl,
facilitating transfer of indium from the solid to the solution
phase. The role of ascorbic acid is unclear, but it is suggested
that it could help to recycle unproductive higher valence
states of Pd, Cu, or In. Three aryl iodides 591 were examined
for the cascade reaction with functionalized allene 592 and
imine 142, providing 594a—c in moderate yields and with
good diastereoselectivities (=90:10). The absolute stereo-
chemistry of the major diastereomer of 594b was determined
by X-ray structural analysis and is consistent with the
proposed chelated transition state 593.

A Baylis—Hillman reaction using stoichiometric 3-hy-
droxyquinuclidine (3-HQD) between methyl acrylate (595)
and N-tert-butanesulfinyl imine 133 was reported by Ag-
garwal and co-workers (Table 19).2% In the absence of Lewis
acid, only 8% yield of the desired product $96 was obtained
(entry 1). Addition of several Lewis acids in catalytic
amounts (5 mol %) provided only modest improvement in
conversion, despite the prolonged reaction time (entries 2—6).
While the diastereoselectivity for this reaction was higher
when the tert-butanesulfinyl group was used (up to 96:4 dr),
acceptable yields of the desired product were only obtained
with p-toluenesulfinyl imines.

Wang, Chen, and co-workers demonstrated the addition
of the enolate derived from ethyl acetate and LDA to -amino
imines 103 (Scheme 151; for synthesis of these imines, see
section 3.2.3).%° In most cases, products 597 were obtained
with high diastereoselectivity. Unfortunately, the configu-
ration of the newly formed stereocenter was not determined.

10.1.2. Synthetic Applications of Ester Enolate Additions
to N-tert-Butanesulfinyl Imines

Ellman and Tang applied N-fert-butanesulfinyl S-amino
ester 571e to the formal synthesis of 600 which had been
patented by Monsanto Co. (St. Louis)*® as a GPIIbllla
antagonist (Scheme 152).2 Hydrolyis of the methyl ester
of enantiomerically pure 571e with LiOH followed by
coupling the resulting free 3-amino acid to -alanine ethyl
ester under standard peptide coupling conditions proceeded
in 85% overall yield for the two-step process. These
transformations demonstrate that the N-sulfinyl group is an
effective protecting group for both S-amino acid saponifica-
tion and amide bond coupling. Subsequent removal of the
tert-butanesulfinyl group under acidic conditions, and intro-
duction of the urea and amidine provided 599, constituting
the formal synthesis of 600.
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Scheme 151. Enolate Additions to f-Amino Imines

HTs

/K/\R1 THF, -78 °C EtO, Cgh)K/\

103 597

4

NHTs

EtOZC@‘\/D
R

597e: R = OMe; 75%, 99:1 dr
597f. R = Br; 91%, 99:1 dr

= CH3CO,EVLDA HTS
=0

520
PhHN NHTs
EtOZC\)‘\/'\@\
R

597a; R = H; 80%, 99:1dr
597b: R = Me; 70%, 99:1 dr
597¢: R = OMe; 85%, 99:1 dr
597d: R = Cl; 72%, 90:10 dr

NHTs
EtOZC\}\/\L)

597g: 75%, 75:25 dr

.8=0
HN™" NHTs

Ph :
Eto,c”>l A
z Zph

597h: 75%, 99:1 dr

Scheme 152. Formal Synthesis of the GPIIbIIIA Antagonist
600

~
1. LIOH, MeOH, Hy0 | N
2. p-Ala-OEteHCI, -~ o
I :  DCC, HOBY CHyCl,

CO,Me H CO,Et

571e 598: 85%, two steps
3 steps Q
M H2NJ\©\ :
—_—
N/\
H H H COR
599 R = Et
600: R=H

Silverman and Lee demonstrated that the addition of an
enolate to the aromatic N-fert-butanesulfinyl aldimine 601
could be used in a traceless solid-phase synthesis of S-amino
acid-containing peptides (Scheme 153).2%7 Following the
conditions reported by Tang and Ellman,??> 3-amino ester
602 was generated in 79% yield. The high diastereoselectivity
of this transformation was confirmed by conversion of 602
to its Mosher amide, revealing a 99:1 diastereomeric ratio.
Hydroboration of the terminal olefin followed by Suzuki
coupling of the resulting borane compound with bromo-
polystyrene resin provided the support-bound -amino ester
derivative 603. Compound 603 was further transformed to
several 3-amino acid containing tripeptide analogues, which
upon cleavage from the polymer support with either TFA,
Br,, or ICI replaced the silyl support linkage with a hydrogen,
bromide, or iodide, respectively.

In complementary work, Ellman and Tang also demon-
strated the utility of the N-tert-butanesulfinyl-3-amino acids
571 as appropriately protected building blocks for the solid-
phase synthesis of S-peptides such as 609, known to adopt
a helical conformation, and the corresponding amide 610
(Scheme 154).2%7 B-Amino esters 571a—c were first hydro-
lyzed to the corresponding SB-amino acids 605a—c. The
unpurified saponification product 605Sb was loaded onto
4-sulfamylbutyryl resin 606.%* Removal of the sulfinyl group,
followed by washing with i/Pr,NEt, yielded the support-bound
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Scheme 153. Solid Support Synthesis of Peptides Containing
a f-Amino Acid

Y methyl acetate, Y

.Sy CITi(OiPr); (2.1 equiv), N
N| LDA (2.1 equiv) HN""0
@H THF, -78 °C /@/’VCOzMe
\/\Si \/\Si
Me, Me,
601 602: 79%
>99:1 dr
9-BBN then
bromopolystyrene, S
DMF, Pd(PPhg)s, HN" "0
Na,CO3 CO,Me
Si
Me,
603

@H%NMNWOE

0 = O
604:R=H, Br, |

Scheme 154. Solid-Phase Synthesis of f-Peptides

N\ LiOH, MeOH, "
% HZO §
o*>\H o = o°w o
Hl:, HIA.
RMOMe R OH
571a-c: > 98:2 dr 605a: R = Me
605b: R =/Bu
605c: R = jPr
1. 605b (3 equiv), PyBOP,
Oy P iPrEtN, CHOl, -40°C Bu @ o 0
HoN" \O 2. HCI, BUOH, CH,Cl, HzN N
606 3. iPryEtN wash 607
1. 605a (3 equiv),
PyAOP, HOAT, iPryEtN
DMF, CH,Cl, /l\:/le\)ci Bu O o\ 0
2.HCI, BUOH, CH,Cl, ~ HaN \O
3. iPryEtN wash 608
/Pr (0] Me /Bu (0] /Pr (0] Me (0] /Bu
H

609: R = COZH, 35%
610: R = CONHy, 40%

amine 607, which was next coupled with S-amino acid 605a,
yielding 608 after deprotection and neutralization. Subsequent
introduction of the other residues, cleavage of the N-terminal
tert-butanesulfinyl group, and removal from the polymer
support yielded the desired foldamer peptides 609 and 610
in 35% and 40% overall yields, respectively.

Ellman and Tang also devised a synthesis of the a,S-
disubstituted--amino ester 613 containing an azide as a
masked primary amine functional group (eq 61). The
standard reaction conditions for the addition of titanium
enolates to N-fert-butanesulfinyl imines (vide supra) resulted
in decomposition due to the presence of the azide functional
group. However, formation of the sodium enolate of 612
followed by addition to imine 611 provided 613 in 86% yield
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and 65:17:15:3 diastereomeric ratio. While the reaction
proceeded with only modest selectivity, diastereomerically
pure material was isolated by preparative HPLC. A method
for the synthesis of constrained f-substituted--amino acids
was also achieved (Scheme 155). Although the addition of
the titanium enolate of 614 to imine 611 yielded 615 with
poor diastereoselectivity, removal of the silyl protecting
group and Mitsunobu cyclization to 617 proceeded in good
yields.

N
o) R
NaHMDS, N
i\f OPMB EL0,-78 °C 07 NH O 61)
Nt iBu OPMB
IBU)\H N
N3
611 612 613: 86%
65:17:15:3 dr

The incorporation of a f-amino acid into a phosphoty-
rosine mimetic was demonstrated by Burke and co-workers.
Titanium enolate addition to N-fert-butanesulfinyl imine 618
provided the N-tert-butanesulfinyl protected S-amino phospho-
nomethyl-phenylalanine analogue 619 in 83% yield and
>95:5 dr (Scheme 156).2* Compound 619 was then suc-
cessfully incorporated into the model tripeptide 620 and
macrocyclic compound 621, which were designed as 3-amino
phosphotyrosyl mimetics based upon scaffolds that had been
previously shown to function as Grb2 SH2 domain-binding
ligands.?*

Ganesan and co-workers employed a titanium enolate
addition of 623 to the 3,y-unsaturated N-tert-butanesulfinyl
imine 622 in order to install the S-amino ester moiety in
their total syntheses of the marine natural products azuma-
mides A and E (Scheme 157).2*! The desired adduct 624
was obtained in a moderate 52% yield and then was
converted to 625 by selective removal of the PMB-group
followed by coupling with D-Val-D-Ala-OAll. Cleavage of
the sulfinyl group followed by coupling with Boc-D-Phe
provided intermediate 626 in 53% yield. Subsequent syn-
thetic transformations and macrolactamization generated
azumamide E (627). Azumamide E was converted to
azumamide A (628) in one step via an EDC promoted amide
bond formation reaction, completing the synthesis in 15 steps
for the longest linear sequence.

Based on the success of the dipeptidyl peptidase IV (DPP-
4) inhibitor Januvia used for the treatment of diabetes, Merck

Scheme 155. Synthesis of Cyclic #-Amino Ester 617

LDA (2 equiv) &
3 . OPMB CITi(OiPr); (4 equiv) O 'NH O
)N|\ © THF, -78 °C Bu OPMB
iBu” H OTIPS
OTIPS
611 614 615 66%
60:20:17:3 dr
5. Osg K
14% HE/pyridine @~ NH O PPh;, DEAD | N
— T s iBu
THF iBu OPMB U
o=
OH OPMB
616: 73% 817:73%
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Scheme 156. Synthesis of f-Amino Phosphotyrosyl Mimetic

methyl acetate,
CITi(OiPr)3 (2.1 equiv),
\O nBuli(2equiv)

THF, -78 °C COgMe
(BnO)zP (BnO)ZF’
619: 83%
>95:5dr
CONH2

le ¥
(HOXP MHE

or
o}
OO A
H

07 "NH O 0
9 N
(HO),P; H

621

Scheme 157. Total Syntheses of Azumamides A and E

%

Y LDA (2.2 equiv), z
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NS0, i TiCly, THF, 78 °
| OPMB
~ y Bt CoPMB
CO5Tce

CO,Tce

622 623 624: 52%

1. TFAJanisole N\

NH O YT

2. D-Val-D-Ala-OAll, é
CH,CI
zev2 W~ N/\[r \‘)J\OAH

PyBOP, iPryEIN, o7
0,
CO,Tee 625: 66A>
0]
1. HCI, EtOAc, /PrOH
2. Boc-D-Phe, PyBOP, TceO [
iProEtN, CH,Cl
2 2Ll ) o N7

626: 53%

O,
O, EDC, HOB, N
NH;
or NH,OH

NH H
. H HN
N o D
o)
0 Ph
HoN

Ph CO.H

627: Azumamide E 628: Azumamide A

& Co. Inc. evaluated other classes of DPP-4 inhibitors.
Toward this goal, a series of DPP-4 inhibitors incorporating
a fluoroolefin were synthesized by Edmondson and co-
workers.?*> The embedded S-amino acid was generated by
the addition of the titanium enolate of methyl acetate to the
N-tert-butanesulfinyl aldimine 629 bearing the fluoroolefin
amide isostere (Scheme 158). Removal of the sulfinyl group
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Scheme 158. Synthesis of Fluoroolefin DPP-4 Inhibitors
1. methyl acetate,

LDA, C|T|(OIPT)3 NHB
\Ssg THF, -78°C oc
N0 X COMe
Ny 2 HCI, MeOH

3. Boc,0, THF, F
ag. NaHCO.
629 . s 630: 75% over 3 steps
NHeTEA

B W )\Ar

Scheme 159. Approach to the Asymmetric Synthesis of
Stemofoline via Enolate Addition to 633

j/\COZMe V

BnO B
632 CITi(OiPr); .Sy
V LDA Y0
+
THF, -78

H Bu A CO;Me
to-90 °C m
W 1
-Boc
%ﬁ@”

MeOZC

634: 72% major diastereomer
and 18% other diastereomers

/)\\/owle
o) i

o)

N
o) YBU

(¢]
637: stemofoline

02""6 co Me

and introduction of the carbamate protecting group provided
630 in 75% yield over three steps. The S-amino ester 630
was converted to a series of oxadiazoles 631, which were
evaluated for their potency against DPP-4.

An enolate addition to N-fert-butanesulfinyl imine 632 was
employed by Thomas and Vickers to install the requisite
p-amino ester in 634, an intermediate in their approach to
the asymmetric synthesis of the alkaloid stemofoline (637)
(Scheme 159).2*3 For this transformation both the imine 633
and the enolate 632 were chiral, and although experiments
were not conducted to identify the matched or mismatched
scenarios under the reaction conditions employed (CITi-
(OiPr)y, LDA, THF), the desired diastereomer 634 was
obtained as the major product in 72% yield along with 18%
yield of undesired diastereomers. Diastereomerically pure 634
was obtained after column chromatography, and the absolute
stereochemistry was determined by X-ray structural analysis
of a more advanced intermediate and was consistent with
the chelated transition state proposed by Ellman and co-
workers (see 572, Scheme 146). Further synthetic transfor-
mations provided either tropinone 635 or 636, potentially
useful intermediates for the synthesis of this complex natural
product.

The first total synthesis of bottromycin A,, an antibiotic
natural product, was reported in 2009 by Omura, Sunazuka,
and co-workers (Scheme 160).2* In order to complete the
synthesis of the natural product, it was necessary to determine
the configuration of the C43 stereocenter. Therefore, stereo-
selective syntheses of both enantiomers, 645 and 646, were
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Scheme 160. Synthesis of 647 and 648 for Determination of
Configuration at C43 of Bottromycin A,

P
N/P COLAllyl NaHMDS (2.2 equiv) HN

S

638; P = (Rg)-SOtBu 640
639: R = (Sg)-SOp-tolyl

20 mol%
Pd(PPhs),,

NEt3 HCOZH MeOH 0°C
CO;Me
THF, reflux <j%*\/ 2 &

NW/“\+< THF,-78°C
Q\: H  coMe

N CO,Me
Xy 4
<\/s Co,Allyl

641: (Rs,S); quant.
642: (Sg,R); quant.

NH,

N7)\/002Me
\

S

643: (Rs,S); 87%

645: (S), 93%, >99% ee

644: (Sg,R); 76% 646: (R); quant., >99% ee

o CO,Me
— HzN/,,fJ\” o~ \\S/)
= N
647: (C43S)
648: (C43R)
O
“'?NJ\NH By, o oz
' H i N ‘S
(0] N/Hf N4
\
HN ): O H%H N\/>
NH ‘tBu N Ph
iPr )
L O 649: Bottromycin A,

devised. An enolate addition of allyl methyl malonate 640
to N-tert-butanesulfinyl imine 638 provided the 5-amino ester
adduct 641 in quantitative yield. Palladium-catalyzed decar-
boxylation afforded 643, and deprotection of the sulfinyl
group yielded 645, which was enantiomerically pure by
HPLC analysis. Further manipulation provided the (C43S)
derivative 647. The (C43R) diastereomer 648 was synthe-
sized following the same route, but starting with the
p-toluenesulfinyl imine 639 with (S) configuration. Com-
parison by 'H NMR of both 647 and 648 with a sample of
natural material confirmed that the C43 stereocenter had an
R configuration.

10.1.3. 1,2-Additions of Ester Enolates to o.-Alkoxy N-tert-
Butanesulfinyl Imines

Ellman and Evans further developed the addition of
enolates to N-tert-butanesulfinyl imines to include a-alkoxy
aldimines as effective substrates (eqs 62 and 63).%* Previous
optimization studies had revealed that the highest yields and
diastereoselectivities were obtained with titanium enolates,
which were prepared by transmetalation of a lithium enolate
with CITi(OiPr); at low temperature in THF (see section
10.1.1). Using these conditions, additions to imines 650a—c
proceeded in good yields and with high diastereoselectivities
(eq 62). For these imine coupling partners, the observed anti-
stereoselectivity was consistent with previous observations
for enolate additions to o-alkoxy aldehydes®*® as well as the
addition of titanium enolates to N-fert-butanesulfinyl aldi-
mines.??” However, for the titanium enolate additions to
imines 652, the inherent selectivity imposed by the tert-
butanesulfinyl group is opposite to the selectivity provided
by the a-alkoxy group, as predicted by the Felkin—Ahn and
Conforth models, resulting in lowered anti-selectivities for
653a and poor to good syn-selectivities for 653b and ¢ (eq
63).
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V methyl acetate V
5. CITIOiP); (2 equiv) H
N"70 LDA (21equiv) HN" S0 (62)
\‘)'\H THF,-78 °C \‘/'\/COQMe
OR OR
650 651a: R = Bn; 96%, 88:12 dr

651b: R = TBS; 87%, 95:5 dr
651c: R = TBDPS; 74%, 91:9 dr

Y Y

methyl acetate
CITi(OiPr); (2 equiv)

PASD . i /S\\ PR
N S‘O L.DA (2.1 equiv) HN S0 N S‘O 63)
' THF, -78 °C
H
OR OR CO,Me OR CO,Me
652 anti-653 syn-653

653a: R = Bn; 89%, 74:26 anti:syn
653b: R = TBS; 51%, 43:57 anti:syn
653c: R = TBDPS; 78%, 10:90 anti:syn

Adducts 651a and 653a were further converted to lactone
654 in 94—95% yield by acidic removal of the sulfinyl group
followed by hydrogenolysis (eq 64). Concomitant removal
of the sulfinyl and TBDPS groups of 651b and 653b could
not be achieved, but selective cleavage of the sulfinyl group
was demonstrated under acidic conditions (eq 65). However,
removal of both protecting groups in addition products 651¢
and 651c was achieved, resulting in a direct synthesis of
lactones 657 and 658 in 78% and 94% yields, respectively
(eq 66). Later, this methodology was extended to the addition
of O-protected o-hydroxyacetates to o-alkoxy N-tert-bu-

tanesulfinyl imines (see section 10.1.4).24
o
Sy 1. HCI, MeOH
HN™ 0 2.PdC Hp HOl Q, (®4)
CoMe ——————
Y\/ < NHsCl
OBn
651a 654: 94-95%
653a

3
HCI, MeOH %Cozl\/‘e (65)

/

HN"T~0
COzMe

—%

OTBDPS
OTBDPS
651h 655: (3R,4S5); 85%
653h 856: (35.45); 93%
*S\\ o
HN" 0 HCI, MeOH o (66)
COMe — 5 4]
OTBS S NHC
651c 657: (4R.5S); 78%
653c 658: (45,55); 94%

10.1.4. 1,2-Additions of o.-Heteroatom Ester
Enolates to N-tert-Butanesulfinyl Imines

The first example of the addition of an a-alkoxy enolate
to an N-tert-butanesulfinyl aldimine was reported by Qin and
co-workers in their studies on the synthesis of N-protected
isoserine esters 655 (Scheme 161)**7 as side chain analogues
for the anticancer drug paclitaxel (Figure 8). Optimization
of the reaction conditions revealed that the highest yields
and diastereoselectivites for the desired adducts 655 were
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Scheme 161. Diastereoselective Additions of 654 to
N-tert-Butanesulfinyl Imines

NS * Boco. L LHMDS (5 equiy)  yy-Ssg
A oBn THE78C X_con
i " (:)Boc
2 654 655
H Ss 0
COZBn CO,Bn
OBoc OBoc
655a. R =H; 97%, >99:1dr 655e. 89%

655b: R = Cl; 96%, >99:1 dr >99:1 dr
655¢: R = OMe; 96%, 91:92 dr

655d: R = NO,; 98%, >99:1 dr

Y Y Y
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HN" 0 HN"TTO HN" "0
: CO,Bn / X}'\/COZBn G,/'\/002Bn
O\/B?:)/Boc =N 6Boc \ X éBoc
655f: 89% 6559: 2-pyr; 94% 655j: X = O; 84%
93:5:2:0dr 97:3:0:0dr 91:92dr
655h: 3-pyr; 84% 655k: X =S; 97%
>99:1 dr >99:1 dr
655i: 4-pyr; 83%
>99:1 dr
.Ss 655l: R = (CH,),Ph; 89%, >99:1 dr
HN™ "0 655m: R = iPr; 95%, 98:2:0:0dr

R/\/COZBn 655n: R = cPr; 96%, >99:1 dr

On-

Boc

“ The other isomers were isolated as an inseparable mixture contaminated
with byproducts.

z I H =
OH HBOZO‘ AcO

paclitaxel: R = Ph, R? = Ac
docetaxel, R = tBuQ, R = H

Figure 8. Structures of Paclitaxel and Docetaxel.

obtained when the reaction was conducted at —78 °C in THF
with fert-butyloxycarbonyl (Boc) protected a-hydroxy acetate
654 as the nucleophile and LHMDS as the base. Additions
to aromatic and heteroaromatic N-tert-butanesulfinyl imines
bearing a variety of electronically diverse substituents
provided 655a—Kk in very high yields (83—98%) and with
excellent diastereoselectivities. Several alkyl imines were also
employed, providing the desired adducts 6551—n in excellent
yields and diastereoselectivities. While 655¢ and j were
obtained as inseparable mixtures of isomers, compounds
655d, f, and m could be isolated in diastereomerically pure
form by silica gel chromatography. The absolute configu-
ration of 655a was determined by X-ray structural analysis.

Subsequent synthetic transformations were performed on
compound 655a to provide N,O-protected isoseric acid 656
and f3-lactam 657, which have both been used in semisyn-
theses of paclitaxel (Scheme 162). The free carboxylic acid
656 was generated in 94% yield after hydrogenolysis.
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Scheme 162. Protecting Group Manipulations of 655a
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Scheme 163. Synthesis of N-tert-Butanesulfonyl Analogues of
Docetaxel
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Treatment of 656 with Et;N and 2-chloro-1-methylpyri-
dinium iodide provided the desired f-lactam 657 in 45%
yield.

Several adducts that were synthesized by this methodology
were further converted into N-fert-butanesulfonyl derivatives
of docetaxel by Qin, Qu, and co-workers (Scheme 163).%4%
Paclitaxel and docetaxel, a semisynthetic analogue of pacli-
taxel, have both been approved by the FDA for the treatment
of cancer (Figure 8). Compounds 655a, g, and h were
oxidized with mCPBA to the corresponding sulfonamides
658 in 50—63% yield with concomitant oxidation of the
pyridyl group to the pyridyl N-oxide in the case of 658g
and 658h. Subsequent synthetic transformations provided
oxazolidines 659 as 3:1 mixtures of diastereomers. Coupling
of the carboxylic acids with 660 followed by protecting group
manipulations provided the desired analogues 661. These
derivatives were tested in vitro for their cytotoxicity against
a number of human cancer cell lines, revealing that 661g
and h each showed the same level of potency as paclitaxel
and docetaxel, while 661a was less cytotoxic.

The addition of an a-alkoxy enolate to N-tert-butanesulfi-
nyl a-alkoxy imines was applied by Aitken and co-workers
in their synthesis of the polyhydroxylated S-amino acid
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Figure 9. Microsclerodermins C, D, and E.
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Figure 10. Proposed transition states.

subunits in microsclerodermins C, D, and E (Figure 9).24
Evaluation of a number of O-protected a-hydroxyacetates
revealed that use of the enolate derived from 664 provided
the highest yields and diastereoselectivities for the synthesis
of the 8-amino acid present in microsclerodermins C and D
(eq 67). Under these conditions, 665 and 666 were synthe-
sized in 66% and 94% as single diastereomers, respectively.
X-ray structural analysis of both 665 and 666 determined
that 666 possessed the desired (25,3R) configuration. The
stereochemical outcome of this reaction was controlled
exclusively by the sulfinyl group, and both an open transition
state 667 and a closed transition state 668 were suggested
as possible explanations for the observed stereocontrol
(Figure 10). The S-amino acid fragment for microscleroder-
min E was synthesized in a similar fashion (eq 68).

0o
BocO\)J\OMe

664
*3 O LHMDS (4 equiv) *5=0

«  THF.-78°C HN  COMe 67)
_/_}——)‘ OBoc
662: (Rg)

665: (Rs,2R,SS); 66%, >99:0:0:0 dr
663: (Sg) 666: (S5.25.3R); 94%, >99:0:0:0 dr

The methodology developed by Aitken and co-workers
was later applied by Williams and Burnett in their synthesis
of the polyhydroxylated f-amino acid fragments of micro-
sclerodermins F—I, providing 672 in 36—45% yield (eq
69).249
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Y ny

3 664 3
5=0  |HMDS (4 equiv) $=0
N THF, -78 °C HN  CO,Me
\ oy —— (68)
RM R 74 A OBoc
50 N

669: R = (E)-CH=CH(4-OEt)-Ph 670: 79%

single diastereomer

o
v B°°O\£i\0|v|e N\

S O |iHvDS N
s N THF,-78°C & HNTTO

T e o
TBSG / TBDPSO d :O i
958 <

671 672: 36-45%

The addition of enantiomerically pure cyclic enolates
673—675 to N-tert-butanesulfinyl aryl or alkyl aldimines 2
for the synthesis of a-hydroxy-f-aminoalkanoic acids was
demonstrated by Guerrini, Varchi, and co-workers (Table
20).2° Enolates 673, 674, and 675 were chosen to probe the
reactivity and the stereochemical effects of different steric
constraints at the C2 and C5 positions. A number of imines,
derived from both (R)- and (S)-tert-butanesulfinamide, were
first evaluated as coupling partners with enolate 673 (entries
1—8). Regardless of the stereochemistry of the sulfinyl group,
the major product for this reaction was diastereomer 676
(entries 1—8, Table 20), arising from an exo approach of
the aldimine to the dioxalone enolate (see transition state
680, Figure 11). However, isomer 677, arising from transition
state 681, was more prevalent in products derived from (Rs)-
imines 2 than for the reactions with the analogous (Ss)-imines
2 (compare entries 1, 3, 5, and 7 to entries 1, 4, 6, and 8).
When enolate 674 was employed, the phenyl substituent at
the C5 position played the dominant role in the diastereo-
selectivity of the reaction. Racemic and enantiomerically pure
imines all provided diastereomer 677 exclusively (entries
9—11). The benzyl substituent at the C5 position and the
hydrogen substituent at the C2 position of enolate 675
resulted in a more varied product distribution (entries
12—17). Here the exo approach of the aldimine to the enolate
was more disfavored than when enolate 673 was employed,
resulting in a decrease in diastereomer 676. Once again, (Ss)-
aldimines favored the formation of diastereomer 676 more
than the enantiomeric (Rg)-aldimines, but an increased
amount of 678 was observed. With this enolate coupling
partner, the (Rs)-aldimines mainly formed diastereomer 677.
In general, the desired products were obtained in good yields.
In most cases, each stereoisomer was separated by column
chromatography.

The orthogonality of the acetal and sulfinyl protecting
groups was demonstrated in further synthetic transformations.
The sulfinyl groups for each isolated product 676—678 (a—q)
were selectively removed under acidic conditions to afford
the corresponding amines 684 in 72—92% yield without
epimerization. In the presence of LHMDS, base-induced
cyclization occurred to provide the S-lactams 685 in 71—90%
yield, with minor epimerization in some cases (eq 70).
Alternatively, the acetal group was removed by base-induced
methanolysis of select 1'-N-sulfinylamino-dioxalones to
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Table 20. Addition of Chiral Cyclic Enolates to
N-tert-Butanesulfinyl Aldimines

R G G
LiO , R)\H * S - *Sa
R N” ~0 N~ ~0 N~ =0
= 2 o g™ o gl 0 gl

o] 25O — S R + . R + »;)\R
2 78°C >\-(\ 3
R2>f o o] o]

tBu O (@] O
R R2”7 R2”%,
tBu tBu tBu
673: R=R%= Me 676 677 678

674 R=Ph, R%=H
675 R=Bn, R2= H

Ss or major combined
entry enolate Rg R product yield (%) 676/677/678
1 673 Rs  2-thienyl 676a 79 55:45:0
673 Ss  2-thienyl 676b 82 80:5:15
3 673 Rs iBu 676¢ 84 83:17:0
4 673 Ss iBu 676d 80 93:7:0
5 673 Rs Bn 676e 78 63:37:0
6 673 Ss  Bn 676f 75 79:0:21
7 673 Rs iPr 676g 88 89:9:2
8 673 Ss iPr 676h 93 >08:0:0
9 674 rac  iBu 677i 86 0:100:0
10 674 rac Bn 677j 75 0:100:0
11 674 Ss  iPr 677k 80 0:100:0
12 675 Rs  iBu 6771 77 24:72:4
13 675 Ss iBu 678m 79 46:0:54
14 675 Rs Bn 677n 58 45:50:5
15 675 Ss  Bn 6760 60 73:0:27
16 675 Rs  iPr 676p 61 57:43:0
17 675 Ss iPr 676q 70 89:11:0
O’S:N Rl N’;S:o ’S‘N o,/S*\N )
Lo Lio RT o, LR o LR
o a M SN o'l
0>'jO o Ro OHG 0.5G
R? "tBu R? “tBu R? “Bu R? “Bu
680 681 682 683

favored favored disfavored very disfavored

| | | |

*Ss, “Sx *Sx, S
’ \O . \O O - \O
o (O o b o i
3R 3R H)\R R
(0] (o] 0 O
(0] O @) (0]
R2>f R2>f R2>f R2>f
tBi tBu tBu tBu
676 677 678 679

Figure 11. Proposed transition states.

provide the corresponding N-tert-butanesulfinyl a-hydroxy-
p-amino methyl esters 686 in 75—90% yields (for example,

eq 71).
Y "

*Ss,

N O NHcl ~R LHMDS 1

AR "R j;( (70
7+ R MeOH/ELO

R2>/O tBu
tBu
676-678 684: 72-92% 685: 71-90%

In their studies on the syntheses of conformationally
constrained chiral o-hydroxy-/3%*3-amino acids, Battaglia and
co-workers reported the addition of enantiomerically pure
enolates 673 or 674 to N-tert-butanesulfinyl aldimines 2. The
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: N\

S\\ <
NaOMe, MeOH .Sy
Naone, M, HN™ 0 (71)

MeO,C >/\iPr
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the stereochemical outcome varied depending on the sugar
substituent. The absolute configurations of select products
were established by nuclear Overhauser effect experiments.
Selective cleavage of the sulfinyl group under acidic condi-
tions was demonstrated for all of the compounds to generate

O <
)/t By HO = the 1'-aminodioxolanones 691 and 692 in 75—94% yield.
676h 686h: 90% Selective removal of the acetal group was also demon-

products of this reaction, N-tert-butanesulfinyl substituted
C-(1")-aminoglycosyl-1,3-dioxolan-4-one adducts 689 or 690,
serve as N,0-orthogonally protected o-hydroxy-3>>3-amino
acids analogues (Scheme 164).%! N-tert-Butanesulfinyl imi-
nes 2, derived from carbohydrate scaffolds A—E, were
chosen to incorporate the pharmacokinetic and transport

strated by treatment of select products 689 and 690 with
sodium methoxide/methanol (eqs 72 and 73). The corre-
sponding methyl isoserinates 693 and 694 were obtained in
86—96% yields. Furthermore, the deprotected 1'-aminodiox-
olanones 691a—d and 692b—c were converted to the
corresponding f-lactams in 35—83% yields (eq 74).

properties of sugars with the structural features of o-hydroxy- A/ Q-
fB-amino acids. In initial studies, it was determined that the 'é\\o MeONa T
imines derived from (S)-fert-butanesulfinamide yielded the o M MeOH un- S0 72)
desired products with the highest diastereoselectivity. Treat- WR MeO,C._ -

ment of 687 or 688 with lithium bishexamethyldisilazide o? o} Ho>;\R
(LHMDS) at low temperature in a THF/HMPA solvent “Bu

mixture provided the corresponding chiral enolates 673 and 689a-d 693: 93-96%

674. Slow addition of the enolate to the appropriate
carbohydrate-based N-tert-butanesulfinyl imines 2 minimized
imine oligomerization and other side reactions to provide
689a—e and 690a—e in 58—91% yield. When enolate 673
was employed, the configuration at the newly formed 1’
stereocenter was consistently R, while, for reactions with 674,

The methodology was then further expanded to include
additions of enantiomerically pure enolates to N-fert-butane-
sulfinyl ketimines 65 for the first synthesis of enantiomeri-
cally enriched tetrasubstituted S-amino acids with two
adjacent quaternary stereogenic centers (eqs 75 and 76).?

Scheme 164. Addition of Enolates 673 and 674 to Carbohydrate-Derived N-tert-Butanesulfinyl Imines

Lio Y Y
R'LiHMDS R V $s s Q
=3 : 0 770 2N Hcl

A, %0 TEMPA G50 NS0 swe0c Q rI'y o R MeOH, Et,0 5
2 -78 ° 2 - 90 ° 5 v eOH,

Rz>fo nBe . e © By ot b >\\:‘)1'\R3 or PRy 2 0,5
1B B 5 5 2%
tBu tBu R” "H [¢] >2/ o) O>2/O R 18U

2% " 2¥°.
R™ "By R* 4By
687: R'=R?= Me 673 2 ggg gg;
ol ph R2e 674
688: R'= Ph, R2=H o
$=0 $=0 $=0 $=0 8=0 =0
’ ’ ’ ’ HN HN
o op o MY op™ o Qpr™
M > A i L * e e
5 5 5
0)2/ O 0 o)z/o °go %20 %0
“Bu B “tBu Bd Bu B4
689a: 690a: 689b: 690b: 689c: 690c:
91%, >98:2 dr 88%, >08:2 dr 89%, >98:2 dr 87%, >98:2 dr 58%, >98:2 dr 80%, >98:2 dr
§=0 HN,é:o
q M QPh OBn OBn OBn
)\5‘—(1-\0 }\\5'-(%0 A A~_0Bn B _A~._.0Bn §.,
O? o 0\2/0 R= ‘ ) o 1OBn
"tBu B OBn OBn o
689d: 690d: OBn OBn
83%, 95:5 dr 58%, 1:1 dr A B c
0
\(/ G HN
.§=0 .§=0 4 Y o=
HN HN 5 ] o N
0z > OPh §
)‘\‘—(1'\E TE ﬂ/o
o.s o5
%0 \2-0 TBSO  OTBS
“Bu B D E
690e:

689e:
87%, >98:2 dr

88%, >98:2 dr
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S3g MeONa,

HN N
Oﬁh’\)i MeOH _ HN'S‘O (73)
1R *
g , 5 MeOZC>;/'\R
\:/O HO Ph
=]
690a-c, e 694: 86-96%
NH
QR 2 rJY R
MR LHMDS, THF i
e s (74)
320 NH
R2"-, O
tBu
691a-d 35-83%
692b-c

Again, the lithium enolates 673 and 674 were studied to
probe the effects of sterically distinct substituents at the C2
and CS5 sites on the diastereoselectivity of the reaction. Only
ketimines 65 derived from (R)-tert-butanesulfinamide were
utilized as coupling partners because preliminary experiments
had revealed that they provided the desired products with
higher diastereoselectivites. When enolate 673 was utilized,
products 695a—c were obtained in 70—76% yield and with
83:17 to 91:9 diastereomeric ratios (eq 75). A change in
diastereoselectivity was observed when enolate 674 was
employed and products 696a—c were synthesized in moder-
ate yields (52—55%), but with excellent diastereoselectivities
(92:8 to 95:5 dr, eq 76). Additionally, separation of the
diastereomers was achieved by column chromatography for
695c¢ and 696a—c.

Lio Szp
THF HN
O)}jso( Y 78°C, MR (75)
- o
R)\ P

Bu
695a: R = Et; 70%, 83:17 dr
695b: R = Pr; 74%, 87:13 dr
695¢: R = Octyl; 76%, 91:9 dr

673 65

e G -N R (O (76)
wo q
o
tBd R)\ \2-0
1B
674 65 696a: R = Et; 55%, 95:5 dr

696b: R = Pr; 53%, 92:8 dr
696¢: R = Octyl; 52%, 92:8 dr

Selective removal of the sulfinyl protecting group was
demonstrated to provide the free 1'-aminodioxolanones 697
in very high yields without any degradation in diastereomeric
purity (eq 77). Treatment of the free amines with LHMDS
promoted cyclization to the S-lactams 698a—c in good yields
and to 699a—c in moderate yields (eq 77). After this
transformation, 698a and 698b were formed along with their
corresponding 1" epimers, but column chromatography
provided the diastereomerically pure products. The absolute
configurations at the 1" positions of the 1'-amino dioxolanes
695 and 696 were established by 'H NMR NOE experiments
on the corresponding -lactam derivatives 698 and 699. Base-
induced methanolysis selectively cleaved the acetal protecting
group of 695c to provide the methyl ester 700 in 86% yield

(eq 78).
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A‘/

Sz, OH
HN', "0 2 N Hel <R LHMD
O R:1 R S R1 77
R MeOHELO THF j/:
O>/o HMPA
R27™.

695a: 83:17 dr
695hb: 87:13 dr
695c: >99:1 dr
696a-c: >99:1 dr

X ¥

697: 88-98% 698a: 75%, 75:25 dr
698h: 72%: 78:22 dr
698c: 74%, >99:1 dr

699a-c: 35-46%, >99:1 dr

I NaOMe, MeOH >
O>\\:"-‘/:<octyl S\O 78)
o 4 MeOZCY<octyI

o HO
tBu
695¢ 700: 86%

The use of chiral N-acyloxazolidinone enolates 701 in
additions to N-fert-butanesulfinyl imines 2 was examined by
Varchi, Guerrini, and co-workers (Table 21).%>? The enolates
701 were prepared using LHMDS in THF/HMPA at —78 to
—90 °C. Slow addition of the N-tert-butanesulfinyl imine to
the enolate was required to minimize imine self-condensation
under the basic reaction conditions. Following this protocol,
open adducts 702 and bicyclic adducts 704 (proposed to arise
from cyclization of the diastereomeric open adducts 703)
were isolated. The observed stereochemistry at the C4
position of adducts 702 and 704 was always consistent with
approach from the less hindered face of the enolate (opposite
the rBu group). Both the chirality of the sulfinyl group and
the chirality of the enolate affect the product outcome (entries
1—6). This trend was also observed for reactions with imines
bearing a sterically demanding sugar substituent (entries
7—11; for A and E see Scheme 164). The absolute
configurations of the products were established by NOE
experiments and chemical correlation methods.

Acidic cleavage of the sulfinyl group was demonstrated for
several adducts. Alternatively, selective deprotection of the Alloc
group was accomplished by transfer hydrogenation under neutral
conditions with tetrakis(triphenylphosphine)palladium(0) cata-
lyst and PhSiH;. The free N—H cyclic compounds were
converted to the N-fert-butanesulfinyl protected syn-amino acids
705 in 98% yield after standing in THF/H,O (eq 79).

,'s\\o 1. PA(PPhy), cat., V
o M PhSiH; s\
: ~R o (79)

Iol 2. THF/H,O HO,C

\.-NAlloc R

S < NH,
tBu

entries 5, 6,7,11 705: 98%

Hu and co-workers reported a multicomponent reaction
in which N-fert-butanesulfinyl imine 706 is used to trap an
oxonium ylide, yielding -amino-o-hydroxy acid derivatives
708 with high optical purity.>>* Generation of a rhodium
carbenoid from diazo compound 702 followed by reaction
with an alcohol produced the oxonium ylide in situ, which
subsequently reacts with the imine (Scheme 165). It was
noted that electron-withdrawing substituents on the aryl ring
were necessary to increase the electrophilicity of the N-tert-
butanesulfinyl imine, allowing for more efficient trapping
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Table 21. Addition of N-Acyloxazolidinone Enolates 701 to
N-tert-Butanesulfinyl Iimines

Y o)é?’o

i *S\\O (@] i NH 4g 1"
LiO, _ / )|\H \2\’3‘ o + o\_Z/N NH
O NAlloc (R) or (S)-2 tBU " Alloc Bi 0
i THF/HMPA 702 704
tBu -80t0-60 °C
(R) or (8)-701 /
. S’
Jg"\NLu
tu” o Rioc
703

(R)- or (R)- or combined
entry (5)-701 (5)-2 R yield (%) 702/704
1 S R Ph 80 <2:>98
2 S S Ph 80 1:1
3 S R 2-thienyl 83 <2:>98

4 S R iBu trace 704
5 S S iBu 89 88:12
6 S S iPr 82 >98:2
7 S S A 59 >08:2

8 R S A <15¢

9 S R A 63 >98:2
10 R R A 79 5:95
11 S S E 89 >08:2

“ Inseparable mixture of addition products obtained.

Scheme 165. Additions of Oxonium Ylides to
N-tert-Butanesulfinyl Imines

Y ROH Y

N Rh,(OAG) N
N" 70 MeO,C (1 mol%h) HN™"0
/@/kH + Ph>:N2 CH,Cly, A /@/S{Ph
RO To,M
O,N O,N 2Me
706 707 708: >98:2 dr

RO COMe
O,N z

2
R 708d: R = Me; 45%
708a: R2 = H: 58% 708e: R = Et; 62%
708b: R? = OMe; 40% 708f: R = iPr; 35%
708c: R? = NOy; 38% 708g: R = allyl; 50%

of the oxonium ylide. Yields for 708a—g were moderate due
to formation of a competitive O—H insertion product, but in
all examples the diastereoselectivity was very high (>98:2). The
absolute configuration was determined by X-ray analysis of
708a. Cleavage of the sulfinyl group under acidic conditions
without racemization was also demonstrated.

10.2. Synthesis of Other -Amino Acid
Derivatives

10.2.1. Synthesis of B-Amino Ketones

The first example of an addition of a ketone enolate to an
N-tert-butanesulfinyl imine was reported by Yuan and Chen
for the synthesis of chiral 4-amino-2-oxophosphonates
(Scheme 166).2% Treatment of 709 with lithium hexameth-
yldisilazide (LHMDS) generated the dianion that then added

Robak et al.

Scheme 166. Synthesis of 4-(N-tert-Butanesulfinylamino)-
2-oxoalkylphosphonates 710

V LHMDS,

THF,-78°C | 5.

Nl )K/P(owle)2 O/ZNH 0 ©
R/'\)'\/P(OMe)
’A’(R2 =H) 709 710
65 (R? = Me) Y
if " CNH OO
O”"NH O O P(OMe),

11
A Fowe,

710a: 85%, 76:24 dr

710b: R = H; 82%, >98:2 dr
710c: R = Me; 81%, >98:2 dr
710d: R = F; 80%, >98:2 dr
710e: R = Cl; 84%, >98:2 dr

Y

o”?\

NH O O

710g: 79%, >98:2 dr

710h: R = Et; 80%, 85:15 dr
710i: R = Bu; 83%, 92:8 dr
710j: R = tBu; 82%, >98:2 dr
710k: R = hexyl, 84%, >98:2 dr

R A M Pome),

Scheme 167. Conversion of 710 to Pyrrolidines 712
1. HCI, MeOH

Y 2. (Boc),0, Et;N
s. or CbzCl, NaHCO,
o/’R2 NH O o T
P(OM
"I Powe),
710a-c, f, g,j, k
0
R3, Ph
NH O O - 2 —
R2 il . R b_/
R;'\)l\/P(OMe)2 RN
\
R3
711: R® = Boc or Cbz; 712
73-87%

to enantiomerically pure N-fert-butanesulfinyl aldimines 2
or ketimines 65. While the addition to the N-fert-butane-
sulfinyl imine derived from benzaldehyde provided 710a in
high yield (85%), only moderate diastereoselectivity was
achieved. The addition of 709 to N-tert-butanesulfinyl
ketimines proceeded in good yields (79—84%) and generally
with very high diastereoselectivities (710b—g, j, and k). The
lower diastereoselectivity observed for adducts 710h and 710i
was attributed to the presence of both Z- and E-isomers of
the ketimine precursors. Removal of the sulfinyl groups for
select substrates was achieved under acidic conditions, and
the resulting amines were reprotected as the carbamates 711,
which were further converted to a number of 2-ben-
zylidenepyrrolidinones 712 (Scheme 167).

Recently, Scheidt and co-workers published an example
of additions of a-acylvinyl anion equivalents to N-tert-
butanesulfinyl imines (Scheme 168).2% Lithium allenolates
(£)-714 were generated in situ by treatment of ()-713 with
nBuLi in THF at —78 °C before addition of the N-tert-
butanesulfinyl imine 2. HMPA was identified as a necessary
additive to achieve high diastereoselectivity. Under the
optimized conditions, a series of a-hydroxypropargylsilanes
(£)-713 were investigated as substrates. A variety of
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Scheme 168. Addition of a-Acylvinyl Anions to
N-tert-Butanesulfinyl Imines

HO.__SiMePh, R1

1 | ,
RW BEoc | T 2 o >0

R2 Rzﬂ\H i_%”‘::é RTJﬁ/LRS
2
(£)-713 ()-714 " s
Y
om0 o nvSvo
Me)‘j/KAPh RJ]/KA%
R? Ph

715a: R2 = Ph; 75%, 95:52
715b; R2 = Bu; 77%, 94:62
715¢: R? = tBu; 83%, 9552
715d: R? = (CH,);0TBS: 85%, 93.72

715e: R' = Et; 70%, 95:5°
715f: R' = jPr; 70%, 95:5°
715g: R' = tBu; 86%, 95:52

Y
o HN S o 1o o %o
Me)j/'\Ph me” ) Me/tm
Ph Bu R Bu” Cl
715h:73%  715i: R = H; 84%, 93:72 715m: 83%

9372 715j; R = ClI; 85%, 93:7° 9372
715k: R = Br; 77%, 92:8°
715l: R = OMe; 81%, 955

3y y

o S0 o 1S
Me { = Ph Me { R®
Bu Bu

715n; 71%, 95:52 7150: R®=jPr; 94%, 91:9°
715p: R°® = Cy; 84%, 89:112

715q; R® = {Bu; 74%, 89:112

“ Ratios provided as major/sum of the minor isomers.

substituents could be incorporated at the R!' and R? positions,
providing adducts 715a—d and 715e—g, respectively, in high
yields and diastereoselectivities. A variety of N-tert-butane-
sulfinyl imines 2 were also successfully employed, affording
aryl (715h—m), o, S-unsaturated (715n), and branched alkyl
(7150—q) adducts in high yields and with good diastereo-
selectivities.

The absolute stereochemistry of addition product 715h was
determined by X-ray structural analysis. Mechanistic studies
were conducted to evaluate the possibility of a kinetic
resolution of the racemic allene under the reaction conditions.
To probe this hypothesis, excess lithium allenolate (4)-714
(R' = Me, R?> = Ph) was employed under the standard
reaction conditions. Analysis of the remaining silyloxyallene
after consumption of the limiting imine reagent revealed
some optical enrichment (32% ee), indicating a preferential
reaction between one enantiomer of the allene and the N-tert-
butanesulfinyl imine. To rationalize this result and the
stereoselectivity observed in the reaction, the authors pro-
posed two open transition states, 716 and 717, which form
the coupled product 715 at different rates (Figure 12).
Addition of the nucleophile to the imine from the face
opposite to the tert-butyl group explains the high diastereo-
selectivity, and the regioselectivity favoring the Z-alkene
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716 715 77
Figure 12. Proposed transition states 716 and 717.

Scheme 169. Tandem Conjugate Addition—Mannich

Reaction
(I ™
—Ph
A:/ SIP—N Y
N Ph .
oo I wd ™ g o
&Lph 6 mol% 719 &\Ph
Et Et
720 75% 721: 83%
>95:5 dr

91:9 dr (>95:5 dr)?

o §|/
ij + CulOTh), + Euzn + N-5%
|
Ph)\H

718 s . Rg133
(3 equiv) 3 mol% 4 equiv Se133
Q I’FN o] 0 mN’S\O
7~ Ph ph
I s
722: 75% ~r”vo. PPh 723 70%
>95:5 dr P—N 91:9dr

O Mpn
Me

6 mol% ent-719

“Five equivalents of Et;Zn were utilized.

results from the approach of the imine opposite to the R?
substituent. The different rates of allene addition are then
dictated by the interactions with the R! substituent.

The asymmetric synthesis of S-amino ketones via tandem
enantioselective conjugate addition and a Mannich reaction
with N-tert-butanesulfinyl imines was first evaluated by
Gonzalez-Gomez, Foubelo, and Yus in 2008%7 and was later
expanded in a full report (Scheme 169).2® Optimization of
the reaction conditions revealed that good conversion to the
desired product was achieved in the presence of 3 mol %
Cu(OTf),, 4 equiv of diethylzinc, and 3 equiv of enone 718.
The chiral phosphoramidite ligand 719, developed by Fer-
inga,” was chosen due to its previous success in asymmetric
copper-catalyzed conjugate addition of dialkyl zinc reagents
to cyclic enones (>98% ee). Under these conditions, 721 was
generated from imine Rs-133 in 83% yield as a single
diastereomer. Likewise, 722 was produced in 75% yield as
a single diastereomer from the reaction between imine Ss-
133 and ent-719. A slightly lower diastereoselectivity was
observed for the reaction between the pairs 719/S5s-133 and
ent-719/Rs-133, but this was overcome by increasing the
amount of Et;Zn to 5 equiv in the case of 720.

The scope of the reaction was evaluated using several
N-tert-butanesulfinyl imines 2, dialkyl zinc reagents 725, and
cyclic enones 724 (Scheme 170). Addition of diethyl zinc
to electron-neutral and electron-deficient aryl imines 2
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Scheme 170. Reaction Scope for the Addition of Enones to N-tert-Butanesulfinyl Imines
o : Y
Y 3 mol% Cu(OTf), 3.
+ Rzn + N,S\\Oemo\%ﬂa O N
I CH,Cl,, -20 °C R?
" R "H «
T R
724 725 2 726
single diastereomer
unless otherwise noted Y
.Sy .Sy Sy -Ss, »é\\ 9 fAN"O
9 fN"To 0 HNTTO O N oq—n;l o) 0 N0 Hh CO.Me
Et
Et Et R R R Me
7262 65% 726b R = Cl: 68% 726d: R=Et; 84%  726f R = Et, 86% 726j: 92% 726k: 82%

726¢: R = OMe; 0% 726e: R = Bu; 90%

.S .S« ,S:O
O HNTTF O HNTTF HN
N0 JNTo o
Me Me Et
7261: 60% 726m 25% 726n: 66%
0 mu’s\\o o) FIw’s\\o 0 mw’s“o
éj/\ﬂph é:/\/\Ph é_/\Ph
‘Et P iPr
726r 80% 726s: 81% 726t 83%
85:5:10 dr >955 dr 94:6 dr

¢ After purification by column chromatography.

provided 726a and 726b in good yields as single diastere-
omers, but no product was observed when an electron-rich
aryl substituent was employed (726¢). Aliphatic unbranched
N-tert-butanesulfinyl imines 2 were more reactive than the
aromatic precursors. For these substrates, several dialkyzinc
reagents were employed to provide 726d—h in 80—90%
yield. When diphenyl zinc was used, diastereomerically pure
726i was isolated after column chromatography in 49% yield.
However, the authors noted that the minor diastereomer
resulting from poor enantioselectivity in the conjugate
addition step was also present in the crude mixture. Ad-
ditionally, by increasing the amount of diethyl zinc from 3
to 4 equiv, 726j, derived from the S-enantiomer of the N-fert-
butanesulfinyl imine, was generated in high yield and with
excellent diastereoselectivity. The mild reaction conditions
also enabled the preparation of the functionalized adduct
726k in 82% yield. An o,(-unsaturated imine and an
a-branched alkyl imine were also explored, and the expected
products 7261 and m were generated, albeit in lower yields.
Cycloheptenones were also compatible as the enone com-
ponent, providing 726n—q in good yields and diastereose-
lectivities.

The scope of the methodology was extended to include
the more challenging cyclopentenone as the enone reactant.?>
Optimization of the reaction conditions included a screen of
several chiral ligands that had been developed for this
Michael acceptor, but 719 provided the best results. Pre-
mixing all of the components before addition of the dialkyl-
zinc also increased the diastereoselectivity. Under these con-
ditions, 726r was isolated in 80% yield and with a 85:5:10
diastereomeric ratio. Notably, the opposite configuration was

726g: R = Me; 86%
726h: R = jPr; 80%
726i: R = Ph; 49%

¥

Y Y

.83, S .Sz
o HNTO o HNTO o HNTTO
H = H : H = o
octyl
Et Et Me
CO,Me
7260: 95% 726p: 85% 726q 86%
N .Ss .Sy
0] FJ—!N'S‘O o] '_I"N ~0 (0] '_I‘”}l ~0
; SN p, ™ ipr
Py OMe “iPr “ipr
726u: 78% 726v: 79% 726w: 86%
87:13 dr 84:16 dr 70:30 dr
(>95.5 dr)?

obtained at the 3 stereocenter when cycopentenone versus
cyclohexenone was used. Increased diastereoselectivity was
observed for 726s, obtained by reaction with the more bulky
iPr,Zn reagent. A number of N-fert-butanesulfinyl imines 2
were evaluated with cyclopentenone and iPr,Zn. While
unbranched alkyl and electron-neutral aryl imines proceeded
with high diastereoselectivity (726s—t), electron-rich aryl,
o.,B-unsaturated, and branched alkyl imines provided adducts
726u—w with lower stereoselectivity. Electron-rich aromatic
imines and o-branched alkyl imines were both compatible
with this transformation, providing 726u and w in high
yields, where poor or no reactivity was observed for the
analogous reaction with cyclohexenone. Although 726w was
formed with the lowest diastereoselectivity (70:30 dr), the
diastereomers could be separated by column chromatography.

Cycloheptenone 726p was converted to piperidone 727
in two steps, and the absolute configuration of this product
was determined by X-ray structural analysis (eq 80). This
stereochemical outcome was rationalized by invoking a six-
membered cyclic transition state (see transition state 572,
Scheme 146). Concomitant mCPBA-mediated oxidation of
the fert-butanesulfinyl group and Baeyer—Villiger oxidation
of a number of 3-amino ketones was also demonstrated (eq
81). Alternatively, stereoselective reduction of [-amino
ketone 726f was also explored (see section 13.2).

In their studies on the development of HIV-1-protease
inhibitors, Larhed and co-workers developed a novel method
for the synthesis of 3-aminoindan-1-ones from either the (Rs)-
or (Ss)-N-tert-butanesulfinyl imines 729a and b (Scheme
171).2%° The annulation reaction was performed in a one-
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o oo
H = - EgN, CHoClp (80)

Et

CO,Me
726p 727: 65%

*S.. MCPBA (4 equiv) o

O JIN""O  NaHCO,

o}
R H NHBus (81)

R 2
" R xR
726:n=0,1 728: 60-96%
=94:6 dr

pot, two-step sequence commencing with an o-arylation of
730 via a Heck reaction providing intermediate 731. Treat-
ment with Znl, then resulted in efficient cyclization. Extrac-
tion with citric acid to cleave the resulting acetal group
yielded the desired compounds 732 in moderate yields
(60—73%) and diastereoselectivities (74:26 to 83:17). These
compounds were converted to HIV-1 protease inhibitors 733.

In an effort to develop an expedient synthesis of 5-amino
aldehydes and ketones, Davis and co-workers explored the
addition of enolates derived from the Weinreb amide 735 to
N-sulfinyl aldimines (Scheme 172).2°! While their study
focused on the use of p-toluenesulfinamide as the chiral
amine reagent, the effect of the sulfinyl substituent was
probed with several N-fert-butanesulfinyl imines 734a—c.
The additions of the amide enolate of 735 to imines 734
were carried out in the presence of KHMDS in THF at low
temperature (—78 °C) to form the N-fert-butanesulfinyl
[B-amino amides 736a—c with lower diastereoselectivity than
their analogous N-p-toluenesulfinyl derivatives. In the pres-
ence of excess methyl or phenyl magnesium bromide, adduct
736a was converted to the S-amino ketones 737 and 738 in
81% and 83% yield, respectively.?®> Davis and Song also
extended this methodology to the synthesis of syn-o-
substituted 3-amino ketones via the addition of the enolate
of 739 to a series of N-sulfinyl aldimines (eq 82).2%* While
good yields and diastereoselectivities were observed for
p-toluenesulfinyl, N-2,4,6-mesitylsulfinyl, and N-2,4,6-tri-

Scheme 171. Synthesis of 3-Aminoindan-1-ones 732

R Ao ™~N R0y
oTf 730 £ OH

Pd(OAC), (5 mol%) (

H DPPP (10 mol%) H Znl,, 40 °C
DPFF U mole) | .

I EtsN, MeCN, 100 °C C | then 1 M
S/O N\S/,O citric acid
S extraction
(Rs) OF (S5)-729a: R = H a 731

(Rs) or (Sg)-729b: R = OMe

HN‘s HO HO 0
/T
(Rs,S)-732a: 73%, 79:21 dr 733

(Ss,R)-T32a: 70%, 74:26 dr
(Rs,S)-732b: 60%, 82:18 dr
(Ss.R)-732b: 60%, 83:17 dr
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Scheme 172. Addition of Weinreb Amide Enolates to
N-tert-Butanesulfinyl Imines

N\ o KHMDS Y

(1.6 equiv) S
JSs + OMe ——————= 0°"°NH O
JN\ 0 )J\III THF, -78 °C H OMe
R™ "H R ’i‘
734a: R=Ph 735 736a: 52:48dr
734b_: R=Pr 736b: 86:14 dr
734c: R=1Bu 736¢: 88:12dr
MeMgBr or Y
7362 PhMgBr O°"°NH ©

737: R =Me; 81%
738: R = Ph; 83%

isopropylphenylsulfinyl aldimines, when the enolate derived
from 739 was mixed with imine 734a, only unreacted starting
material was obtained. The authors hypothesize that the larger
size of the fert-butanesulfinyl group inhibits the addition of
the bulkier amide enolate.

S e} KHMDS O*"°NH ©
)lN\ <0 )—L OMe (1.6 equiv) B OMe (82)
+ Et ’ pre—— T N”
Ph” H | THF, -78 °C R
734a 739 740: 0%

10.2.2. Synthesis of 5-Amino Nitriles

The synthesis of S-amino nitriles by the direct stereose-
lective addition of a cyanomethyl group to N-tert-butane-
sulfinyl aldimines was accomplished by Mukaiyama and
Michida.?** For this transformation, TMSCH,CN, activated
by a Lewis base, was employed as the nucleophile, and the
reaction conditions were optimized with N-fert-butanesulfinyl
benaldimine (2, R = Ph). A screen of Lewis bases was
conducted, and the highest yield and diastereomeric ratio of
742a was obtained when 1 equiv of tetrabutylammonium
phenoxide (PhONBu,) was utilized in THF at —78 °C
(Scheme 173). Electronically diverse N-tert-butanesulfinyl
aromatic aldimines with substitution at the ortho-, meta-, or
para-position were readily converted to the corresponding
cyanomethylated adducts in good yield and diastereoselec-
tivity (742a—g), and heteroaromatic compounds could also
be synthesized (742h and i). Addition to an aliphatic imine
lacking a-protons provided 742j in 88% yield and >99:1 dr
while a low yield was obtained when imine 2 (R = Cy) was
employed, presumably due to o-deprotonation under the
reaction conditions (742k, 22% yield). Purification by
crystallization then afforded the diastereomerically pure
cyanomethylated products. The (Rs, R) configuration was
determined by an X-ray crystal structure of 742a, and the
configurations of 742b—k were assigned by analogy.

A masked acyl cyanide reagent 743?® has also been
developed and added to N-tert-butanesulfinyl aldimines.?%
Addition of 743 to imines 2 with trimethylsilyl trifluo-
romethanesulfonate (TMSOTY) as a Lewis acid and 2,6-
lutidine as the base provided adducts 744a—d in high yields
and with excellent diastereoselectivity (Scheme 174). Depro-
tection of the TBS group in 744a followed by in situ amide
bond formation with butylamine afforded 745 in 92% yield
as a single diastereomer (Scheme 175). The sulfinyl group
was removed followed by conversion to the N-tosyl product.
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Scheme 173. Addition of a Cyanomethyl Silane to
N-tert-Butanesulfinyl Imines

TMSCH,CN (741, 1.5 equiv), Y
PhONBuy4 (1.0 equiv)

N N
)N'\ O THF, -78°C HN (C)
R”H RN
2 742

N NS0

742a: R = H; 94%, 98:2 dr 742d: R = Cl; 93%, 96:4
742b: R = 2-Cl; 95%, 90:10 dr  742e: R = Me; 92%, 99:1 dr
742c: R = 3-Cl; 95%, 94:6 dr ~ 742f: R = OMe; 79%, >99:1 dr

742g: 90%, >99:1 dr  742h: 88%, 97:3 dr

Y Y

. Sy
S0 N

~_-CN
tBu” >

742i: 93%, 88:12dr

742: 88%, >99:1 dr  742k: 22%, 96:4 dr

Scheme 174. Addition of a Masked Acyl Cyanide to
N-tert-Butanesulfinyl Imines

Y oTes TMSOTf (3 equiv) Y

o H oN 2,6-lutidine (2 equiv) HN’S\\O
| CH2C|2, rt R
)\ CN OTBS
R H R
NG CN
2 743 744

NS0 HN0 NS0
- ~ OTBS H
P~ OTES /©/§<CN o OT8S
NC CN R NC NC CN
744a: 99% 744h: R = MeO, 89%,100:0 dr 744d: 73%
100:0 dr 744c: R = CF3, 88%, 100:0 dr 100:0 dr

Scheme 175. Subsequent Synthetic Transformations of 744a

Y BUNF, Y 1. HCI NHT

X 8. MeOH
Hn-S%o _,i:’:HZ* HN™%0 oy Ve
< A - NHB 2.TsCl
ph/§<OTBS -40°C Ph/w ! pyridine o)
NC CN 0
744a 745: 92% 75%

single diastereomer
10.2.3. Synthesis of f-Amino Phosphinates

Yuan and Zhang developed a method for the synthesis of
fB-amino phosphinates, a f-amino acid isostere, from N-fert-
butanesulfinyl aldimines and ethyl (1,1-diethoxyethyl)meth-
ylphosphinate 746 (Table 22).2” Deprotonation of 746 with
nBuLi followed by addition to N-fert-butanesulfinyl aldi-
mines 2 proceeded smoothly at —78 °C to afford a mixture
of phosphorus stereoisomers 748 and 749, which were
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Table 22. Synthesis of f/~Amino Phosphinates from
N-tert-Butanesulfinyl Aldimines
\_:% — _+ O"%NH o é
N OEt P& OEt
N"0
| EtOXP/,O R 8kt OEt
R™ 'H Y \© 748
2 ; BO ¥H Ar H
nBuLi H SN .
* THF o Y +
O ot 787°C
— N
y OFEt o @
OEt
i | A PO
OEt OEt
746 747 749
yield (%) yield (%)
entry R 748 of 748 749 of 749
1 Ph 748a 42 749a 43
2 4-Me-Ph 748b 47 749b 43
3 4-MeO-Ph 748c 49 749¢ 50
4 4-Me,N-Ph  748d 49 749d 44
5 4-CH;S-Ph  748e 46 749¢ 44
6 4-F-Ph 748f 47 749f 47
7 4-Cl-Ph 748¢g 47 749¢g 48
8 4-Br-Ph 748h 47 74%9h 44
9 2,4-C1-Ph 748i 48 749i 48
10 2-thienyl 748;j 48 749j 50
11 2-naphthyl 748k 41 749k 49
12 biphenyl 7481 45 7491 41
13 tridecanyl 748m 48 749m 48
Scheme 176. Deprotection of 748h
Y PhSH (3 equiv)
oS Ne o NbBCl5/CuSO, (10 mol%)
II‘DI- ‘ IéOEt CH,Cl,
OEt OEt
Br
748h
NH, 9 TMSCI, NH, O
EtOH, CH,CI 1
I?' ' 'éOEt 212 F: 'H
OFEt OEt OEt
Br Br
750: 72% 751: >99%

separable by column chromatography. A crystal structure of
each isomer was obtained revealing that 748 (with Sp
stereochemistry) and 749 (with Rp stereochemistry) both
displayed R stereochemistry at the newly formed a-carbon.
The stereochemistry of the adducts was rationalized by the
open transition state 747. A variety of aryl, heteroaryl, and
alkyl aldimines were subjected to the reaction conditions,
providing mixtures of 748 and 749 in good yields and with
complete stereocontrol at the newly formed S-carbon ste-
reocenter (entries 1—13). However, the authors noted that
these reaction conditions were not applicable to ketimine
substrates and provided only trace amounts of the desired
adducts for these substrates.

A deprotection strategy to access the desired -amino
phosphinates was also developed (Scheme 176). The acid
lability of 748h prevented concomitant deprotection of the
sulfinyl group and hydrolysis of the ethyl phosphinate group
under aqueous conditions and hampered the selective removal
of the sulfinyl group under acidic conditions (HCI in MeOH/
dioxane). In addition, all attempts to cleave the sulfinyl group
after removal of the diethoxyethyl group from the phosphorus
resulted in decomposition. An alternative protocol for the
removal of the sulfinyl group was achieved by thiophenolysis



Synthesis and Applications of tert-Butanesulfinamide

Scheme 177. Synthesis of Chloramine 755 from
N-tert-Butanesulfinyl Ketimine 752

\/

N nBuli, OEt

N0 9 TMEDA ></ :
P = %/S N K “OEt

P(OEt)z THF, -78
(*)-752 753

_—— O X/g, OR

755. R=H, Et

754: 29%

Scheme 178. Synthesis of #-Amino Sulfonates

y o o _ 9R1R2

NS Y pBuli, S. SOEt
{0 ~>0Et  THF, HUPA N& °
R1J\R2 -78°C
3 756 757
1. LIOH 1 )
THF, MeOH, H,0 ®R><Ri o R><az/
2. HCI, MeOH, HaN S0s CI,N SOsNa
dioxane
758b: 35% 759
758¢: 100%
7586 7%
@ RUR? ?
8., X __SOsEt s\ soEt Q@
N H >(3\N SOSEt

757a: R' R2 = Me: 21% 757d: 30% 757e: 15%

757b: R', R2=jPr; 41%
757¢: R' = Me, R? = CH,OMe;
42%, 2:1 dr

in the presence of 10 mol % NbCls and 10 mol % CuSO, to
provide 750 in 72% yield. Removal of the diethoxyethyl
group was then implemented, providing 751 in >99% yield.
This sequence was also conducted with 749h with compa-
rable results.

Recently, Jain and co-workers coupled (diethoxyphospho-
ryl)methyllithium, generated in situ from the reaction
between nBuLi and diethyl methylphosphonate (753), with
racemic N-tert-butanesulfinyl ketimine 752 (Scheme 177).!!
While the resulting adduct 754 was produced in modest yield,
this is the only example of phosphonate anion addition to
an N-tert-butanesulfinyl ketimine. Hydrolysis and chlorina-
tion of 754 provided the desired dichloramines 755, which
were evaluated as antimicrobial agents against Staphylococ-
cus aureus, Escherichia coli, and Candida albicans.

10.2.4. Synthesis of f-Amino Sulfonates

Shiau, Jain, and co-workers at NovaBay Pharmaceuti-
cals developed a method to prepare -amino sulfonate
esters 757 from N-tert-butanesulfinyl ketimines (Scheme
178).° In this study, the S-amino sulfonate skeleton was
synthesized by coupling N-fert-butanesulfinyl ketimines 3
with ethoxysulfonylmethyl anion generated from 756 and
base. Several bases and cosolvents were screened in an effort
to optimize the reaction, but even under the best conditions
evaluated (nBuLi, THF, HMPA, —78 °C), yields remained
modest for compounds 757a—e (15—42%). These adducts
were converted to the corresponding 5-amino sulfonates 758
after hydrolysis and removal of the sulfinyl protecting group.
N-Chlorination provided a number of N,N-dichlorotaurines

Chemical Reviews, 2010, Vol. 110, No. 6 3681

759, which were evaluated for their aqueous stability in order
to assess their suitability as antimicrobial agents.

11. Synthesis of 1,2-Amino Alcohols
11.1. 1,2-Addition to a-Alkoxy Imines

Barrow and co-workers at Merck published the first
report on addition of organometallic reagents to a-alkoxy
N-tert-butanesulfinyl aldimines for the synthesis of 1,2-
amino alcohols.®? Both a-benzyloxy imine 760 (eq 83) and
a-silyloxy imine 763 (Scheme 179) were investigated as
substrates. Additions of phenyl organometallic reagents (both
Grignard and organolithium) to o-benzyloxy imine 760 in a
variety of solvents revealed that the highest stereoselectivity
(>91:9) was observed for the addition of PhMgBr (in Et,0)
to the imine in dichloromethane as a reaction solvent. Lower
selectivity was observed when PhMgBr in THF was used.
Acidic deprotection of the sulfinyl group was demonstrated,
providing benzyl protected amino alcohol 762 in high yield.

Y Y

S .Sy,

I “O PhMgBrin EtZO HN ~0 HC! NH,CI
Kk H  CHyCly, -78°C MeOH (83)
OBn Bn
760 761a: 90% 762: 81%
>91:9dr

Organometallic reagent additions to a-silyloxy imine 763
were also investigated, with the best stereoselectivity obtained
when an Et,0 solution of PhMgBr was employed with

Scheme 179. Addition of Organometallic Reagents to
a-Silyloxy N-tert-Butanesulfinyl Aldimines

D Y

Sy .Ss
NS\

i O RM in solvent H’;‘ Y HC! §H3C‘
KL H  cH,cn, -78°C (\R MeOH
OTBS OTBS OH
763 764 765a: 92%
\(/ Y \//
HN’S‘\O HN™ ™0 HN S0
< . N <
] N
Oﬁ;@ OTBS\. _~» TBSO g
764a: 764b: 764c:
M = MgBr, Et,0 M = Li, Et,0 M = MgBr, Et,0
96%, 75:25 dr 82%, 84:16 dr 65%, 62:38 dr
M = MgBr, THF
89%, 38:62 dr
M =Li, EL,O

81%, 73:27 dr
(79%, 81:19. dr)?

R S

H Ne) HN™ 0 HN" "0 HN" "0
TBSO Ph OT1BS OTBS OTBS
764d: 764e: 764f: 764g:

M = MgCl, Eb,O M=MgCl, Et,0 M=MgBr, THF M = MgBr, Et,0
65%, 50:50 dr  100%, >91:9dr 44%, 86114 dr  93% 77:23 dr
M = MgCl, THF

84%, 76:24 dr

4 Reaction conducted in hexanes instead of CH,Cl,.
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Scheme 180. Addition of Organometallic Reagents to
a-Silyloxy N-tert-Butanesulfinyl Aldimines

¥ ¥

.Sy Ss
N| O RMin solvent

H toluene, -78 °C |/\R

OTBS OTBS
763 764
NS0 HN’S“O HN’S‘\O
(\/\/ (\
OTBS OTBS OTBS Ph
764a: 764e: 764g:

M = MgBr, Et,0 M = MgCl, Et,0O

95%, 96:4 dr 85%, 83:17 dr
M = Li, AlMe5, hexanes
89%, 91.9dr

Y Y Y

M = MgBr, Et,0
92%, 90:10 dr

HN’S\\O HN’S\‘O HN’S\‘O
764h: 764i; 764j;
M = MgCl, Et,0 M = MgCl, Et,O M = MgCl, Et,0
96%, 88:12 dr 88%, 96:4 dr 90%, 96:4 dr
M = MgBr, Et,0

91%, 91:9 dr

CH,Cl, as the reaction solvent (75:25 dr, Scheme 179). A
solution of PhLi in cyclohexane/Et,O also provided moderate
stereoselectivity when hexanes were used as the reaction
solvent (81:19 dr). Examples of aryl, heteroaryl, benzyl,
alkyl, vinyl, and alkynyl additions to this imine were
provided. Surprisingly, while addition of an Et,O solution
of BnMgCl provided product 764d as a 1:1 diastereomer
mixture, switching to a THF solution of BnMgCl resulted
in a modest improvement in stereoselectivity (76:24). This
is in contrast to the solvent effects observed in the PhMgBr
additions to provide 764a. Simultaneous deprotection of both
the silyl and sulfinyl groups under acidic conditions was
demonstrated for 764a, providing the desired free amino
alcohol 765a in high yield.

The configuration of the newly formed stereocenter is
opposite to that observed for Grignard addition to a-unfunc-
tionalized imines, which are proposed to proceed via chelated
transition state 128 (Scheme 33, section 4.1). Based on the
observed solvent and substituent effects (noncoordinating
solvents generally provided higher stereoselectivity than
coordinating ones, and higher selectivity is obtained with
the more coordinating benzyloxy group than the bulkier
silyloxy group), Barrow and co-workers proposed chelated
transition state 767 (Figure 13), which invokes rapid imine
isomerization to the less stable Z-isomer, with coordination
of the o-alkoxy substituent in the axial position to the metal.
An alternative possible explanation is that the role of the
a-alkoxy substituent is to disrupt formation of the chelated
transition state by providing an alternate site for competitive
coordination of the metal. Two possible transition state
pictures are open transition state 768, which is similar to
that proposed by Davis for addition to o-imino esters® (see
section 9.1) and is also proposed for most organolithium
additions to a-unfunctionalized imines (see section 4.1.2),
or, alternatively, coordination of both the imine nitrogen and
the a-alkoxy substituent to the metal, as depicted in transition
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NI’S‘\O R?M Hn-So
1 1
R H R R?
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Figure 13. Possible transition states for the addition to a-alkoxy
imines.

Scheme 181. Addition of Organometallic Reagents to
a-Benzyloxy N-fert-Butanesulfinyl Aldimines

Y Y
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92%, 80:20 dr
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95%, 98:2dr

M = MgBr, Et,0

99%, 937 dr
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87%, 97:3 dr
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81%, 75:25dr
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84%, 90:10 dr

M = MgCl, Et,O
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761h: 761i: 761
M = MgBr, Et,0, M = MgCl, Et,0 M = MgCl, Et,0
AlMe, AlMe, AlMe,
81%, 90:10 dr 85%, 99:1 dr 98%, 99:1 dr

M = MgBr, Et,0
85%, 90:10 dr

M = MgCl, Et,0
88%, 90:10 dr

M = MgCl, Et,O
84%, 97:3 dr

state 769. It is difficult to distinguish between these pos-
sibilities, because they all lead to the same configuration of
product.

Shortly after the report by Barrow and co-workers, Ellman
and co-workers disclosed their own work on organometallic
additions to the same imines 763 (Scheme 180) and 760
(Scheme 181).% Solvent and additive screening led them to
select toluene as the optimal solvent for these addition
reactions, providing the desired adducts in high yield and
stereoselectivity (toluene had not been investigated by
Barrow and co-workers.) Additions to a-silyloxy imine 763
proceeded smoothly, allowing isolation of each adduct 764a,
e, and g—j in high yield (85—95%) and with high diaste-
reoselectivity (91:9 to 96:4 dr). A small difference in yield
and stereoselectivity was observed between the use of
EtMgBr and EtMgCl. While AlMe; was tried as an additive
in each case, a significant improvement was only noted in
the addition of BuLi to provide 764e. The additions to
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Scheme 182. Deprotection of 1,2-Amino Alcohols
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BnO ~ BnO ~ HO R
\/\K MeOH V\K HCI, MeOH \/\K
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) S,
14% HF/pyr HN" "0
\k THF HOV\K
Hy-S%0 L
eSO, = 7700 7%
5 equiv HCI NH,
764 :
i o HOV\K

765§ 87%

benzyloxy imine 760 (Scheme 181) also proceeded smoothly,
providing the desired adducts in most cases with slightly
higher stereoselectivity than the additions to the silyl
derivative, in agreement with the results from Barrow and
co-workers. These reactions were performed in both the
presence and absence of AlMes;, which was found to have
very little effect on many of the Grignard reactions but
provided notable enhancement of diastereoselectivity in the
organolithium additions. Protecting group manipulation of
the adducts was also addressed (Scheme 182). Benzyloxy
derivative 761j was treated with HCl in MeOH to provide
762j in 97% yield. Hydrogenolysis of the benzyl group then
afforded free amino alcohol 765j in 88% yield. Selective
deprotection of silyloxy derivative 764j to provide N-tert-
butanesulfinyl amino alcohol 770j was accomplished by
treatment with HF/pyridine, while efficient removal of both
the sulfinyl and silyl groups was accomplished by treatment
with HCI in MeOH.

Ellman and co-workers also reported the direct synthesis
of ,B-disubstituted S-amino alcohols via addition of orga-
nometallic reagents to a-benzyloxy or a-silyloxy N-tert-
butanesulfinyl ketimines.®> Using the reaction conditions
previously developed for the addition of organolithium
reagents to N-fert-butanesulfinyl ketimines (R’Li, AlMes,
toluene, —78 °C), additions of organolithium or Grignard
reagents to an o-benzyloxy N-tert-butanesulfinyl ketimine
771 (R = Bn) provided disubstituted products 772a and 772b
in moderate yields and with moderate diastereoselectivities
(Scheme 183). Additions to o-silyloxy N-tert-butanesulfinyl
ketimine 771 (R = TBS) were also explored. For the
additions of unbranched alkyl Grignard reagents, AlMe; was
unnecessary (772¢ and d), but for the more sterically
hindered or aryl Grignard reagents, superior results were
obtained with this Lewis acid additive. When more sterically
hindered nucleophiles were utilized (R?> = iPr, fBu), lower
yields of the desired products (772e and f) were obtained
due to competitive o--deprotonation of the ketimine precursor
and subsequent self-condensation. Competitive methyl trans-
fer from AlMe; to 771 was also a side reaction. While the
addition of phenylmagnesium bromide to a-silyloxy N-tert-
butanesulfinyl ketimine 771 proceeded smoothly, affording
772g in 93% yield and with 96:4 dr, a significant drop in
yield and diastereoselectivity was observed when phenyl-
lithium was utilized. This drop in stereoselectivity was
tentatively attributed to the presence of Et,O in the com-
mercially available solution of PhLi, which was absent in
the solutions of nBuLi and rBuLi. The absolute configurations
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Scheme 183. Additions of Organometallic Reagents to
a-Alkoxy N-tert-Butanesulfinyl Ketimines

Y Y

Nl's\‘o R2M, MesAl uN- S0
—_—
RO\)\ toluene, -78 °C Rovk';%z
771 772
HN’S“o HN'S\\O
BnO L B L
n Bu nO\/k Ph
772a: 772b:

M = Li; 52%, 85:15 dr
M = MgCl; 50%, 82:18 dr

Y

M = Li; 42%, 72:28 dr
M = MgBr; 46%, 85:15 dr

oS0 HN"TS0 HN"TS0
TBSO L TBSO
TBSO\/kEt \/LBU \/k,'pr
772c: 772d: KA726'\:A o
_ a. = a. = MgCl;
M = MgCI* M = MgCI*, 20%, 964 dr
83%, 91:9 dr 85%, 88:12 dr
M = Li;

89%, 95:5dr

Y

an-So nn-So

TBSOV"\“‘;BU TBSO\/"\“;h

772f: 772g:
M = Li; 36%, 88:12 dr M = MgBr; 93%, 96:4 dr
M = Li; 76%, 78:22 dr

“No AlMe; was added.

of the products 772b, ¢, and g were determined by chemical
correlation experiments. Despite the presence of an a-chelat-
ing group, the stereochemistry was consistent with the sense
of induction observed for additions of organometallic
reagents to alkyl and aryl N-fert-butanesulfinyl ketimines
(Scheme 78, section 5.1).

Evans and Ellman extended the scope of Grignard reagent
addition to N-fert-butanesulfinyl o-alkoxy aldimines to
include o-chiral aldimines.** Both diasterecomers of each
imine (with benzyl, TBS, and TBDPS alcohol protecting
groups) were used to probe the effects of relative stereo-
chemistry at the N-sulfinyl group and the a-stereocenter. The
synthesis of each imine (via Ti(OiPr),-mediated condensa-
tion) and the subsequent reactions with Grignard reagents
were all carried out without epimerization of the a-stereo-
center, as determined by chiral HPLC analysis. Deprotections
of the addition products to provide the syn- or anti-1,2-amino
alcohols were carried out under similar conditions to those
described previously for the addition products of N-tert-
butanesulfinyl-o-alkoxyacetaldimines® (vide supra), and
assignment of product stereochemistry was performed using
either chemical correlation or NOE analysis of oxazolidinone
derivatives of the free amino alcohols.

Additions of PhMgBr and EtMgBr to a-benzyloxy imine
773 in toluene proceeded smoothly, providing high yields
and diastereoselectivities of the syn-1,2-amino alcohol ad-
ducts 774 (eq 84). This addition reaction represents a
matched case between the inherent stereocontrol of the
N-sulfinyl group (vide supra) and the Cram chelate model
for additions to o-alkoxyaldehydes. In contrast, in the
corresponding mismatched case for addition to o-benzyloxy
imine 776, only moderate stereoselectivity (23:77 to 14:86
syn/anti) was observed when the reaction was carried out in
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toluene. However, the use of TMEDA as an additive in THF
as a solvent, conditions that would be expected to disrupt a
chelate-controlled transition state, allowed highly diastereo-
selective addition to form anti-1,2-amino alcohol adducts
778, in which the stereochemical outcome is controlled by
the N-sulfinyl stereochemistry (eq 85).

L N N

N Ss.
N0 RMgBr HN' SO + HNTTS
H toluene R ~R (84)
-78 °C
OBn OBn OBn
773 syn-774 anti-175

774a: R = Ph; 94%, 99:1 dr
774b: R = Et; 75%, 91:9 dr

Nl’s‘\O RMgBr i S%o + HnSSo
2 (85)
TMEDA \‘/'\
Y\H THF, 78 °C R YR
OBn OBn OBn
776 syn-177 anti-778

778a: R = Ph; 80%, 5:95 dr
778b: R = Et; 86%, 2:98 dr

Addition of PhMgBr to the a-OTBDPS imine 779
proceeded with high anti-selectivity in either CH,Cl, or
toluene as the reaction solvent, while addition of EtMgBr to
the same imine proceeded with moderate anti-selectivity in
the same solvents (eq 86). The anti-stereochemistry observed
in these addition reactions is consistent with both the
Felkin—Ahn and Cornforth models for additions to a-alkoxy-
aldehydes and is opposite to the selectivity that would be
expected based on the N-sulfinyl stereochemistry. Mean-
while, addition of PhMgBr to the less bulky a-OTBS imine
779 proceeded with low stereoselectivity (781c), and addition
of EtMgBr proceeded with syn-selectivity (780d).

S rues S &
N""%0 957 HN""SO +  HN"TTO
| ol H (86)
oluene
H -48 or-78 °C R R
OPG OPG OPG
779 syn-780 anti-781

781a: PG = TBDPS, R = Ph; 86%, 7:93 dr
781b: PG = TBDPS, R = Et; 90%, 17:83 dr
781c: PG = TBS, R = Ph; 89%, 40:60 dr
780d: PG = TBS, R = Et; 94%, 92:8 dr

Additions of both PhMgBr and EtMgBr to N-fert-butane-
sulfinyl a-silyloxy imines 782 were carried out in THF with
TMEDA as an additive to provide high anti-selectivity
(12:88 to 2:98 syn/anti) for adducts 784 (eq 87). The anti-
selectivity corresponds to a matched case between the
N-sulfinyl stereocontrol and the Felkin—Ahn or Cornforth
models. The beneficial effect of TMEDA suggests that, in
the absence of additives, competitive chelation to the silyl
ether lowers the diastereoselectivity.

Harried and co-workers investigated addition of organo-
metallic reagents to N-fert-butanesulfinyl bis(silyloxy)imine
785, providing N-sulfinyl amine products 786 (Scheme
184).28 The directing effects of the N-sulfinyl group and the
chiral o-silyloxy group are matched for this addition, to
provide product 786a with 85:15 dr favoring the anti-
diastereomer. In contrast, when the corresponding N-tert-

Robak et al.
Nl’s“o RMgBr HN S0+ HN S0
\‘)\H TMEDA R @7
THF, -78 °C
OPG OPG OPG
782 syn-783 anti-784

784a: PG = TBDPS, R = Ph; 72%, 12:88 dr
784b: PG = TBDPS, R = Et; 93%, 2:98 dr
784c: PG = TBS, R = Ph; 78%, 2:98 dr
784d: PG = TBS, R = Et; 81%, 2:98 dr

butanesulfinyl aldimine epimer derived from (R)-tert-
butanesulfinamide was used, a 78:22 mixture of diastereomers
(anti/syn) was obtained. Further transformations provided
access to anti-N-Boc-3-amino-1,2-epoxides 787, which are
commonly used intermediates for the synthesis of inhibitors
of aspartic acid proteases such as HIV protease as well as
for BACE inhibitors. This route toward the amino epoxides
circumvented several shortcomings of the previously used
amino-acid based routes toward these intermediates, allowing
late stage introduction of structural diversity and preventing
epimerization at stereocenters a to a carbonyl group.
Several synthetic applications of additions to a-alkoxy
aldimines have been reported. Crimmins and Shamzad
reported the addition of mesitylmagnesium bromide to
a-alkoxy imine 788, which gave a single diastereomer of

Scheme 184. Synthesis of anti-N-Boc-3-Amino-1,2-epoxides

~ ~

/\)Nl\/s\\o RM (4 equiv) uN-S3o
TMEDA (5 equiv)
TBSOT Y H TMEPAOS T8SO” YR
OTBS OTBS
785 786°
1. HCI, EtOH, 0 °C NHBoc
then Boc,O, TEA
>~ R
2. MsCl, iPr,EtN o'
3.TBAF 787a-i: 39 - 80%

over 3 steps

N2 2 N2

HN'S\\O HN’S\\O HN’S“o
TBSO™ Ph TBso/\/'\nBu TBSO™ Y
oTBS oTBS OTBS
786a: M = MgCl 786b: M = Li 786¢: M = Li
80%, 85:15 dr 80%, 85:15 dr 56%, 60:40 dr
M = MgCIP
46%, 74:2@
HN-SSo HN-SSo NS0
TBSO ™ TBSO™ Y TBSO/\;/LPh
OTBS OTBS OTBS
786d: M = Li 786e: M = L 786f: M = Li

92%, >90:10 dr 48%, >90:10 dr 90%, >90:10 dr

~

L
¢

w
'y

HN""S0 NS0 NS0
TBSOW TBso/\/'\/\ TBSOT Y
OTBS OTBS OTBS Ph
786g: M = MgCl 786h: M = MgCl 786i: M = Li

33%, 42:58 dr 61%, 86:14 dr 81%, 83:17 dr
“Isolated yield of pure anti-diastereomer, dr (anti/syn) determined by
mass balance of separated diastereomers after silica gel chromatography.

b Reaction conducted at —45 °C.
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Scheme 185. Aryl Grignard Addition to an o-Benzyloxy
N-tert-Butanesulfinyl Aldimine

5=0
N’S‘\ MesMgBr HN
780 PMBO ~
PMBO\)I\H toluene, -78 °C \/)ij\
788 789: 95%, single diastereomer
e}
NH N
HCI  HO._A 1. CI,CS, EtN >\‘
-~ . 222 P, O,
MeOH 2. CH,COCI
EtsN, CH,Cly
790: 76% 791: 69%

Scheme 186. Grignard Additions to an
a-Silyloxy-N-tert-butanesulfinyl Aldimine

~
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R
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product 789 in high yield (Scheme 185).%%° This adduct was
further elaborated to provide N-acetyloxazolidinethione 791,
which was used for stereoselective acetate aldol reactions.”°
In another example, Bergman, Ellman, and co-workers
utilized the stereoselective addition of allyl and vinyl
additions to a-silyloxy imine (S)-763 in the synthesis of
bisarylimidazoles 794 and 795, which are inhibitors of c-jun
N-terminal kinase 3 (Scheme 186).”’! Lee and Yendapally
also carried out allylations of a-silyloxy N-fert-butanesulfinyl
aldimine 763 and ketimine 796 in their synthesis of analogues
of ethambutol (799), a drug used for the treatment of
tuberculosis (Scheme 187).272

Recently, Konno and co-workers demonstrated a synthesis
of a y-trifluoromethyl substituted N-ferz-butanesulfinyl pro-
pargylamine 801 (eq 88).2’* N-tert-Butanesulfinyl imine 776
was treated with 2-bromo-3,3,3-trifluoropropene (800) and
LDA at low temperature, providing 801 in 94% yield as a
81:19 mixture of diastereomers.

793.-78°Ctort
92% (major diastereomer)

\
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Scheme 187. Synthesis of Ethambutol Analogues
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Xiao and co-workers at Schering-Plough developed an
asymmetric synthesis of a neurokinin (NK;) receptor an-
tagonist utilizing fert-butanesulfinamide chemistry to set a
piperidine quaternary center (Scheme 188).2”* The authors
noted that synthesis of the requisite N-fert-butanesulfinyl
ketimine 803 was challenging, requiring modification of the
standard imine formation reaction conditions (neat Ti(OiPr),4
instead of Ti(OEt),/EtOH) to circumvent the low reactivity
of the sterically hindered ketone 802. Allylation of ketimine
803 using allylmagnesium bromide in CH,Cl, at low
temperature (—78 °C) provided 804 with 90:10 diastereo-
selectivity. The reaction was performed on a multigram scale,
and diastereomerically pure material was obtained after
column chromatography. The stereochemistry of the product
was confirmed by correlation of product 805 with previously
synthesized material.

In their preliminary studies on the preparation of an
influenza neuraminidase inhibitor, DeGoey and co-workers
at Abbott Laboratories explored the condensation of a-alkoxy
N-tert-butanesulfinyl imine 806 with silyloxypyrrole 807 to
afford the key intermediate, pyrrolinone 808, in their
synthetic sequence (eq 89).”> Although the product was
obtained with complete stereocontrol, the yield of 808 was
low (36%) under the reaction conditions surveyed.

Y TMSOTE /\L
CH2C|2, S’,O

Lo, S e
NI o+ SH~ores & < HN, (89)
\/\a\H H |f| H o
< YoMe : OMe

806 807 808: 36%

single diastereomer

Jung and co-workers from Syngenta reported the addition
of organometallic reagents to N-tert-butanesulfinyl aldimine
809 for the synthesis of 5'-amino-5'-methyl-2',5'-dideoxy-
nucleosides 810 and 811 as inputs for RNA and DNA
analogues for therapeutic and diagnostic applications (Scheme
189).27¢ Adducts 810 and 811 were chromatographically
separable, allowing isolation of each despite the moderate
diastereoselectivity for the reaction. In contrast, addition to
the imine diastereomer derived from (R)-tert-butanesulfina-
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Scheme 188. Preparation of NK; Receptor Antagonist 805
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O a -8y,
1 N" "0
)f\/o posps—— |
Ph CF, THOPr), Ph)\/o oF,
802 803: 56%
allylMgBr S\\
CH,Cly, -78 °C v>\/
804: 63%

(90:10 crude dr)

o CF,
|
)
pre” O CF3
805

“The sulfinyl stereocenter is consistently depicted with the (S) config-
uration, but the manuscript states that (R) sulfinamide (1) was used.

Scheme 189. Synthesis of 5'-Amino-5'-methyl-
2',5'-dideoxynucleosides

\fLNH
>LS,N\ o RM
6 o solvent
-48 °C
OTBDPS
809 Q Q
T L
H H
>LS,N N/go + >LS,N N Vi)
i (o) I
OTBDPS OTBDPS
810 811
MeMgBr, Et,0 76% 15%
-48 °C to rt
MeLi, THF, 48 °C  30% 65%

mide resulted in inseparable mixtures of products. The
highest yield of 810 was obtained upon addition of MeMgBr
in E;O, while the highest yield of 811 was obtained from
the addition of MeLi in THF.

The first addition of an organometallic reagent to a sugar-
derived N-fert-butanesulfinyl aldimine was disclosed by Rech
and Floreancig in their work toward the synthesis of amido
trioxadecalins.?”” Addition of BnMgCl to imine 812, followed
by sulfinyl cleavage and Boc protection of the resulting
amine, proceeded in high yield (68% over three steps,
Scheme 190). While complete diastereoselectivity was
observed in this transformation, the stereochemistry of the
product was not determined because a subsequent oxidative
cyclization (via an sp*>-hybridized acyliminium ion) results
in a loss of that stereochemical information. Floreancig and
co-workers utilized a related addition reaction in the total
synthesis of theopederin D (Scheme 191).27% While the
addition of BnMgCl to imine 815 proceeded without dias-
tereoselectivity (the opposite sulfinyl epimer provided com-
parable results), the resulting stereocenter was again incon-
sequential because it was transformed into an acyliminium
ion in a subsequent oxidative cyclization reaction.

Robak et al.

Scheme 190. Grignard Addition in the Synthesis of Amido
Trioxadecalins

S\
TBSO ~0 TBSO  NHBoc
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diastereomer
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Scheme 191. Synthesis of Theopederin D

815 816: 65%
50:50 dr

816: Theopederin D

Overhand and co-workers described the highly diastereo-
selective addition of several Grignard reagents to sugar-
derived N-tert-butanesulfinyl aldimines 817 followed by
protecting group manipulation to provide Fmoc-protected
amines 818 in good overall yields (50—71% over three steps,
Scheme 192).27% Subsequent selective debenzylation and
oxidation of the primary alcohol provided sugar amino acids
(SAAs) 819. While the addition reaction was efficient in
toluene for most substrates, benzyl addition under these
conditions led to significant decomposition. In this case, use
of CH,Cl, as the reaction solvent in the presence of BF;+OEt,
allowed isolation of the desired product in reasonable yield.
These SAAs are of interest for use as dipeptide isosteres,
and the use of methyl derivative 819a under standard peptide
coupling conditions was demonstrated. In an attempt to
access the epimers of these SAAs, addition to the analogous
imine 820 derived from (S)-tert-butanesulfinamide was
attempted.’®® However, upon sulfinyl deprotection, the same
major diastereomer of 818a was obtained, albeit with slightly
lower stereoselectivity (Scheme 193). This reveals that the
stereoselectivity in this addition is dominated by the sugar
and not by the sulfinyl group.
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Scheme 192. Synthesis of Sugar Amino Acids (SAAs)
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Scheme 193. Stereochemistry of Addition Reaction?*’
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11.2. 1,2-Addition of a-Substituted Organometal-
lic Reagents to N-tert-Butanesulfinyl Imines

Kim and co-workers investigated the addition of a silyl-
functionalized Grignard reagent to N-fert-butanesulfinyl
aldimines 2 (Scheme 194).28! The desired products 824 were
obtained with superior yield and stereoselectivity when THF
was used as a reaction solvent (compared to Et,0, CH,Cl,,
and toluene). Careful control of reaction stoichiometry was
found to be essential, with no product formation in the
presence of only 1 equiv of the Grignard reagent and with
lowered stereoselectivity in the presence of more than 2 equiv
of Grignard reagent. Chelated transition state 823 is proposed,
in which the second equivalent of the Grignard reagent is
necessary to activate the imine for attack by the Grignard
reagent, which is a relatively weak nucleophile due to the
o-anion stabilizing effect of silicon. The utility of the o-silyl
amines 824 was demonstrated by replacement of the sulfinyl
group with a carbamate protecting group, followed by
Tamao—Fleming oxidation of the silyl group to 1,2-amino
alcohols 825a—f in good yield. Because the hydroxyl group
is derived from the nucleophilic fragment, this approach is
complementary to Grignard addition to o-alkoxy imines.
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Scheme 194. Addition of a-Silylmethylmagnesium Chloride
to N-tert-Butanesulfinyl Imines

X :t
| H
f (SiMe,Ph)CH,MgCI S\N%R
| 20 (2.0 equiv) \ g\./SIIVIezF'h
R)\H THF, 25 °C N!g
CH,SiMe,Ph
2 823
- \sfo 3 steps NHBoc
’ OH
/'\/SlMezPh R/k/
R
824 825a-f: 59-75%
\f HNSS0
HN™"S0 SiMe,Ph
SiMe,Ph
- 824e: 65%; 99:1 dr
824a: R = H; 75%, 98:2 dr Y
824b: R' = Br: 88%, 96:4 dr

824c: R' = OMe; 70%, 95:5 dr S

824d: R' = Me; 79%, 98:2 dr @/\/k/ iMe,Ph

824e: 69%; 95:5 dr

Ferreira and Chemla explored the addition of 3-alkoxy
allenylzinc species (£)-826, prepared according to eq 90, to
N-tert-butanesulfinyl imines. This transformation provided
an efficient route to chiral acetylenic anti-1,2-amino alcohols
829 via a kinetic resolution (Scheme 195).%%? Several
parameters were evaluated to identify the optimal reaction
conditions. The higher reactivity of (£)-826, as compared
to its 3-chloro derivative (see section 17.3), resulted in a
rapid reaction at lower reaction temperatures (—80 °C).
Addition of an excess of (£)-826 and a catalytic amount of
TMEDA provided the desired products 828 in the highest
yields and >95:5 diastereomeric ratios. For adducts 828a, e,
and f, derived from unbranched aliphatic N-fert-butanesulfi-
nyl aldimines 2, a slow addition of the imine to the reaction
mixture was required to achieve high levels of stereoselec-
tivity (>20:1 anti/syn). However, for the less reactive
secondary or unsaturated N-tert-butanesulfinyl aldimines,
slow addition was not necessary. Based on these observa-
tions, the authors hypothesize that the racemization of
allenylzinc (£)-826 is comparable to its rate of reaction with
the primary N-tert-butanesulfinyl aldimines but fast relative
to its reaction with less reactive N-fert-butanesulfinyl imines.
With the hindered aldimine 2 (R = tBu), none of the desired
product 828d was observed at —80 °C, and higher temper-
atures resulted in poor stereoselectivites and a complex
mixture of isomers. An N-fert-butanesulfinyl ketimine also
afforded adduct 828i with high diastereoselectivity but in
moderate yield due to competitive byproduct formation under
the reaction conditions. The stereochemistry of 828h was
established by X-ray crystal structural analysis. The observed
anti-stereoselectivity was rationalized by transition state 827,
where the zinc is solely coordinated to the nitrogen of the
tert-butanesulfinyl group and addition of the nucleophile
occurs from the less hindered Si-face of the imine.

Concomitant removal of the sulfinyl group and meth-
oxymethyl (MOM) ether moiety of the acetylenic 1,2 amino
ethers 828 under acidic conditions afforded the corresponding
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1. sBuLi, TMEDA,
Et,0, -80 °C o

TMS——— 2. ZnBry, -80 °C to r{ B n’l):.a\ 90

OMOM ™S omom %

(£)-826

anti-1,2-amino alcohols 829 in good isolated yields (66—87%)
without any detectable racemization (Scheme 195).283 When
adduct 828f was subjected to these reaction conditions,
removal of the primary alcohol silyl protecting group was
also observed. Of note, these anti-1,2-amino alcohols are
enantiomeric to those obtained by the ring-opening of
acetylenic N-tert-butanesulfinyl aziridines (see section 11.3).
Additionally, this methodology is compatible with a wider
substrate scope than the analogous synthesis of anti-1,2-
amino alcohols via the aziridine ring-opening protocol (see
section 11.3). Selective deprotection of the sulfinyl group
was achieved by treatment of 828f with methanolic HCI at
low temperatures, but selective removal of the MOM ether
was not achieved.

This methodology was further applied to the synthesis of
(—)-a-conhydrine, an alkaloid isolated from the seeds and
leaves of the poisonous plant Conium maculatum L (Scheme
196).% The reaction between N-tert-butanesulfinyl imine 830
and the in situ formed (%£)-826 provided compound 831 in
88% yield as a single isomer, as determined by '"H NMR.
An X-ray crystal structure of a more advanced intermediate
confirmed the anti-relationship of the two new stereogenic
centers. Quantitative deprotection of the sulfinyl group of
831 was achieved at 0 °C under acidic conditions, and base-
promoted cyclization gave lactam 832 in 78% yield. Sub-
sequent transformations generated (—)-a-conhydrine (833)
in a total of seven steps and a 41% overall yield.

Scheme 195. Synthesis of N-tert-Butanesulfinyl o-Alkyl
Methoxymethyl Ethers
b
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Scheme 196. Synthesis of (—)-o-Conhydrine
N\~ (2)-826, N
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3 -2 : OH
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41% in 7 steps

Scheme 197. Formal Synthesis of (—)-Homopumiliotoxin
223G and (—)-Epiquinamide

P N

5% (+)-826, TMEDA inSSo s
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over 7 steps

or N

H NHAc

838; 839;
(-)-homopumiliotoxin 223G (-)-epiquinamide

The formal syntheses of the alkaloids (—)-homopumil-
iotoxin 223G and (—)-epiquinamide via the common inter-
mediate 837 were also demonstrated by Chemla and co-
workers (Scheme 197).2% The addition of racemic allenylzinc
species (£)-826 to N-fert-butanesulfinyl imine 834 yielded
the desired product 835 in 90% yield and with a 96:4
diastereomeric ratio. Removal of the silyl group from the
acetylenic position and cyclization by N-alkylation were
achieved in the presence of NaH to give 836 in 78% yield
after purification to remove the minor isomer. Further
synthetic transformations provided 837 in a 25% overall
yield, completing the formal syntheses of 838 and 839.

Chemla, Ferreria, and co-workers also reported the syn-
theses of spisulosines ES285 and ES271, two bioactive
molecules that display anticancer activity, from N-tert-
butanesulfinyl imine 840 and allenylzinc reagent (1)-826
(Scheme 198).28 The coupling reaction proceeded in 94%
yield, generating the common intermediate 841 as a 93:7
mixture of diastereomers. Removal of the silyl group,
hydrogenation of the terminal alkyne to the alkene in the
presence of Lindlar catalyst, and subsequent olefin cross-
metathesis using a portionwise addition of 12 mol% Grubbs’
IT catalyst afforded 842a and b in good yields. Sulfinyl
deprotection and hydrogenation of the internal alkene
completed the syntheses of spisulosines ES285 and ES271
from 840 in six steps and 62% and 58% overall yields,
respectively.
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Scheme 198. Synthesis of Spisulosines ES285 and ES271

Y 1. TBAF, THF, 0 °C
Y 2. H,, Lindlar Pd,

S. (2826 HN/S\\O TMms acetone, hexanes
AN' O Et0,-80°C Z 3. X (CH2)nCH;
H Grubbs' Il cat.
OMOM (3 x 4 mol%)
840: 97:3E:Z 841: 94% CH,Clp, 40°C
93:7dr

Y 1. HCI, MeOH,
65 °C NH,

HN’S\\O 2. Hy, Pd/IC, MeOH /\r(CHz)nCHs
: X (CH2)nCH3 OH
OMOM

842a:n=12,72%
842b: n=11;,67%

843a; ES285, n = 14; 93%
843b: ES271, n = 13, 92%

Recently, Chemla, Ferreira, and co-workers have expanded
their method to include the synthesis of 2-amino-1,3-diol
stereotriads via the addition of (&£)-826 to N-tert-butane-
sulfinyl a-alkoxy imines 844a—f (eqs 91—93).%" Following
the previously reported reaction conditions, the silyl- and
benzyl-protected N-tert-butanesulfinyl amines 845a—b were
generated in an 81% and 87% yield, respectively, with >95:5
dr (eq 91). The relative and absolute configurations were
determined by derivatization and established that 845a—b
displayed an anti,anti-relationship, corresponding to the
addition of the nucleophile to the Re-face of the imine. The
analogous reaction with the diastereomeric imines 844c—d
provided 845c—d with excellent stereoselectivity in 76—77%
yield (eq 92). These compounds displayed a syn,anti-
relationship, indicative of addition to the Si-face of the imine.
The influence of the substituent at the a-alkoxy stereocenter
was also probed, and uniformly high diastereoselectivities
were observed (845e—f, eq 93). In all cases, the stereochem-
ical outcome was governed solely by the configuration of
the zert-butanesulfinyl group.

(£)-826 (4 equiv),
Y TMEDA (0.4 equiv) Y

-Sg, Et,0,-80 °C S

NS0 HN"TSO  _TMS @1
| A ®n
H
OR OR OMOM
844a: R = TBS 845a: 81%, >95:5 dr
844b: R =Bn 845b: 87%, >95:5 dr

Q- (+)-826 (4 equiv), Y

TMEDA (0.4 equiv) ¥

N’S\\o Et,0, -80 °C HN’S“O ™S (@)
| &
H Y
OR OR OMOM
844c. R=TBS 845¢: 77%, >95:5 dr
844d: R = Bn 845d: 76%, >95:5 dr
(+)-826 (4 equiv),
Y TMEDA (0.4 equiv) V
N Et,0, -80 °C S.
N" 0 HN ‘O/ TMS (93)
Ph A Ph, Z
H Y
OTBS TBSO OMOM
844e: (R,Ss) 845e: 91%, >95:5dr
844f (S,Sg) 845f: 75%, >95:5 dr

Ferreira, Chemla, and co-workers utilized this methodol-
ogy to prepare a common intermediate 860 to both L-1-
deoxyallonojirimycin (861) and L-1-deoxymannojirimycin
(862) (Scheme 199).2%8 The synthesis began with the addition
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Scheme 199. Synthesis of 860, a Common Intermediate for
of L-allo-DNJ and L-manno-DNJ
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Scheme 200. Synthesis of Sphingoid-Type Bases 865
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of (£)-826 to a-silyloxy N-tert-butanesulfinyl imine 763. The
desired product 856 was isolated as a single isomer in high
yield and was further converted to 857 after desilylation and
Lindlar hydrogenation of the alkyne. Slow addition of NaH
to a mixture of 857 and allyl bromide provided 858 in 66%
yield. Ring closing metathesis to give the 3,6-dihydro-2H-
pyridine sulfinamide 859 proceeded in good yield when 12
mol % of Grubbs II catalyst was added in three portions
over 60 h. Cleavage of the sulfinyl, silyl, and MOM groups
under acidic conditions followed by Boc protection provided
the target compound 860 in 38% overall yield from N-tert-
butanesulfinyl imine 763.

Intermediate 857 was also used in the synthesis of
sphinganine (865a) as well as the first synthesis of the
hydrolysis product (865b) of clavaminol H, which has been
shown to display selective cytotoxicity in gastric carcinoma
(Scheme 200).2%° Adduct 857 was subjected to olefin cross-
metathesis conditions, providing 863a and b in good yields
as predominantly the E isomers when 16 mol % of the
Hoveyda-Grubbs’ II catalyst was added in four aliquots over
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Scheme 201. Regio- and Stereoselective Ring-Opening of
N-tert-Butanesulfinyl Aziridines

}"'S’/o
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R2 HO R
866 867: > 20:1 regioselectivity
MS 867a: R2 = Me; 64%, >95:5 dr
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“ \N'H g "IR1
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867f: 21%, >95:5 dr 867g: R' = Me; 66%, >95:5 dr

867h: R" = Pr; 71%, >95:5 dr
867i: R' = Heptyl 66% >956:5 dr

60 h. Hydrogenation of each alkene was achieved in the
presence of Raney nickel, and subsequent global deprotection
of the sulfinyl, silyl, and ether functionalities then provided
865a and b.

11.3. Ring-Opening of N-Sulfinyl Aziridines

Ferreira and co-workers have developed efficient methods
for the preparation of trans- and cis-N-tert-butanesulfinyl
aziridines 866 (see section 17.3) and have further demon-
strated that these compounds are useful intermediates for the
preparation of enantiomerically pure acetylenic 1,2-amino
alcohols 867 (Scheme 201).2% Application of the reaction
conditions developed by Concellon and co-workers*" for the
ring-opening of nonactivated aziridines (1 equiv of p-
toluenesulfonic acid (PTSA), reflux in 7:1 MeCN/H,0)
resulted in concomitant aziridine ring-opening and removal
of the sulfinyl group, providing the acetylenic 1,2-amino
alcohols 867 with high regio- and diastereoselectivity. Indeed,
products 867a—i were formed with >95:5 diastereomeric
ratios, as determined by 'H NMR and <5% of the corre-
sponding regioisomers. Isolated yields for the products
ranged from 60 to 73%, except for 867f, which was obtained
in 21% yield. In this case, 867f was the minor product, and
compound 869, generated from the intramolecular 6-endocy-
clization of the aryl moiety, was isolated as the major product
in 70% yield as a single diastereomer (eq 94). The authors
also noted that acetylenic oi-amino alcohols derived from
trans-aziridines with alkenyl or aryl substituents could not
be obtained, and only unidentified byproducts were observed
under the optimal reaction conditions. Derivatization of 867f
to an oxazolidinone and analysis by '"H NMR confirmed the
regioselective ring-opening of 866 by water at the more
electrophilic propargylic carbon. NOE experiments on the
oxazolidinone derivatives of 867b and 867h confirmed the
stereochemistry of the acetylenic 1,2-amino alcohols.

T™MS
X -0 MeCN, H,0 llg

PTSA reflux

LVCCF

869: 70%, >20:1 dr

TMS~=, +867F  (94)

Robak et al.

The synthesis of 1,2-amino alcohols via nucleophilic ring-
opening of a-hydroxy aziridines was demonstrated by
Hodgson and co-workers (eqs 95 and 96; for the synthesis
of these aziridines, see section 17.6).°!

SONC W
M t Et;N, MeOH

Et :

870 871:76%4

XS/,O PhMgCI BnQO HC
| OH Cat Cul MeOH Bn (96)
N THE
i NH2
/\

872 873: 72% 874:78 %
11.4. Reductive Coupling of Imines with Alde-
hydes and Ketones

The Sml, induced pinacol-type reductive coupling of
N-tert-butanesulfinyl aldimines with aldehydes has proven
to be a very powerful method for the convergent synthesis
of B-amino alcohols (Scheme 202).2°> Addition of a solution
of N-tert-butanesulfinyl aldimine 2 (R = 4-Me-Ph) and
aliphatic aldehydes 875 in rBuOH to a precooled solution
of Sml, in THF at —78 °C provided 876a—e in high yields
(73—95%) and with high diastereomeric ratios, ranging from
88:12 to >99:1. The lowest diastereoselectivites were ob-
served when linear aliphatic aldehydes were employed (876d
and e). Electronically diverse para-substituted benzaldimines

Scheme 202. Reductive Cross-Coupling of Aldehydes with
N-tert-Butanesulfinyl Imines in the Presence of SmI,**?

0
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876a: R2 = jPr, 92%, >99:1 876f. R=H, 86%, 99:1 dr
876b: R2 = Cy, 90%, 99:1 876g: R = F, 89%, 98:2 dr
876c: R% = (Et),CH, 73%. >99:1 876h: R = Cl, 71%, 99:1 dr
876d: R? = pentyl, 90%, 91:9 dr 876i: R =Br, 70%, >99:1 dr

876e: R? = Ph(CH,),, 95%, 88:12 dr  876]: R = OAc, 82%, >99:1 dr
876k: R = OMe, 84%, >99:1 dr
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OMe
877m: 73%, >99:1 dr

876n: R = /Pr, 88%, >99:1 dr
HO  HN-S 8760. R = (CH,),Ph, 87%, 96:4 dr
(o] 876p: R = pentyl, 95%, 98:2 dr

P R 876q: R = CH,08n, 82%, >99:1 dr

¢ Slow addition of a solution of 875, 2, and rBuOH to Sml,.
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2 were also suitable coupling partners, providing 876f—k,
but lower yields were observed for the aromatic imine
substrates with bromo- or chloro-substituents, due to the
formation of some homocoupled product (876h and i). Meta-
and ortho-substituted benzaldimines were also evaluated,
with products 8761 and m obtained with >99:1 dr and in
90% and 73% yields, respectively. In addition, aliphatic
N-tert-butanesulfinyl aldimines 2 were examined for the
reductive coupling reaction with isobutyraldehyde, and the
corresponding products were isolated in high yields and
diastereomeric ratios (876n—q). In contrast, little to no
desired cross-coupling product was obtained for the reaction
between benzaldehyde or p-tolualdehyde and imine 2 (R =
4-Me-Ph). Instead, a significant amount of pinacol formation
from homocoupling of the aryl aldehyde was observed. The
free 3-amino alcohols were generated from adducts 876a—q
by acidic cleavage of the sulfinyl group. The absolute
configuration of the coupled products was based upon an
X-ray crystal structure of 876i.

Soon after the initial report by Xu, Lin, and co-workers,
Bentley and co-workers reported almost identical conditions
for the reductive coupling of N-tert-butanesulfinyl aldimines
with aldehydes, where the primary difference was a slow
addition of Sml, to the reaction mixture (Scheme 203).2* A
series of linear, 5-branched, a-branched, and functionalized
aldehydes were surveyed with imine 2 (R = Ph). Yields were
generally high (69—91%), and the diastereoselectivities for
876r—w ranged from 86:14 to 90:10. When the highly
sterically hindered aldehyde 875 (R = rBu) was employed,
the highest diastereoselectivity was observed (>96:4), but at
the cost of a low yield (876w). The effect of electronically
different substituents on the aryl moieties of some N-tert-
butanesulfinyl imines was also probed (876x—z). The reduc-
tive coupling between an aliphatic N-tert-butanesulfinyl imine
and isobutyraldehyde was also reported, and in this case 876n
was isolated in 51% yield and with 89:11 dr.

Bentley and co-workers also reported a three-step synthesis
of (—)-cytoxazone, a cytokine modulator that has been shown
to inhibit the Th2 cell’s signaling pathway,** from the Sml,
mediated reductive coupling product, amino alcohol ent-876z
(Scheme 204).2* Removal of the sulfinyl group and trans-
formation to the oxazolidinone provided 877 in 85% yield.
Deprotection of the primary alcohol then yielded (—)-
cytoxazone in 86% yield.

The first example of a Sml, induced reductive coupling
of an N-tert-butanesulfinyl aldimine with a ketone was also
provided (eq 97).?* For this substrate combination, an
improvement in yield was observed when TMEDA was used
as an additive, and 880 was obtained in moderate yield as a
single diastereomer.

Y Sml,, BUOH,
o 8. TMEDA
Ao we

Ph/kH

HO HN-S 97
THF, -78 °C D
879 133

Ph

880: 56%, single diastereomer

An intramolecular reductive coupling of N-fert-butane-
sulfinyl imines with ketones was reported by Wang and
Wang (Scheme 205).%% Initial attempts to promote an
intermolecular Sml,-mediated reductive coupling between
an N-tert-butanesulfinyl ketimine and acetophenone were
unsuccessful. However, upon employing the reaction condi-
tions optimized for the reductive coupling of aldehydes and
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Scheme 203. Reductive Cross-Coupling of Aldehydes with
N-tert-Butanesulfinyl Imines in the Presence of SmI,**
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4 Slow addition of SmI, to a solution of 875, 2, and tBuOH.

Scheme 204. Synthesis of (—)-Cytoxazone
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N-tert-butanesulfinyl imines (2 equiv of Sml, and 3 equiv
of BuOH) to substrate 881 (R! = Ph, n = 2), cyclization
product 883a was obtained in 69% yield with >95:5 dr. A
number of electron-rich and poor aryl substituted ketones
were employed in the reaction, providing 883b—g in
moderate to good yields and with excellent diastereoselec-
tivities. When alkyl substituted ketones were examined, the
authors noted that the addition of 4 equiv of /BuOH and 16
equiv of HMPA was necessary to obtain optimal results.
Under these conditions, 883h—1 were generated in 36—80%
yield and 87:13 to >95:5 dr. The fused bicyclic product 883m
was obtained in 84% yield with a dr of 70:30 at C6. Because
the diastereomeric ratio at the stereocenter o to the ketone
starting material was 1:1, the authors hypothesize that
equilibration prior to cyclization occurred. The heterocyclic
product 883n was produced in moderate yield (45%) and
excellent diastereoselectivity. Formation of the five-mem-
bered ring in 8830 was also successful, albeit in lowered
yields, but the authors noted that attempts to generate the
seven-membered ring failed. The absolute configurations of
883a and j were determined by X-ray structural analysis
rationalized by transition state 882. Conversion of 883a and
j to the known chiral catalyst 884a?% and the novel derivative
884j, respectively, was also demonstrated (eq 98).
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Scheme 205. Sml,-Promoted Intramolecular Reductive
Coupling between Ketones and N-tert-Butanesulfinyl Imines
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The utility and efficiency of the Sml, mediated reductive
coupling of N-tert-butanesulfinyl imines with aldehydes for
the direct synthesis of -amino alcohols has been amply
demonstrated in the preparation of a number of biologically
active molecules. In their initial report, Xu, Lin, and co-
workers completed the syntheses of D-erythro-sphinganine
and (3R,45)-statine.?*? The cross-coupling of palmitaldehyde
885 and N-tert-butanesulfinyl imine 760 provided N-tert-
butanesulfinyl S-amino alcohol 886 in 64% yield as a single
diastereomer (Scheme 206). Removal of the benzyl and
sulfinyl groups provided 887 in 90% yield to complete a
highly expedient synthesis of D-erythro-sphinganine. Xu, Lin,
and co-workers further reported a very efficient synthesis of
(3R,AS)-statine via the reductive coupling of aldehyde 889
with imine 888 to afford 1,2-amino alcohol 890 in 58% yield
and with >99:1 dr (Scheme 207). Concomitant cleavage of
the N-sulfinyl group and the ferz-butyl ester by acid treatment
then provided enantiomerically pure statine (891) in high
yield.

More recently, Wang, Xu, Lin, and co-workers have
applied this methodology to the synthesis of (+)-CP-99,994
and (+)-L-733,060, two potent and selective human
neurokinin-1 substance P receptor antagonists (Scheme
208).%7 For the synthesis of (+)-CP-99,994, reductive
coupling of 4-pivaloxybutanal 892 with N-fert-butanesulfinyl
imine 133 afforded adduct 893 in 78% yield and with >90:

Robak et al.

Scheme 206. Synthesis of D-erythro-Sphinganine
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Scheme 207. Synthesis of (3R,45)-Statine
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NH,
/L/Y\COZH

OH

891: (3R,48)-statine
80%

1. HCI, dioxane
2. NH3, H,0O

Scheme 208. Synthesis of (+)-CP-99,994

CHO & Smiy tBUOH, HN"SS0
N""~0 P ——
PiVOJ * e THF, -78 °C e
Ph” H Ew
Piv
892 133 893: 78%
NHBoc 1. MsCl, EtzN NHBoc

1. HCI, MeOH 2. NaN,
~"Sph T2~ Ph
2. Boc,O, o
Z i OH PIVO Ns

NaHCO, PO
ani-Vs 894 96% 895: 82%
>09% ee

O OMe

N~ “Ph

H
896:(+)-CP-99,994
46% over 10 steps

10 diastereomeric ratio, as determined by 'H NMR analysis
of the crude material. The minor diastereomer was removed
by either recrystallization or chromatography, and subsequent
cleavage of the sulfinyl group followed by Boc protection
of the resulting amine provided 894 in 96% yield and with
>99% ee. Mesylation and subsequent azide displacement
afforded 895 in 82% yield. Further synthetic manipulations
led to the completion of the synthesis of (+)-CP-99,994 in
an overall yield of 46% over ten steps.

The total synthesis of (+)-L-733,060 was also accom-
plished starting from chiral building block 893 (Scheme 209).
Removal of the sulfinyl group and selective N-acylation with
4-methoxybenzoic anhydride provided PMP-amide 897 in
88% yield and >99% ee. Further synthetic transformations
then provided (+)-L-733,060 in an overall yield of 31% over
ten steps from commercial materials.
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Scheme 209. Total Synthesis of (+)-L.-733,060

1. HCI, MeOH o)
Y 2. (PMPCO),0, L

NS0 EtN HN" “PMP
f\-/'\Ph J/\;/'\Ph
A OH
PivO OH PivO
893: 78% 897: 88%
0,
CFs >99% ee
‘\ov©\
— o
N~ “Ph
H

898: (+)-L-733,060
31% in 10 steps

Scheme 210. Synthesis of (—)-Deoxoprosophylline

CiaHas Y i
2

.Sy tBUOH

+ >
O B0 N| © THF
H
899 760 900: 83%
>99:1 dr
1. HCl, MeOH OH
2. Hy, Pd(OH),/C, EtOH
then conc. HCI CiaHps™ N "'/l
H o on

901: (-)-deoxoprosophylline; 58%

A novel route to (—)-deoxoprosophylline was reported by
Lin, Wei, and co-workers, utilizing a reductive coupling of
N-tert-butanesulfinyl imine 760 with aldehdye 899 (Scheme
210).>® Aldehyde 899, synthesized in three steps from
y-butyrolactone,”” coupled efficiently with 760 to afford the
hydroxymethyl S-amino alcohol 900 in 83% yield and with
>99:1 dr. Cleavage of the sulfinyl group followed by
liberation of the amine from the amine hydrochloride salt
yielded the cyclic imine, which was hydrogenated to provide
(—)-deoxoprosophylline (901) in 58% yield over the two
steps.

Xu, Lin, and co-workers also recently utilized their
reductive coupling methodology in the asymmetric synthesis
of (+)-febrifungine, an alkaloid that has antimalarial proper-
ties.>* Optimization of the coupling reaction between N-tert-
butanesulfinyl imine 902 and aldehyde 903 revealed that
using freshly prepared solutions of reactants and maintaining
a low temperature for several hours after addition of the
reagents was necessary to provide high diastereoselectivity,
and according to this protocol 904 was obtained in 85% yield
and with 93.5:4.0:2.0:0.5 dr (Scheme 211). The tert-
butanesulfinyl group was oxidized to form the fert-butane-
sulfonyl protecting group, which was cleaved in the last step
of the synthesis (after cyclization and further functionaliza-
tion) to provide (+)-febrifungine (905).

Wang and Liu reported the reductive coupling of aldehyde
892 with N-fert-butanesulfinyl aldimine 760, forming inter-
mediate 906 in good yield (65%) and with excellent
diastereoselectivity (>99:1). This intermediate was then
applied to the diastereodivergent synthesis of both trans- and
cis-3-hydroxy-L-pipecolic acids 908 and 909 (Scheme
212).3%! The total synthesis of 909 was completed in ten
linear steps and 30% yield. The synthesis of 908, which
required inversion of stereochemistry at C3, was achieved
in 12 steps and 27% yield. The reduced analogues, alcohols
907 and 910, were also prepared.
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Scheme 211. Synthesis of (+)-Febrifungine

%o N’S\\O H\(\/\ Smly, tBUOH
oTBDPS ——
fe) | + .
\)\)\H 3 THF, -78 °C
902 903
o HSo .
o}
. OTBDPS
OH
904: 85% 905: (+)-febrifugine

93.5:4.0:2.0.0.5dr

Scheme 212. Stereodivergent Asymmetric Synthesis of
3-Hydroxy-L-pipecolic Acids and Alcohols

PVO._~_CHO  + NS5
BnO\/”\H
892 760
Smil; (2 equiv)
THF, -78 °C
HN’S\\O
Pivo/\/\i/z\VOB"
OH
- 906: 65%, >99:1 dr ~
' o~ OH
VI e
(Nj\/OH l l N OH
HeHCI \OH OH HHCI
W OO
N~ YCO,H N~ YCO,H
HeHCI H+HCI
908 909

12. Synthesis of 1,2-Diamines

12.1. Additions to a-Amino Imines

Hoveyda and co-workers reported the stereoselective (97:3
dr) addition of PhMgBr to a-amino imine 911 to provide
chiral protected diamine 912 in 71% yield (Scheme 213).30
Deprotection afforded 913, which was ultimately converted
to an N-heterocyclic carbene (NHC) ligand 914 for copper-
catalyzed enantioselective allylic alkylation reactions. The
configuration of the newly formed stereocenter is consistent
with those found in Grignard additions to a-unfunctionalized
aldimines via a chelated transition state, in contrast to that

Scheme 213. Synthesis of a 1,2-Diamine by Addition to an
o-Amino Aldimine

\k \k HCI

_Sa PhMgBr _S<
'YIeSN| 0 MesHN "0 dioxane
THF, -78 °C
BOC/N%H BOC,N\/LPh MeOH
911 912: 71%, 97:3 dr
‘0,8
y o NHo
N % Mes—p2
Mes” \/kPh N+ :N
Ph
913: 94% 914
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Scheme 214. Synthesis of a 1,2-Diamine by Addition to an
a-Amino Ketimine

1. BuLi (3.3 equiv)

- Et,0, -78 °C
F—\ / Br ———mMM—
N BocHN

2. AlMe; (1.3 equiv)

915 (3 equiv)
N-Sso
BocHN l
: 916: 77%
53 (1 equiv) F
F

— 72 !
F‘(ND—,@NH
Ar

917

Scheme 215. Mono- and Difluoromethylation of o-Amino

Imines
Y PhSO,CF,H Y

or .Sy
NI’S‘\O PhSO,CFH, HN=70
R\‘)\H NaHMDS CFX80,Ph
NBn, THF, -78 °C NBn,
52 919: X=ForH
73-99%, >99:1 dr
1. MyHOACNaOAC N,
2. HCI,MeOH, th CHFX
. ,MeOH, then
NaHCO, NBn,
920: X=ForH

observed for addition to a-alkoxy imines. It is possible the
bulky amino substituents (both mesityl and Boc) prevent
the pendant amine from having any coordinating role in the
transition state.

Ando and co-workers reported the synthesis of diamine
916 via the addition of a heteroaryl lithium reagent to
o-amino N-fert-butanesulfinyl ketimine 53 (Scheme 214).56
This chiral diamine was used as an intermediate in the
synthesis of a series of imidazolines 917 for SAR studies
on the inhibition of the neuropeptide Y Y5 receptor.

Syntheses of several mono-, di-, and trifluoromethyl
substituted 1,2-diamines have been reported (for details, see
sections 15.1.1 and 15.2). In particular, the synthesis of
o-amino N-fert-butanesulfinyl trifluoromethyl amines 918
was accomplished via the addition of TMSCF; to a-amino
aldimines 52 (eq 99).% Hu and co-workers disclosed a highly
diastereoselective method for the synthesis of a-amino
N-tert-butanesulfinyl difluoromethyl and monofluoromethyl
amines via the addition of mono- and difluoromethylsulfone
anions to ot-amino imines 52, followed by reductive des-
ulfonylation and sulfinyl deprotection to provide products
920 (Scheme 215).3%

12.2. Additions to 1,2-Bisimines

Deng and co-workers described the addition of organo-
metallic reagents to C,-symmetric bisimine 921 (Scheme
216).3 After extensive optimization of solvent, metal, and
additives, the addition of organolithium reagents in THF with

Robak et al.

Y TMSCF; (1.5 equiv) Y

NS%0  TMAF (1.2 equiv) HN- S0
| an - > : (©9)
R ,  THF,-35°C R cF,
NBn, NBn,
918 66-85%
52 >99:1 dr

BF;+OEt, as an additive was found to provide the desired
bis-N, N-tert-butanesulfinyl 1,2-diamines in moderate to high
isolated yield and with high stereoselectivity, ranging from
86:14 to >99:1 dl/meso diastereoselectivity and 86 to >99%
ee of the major stereoisomer after deprotection. In several
cases, the isolation of products 922 as single stereoisomers
was accomplished by chromatographic or crystallographic
removal of the minor diastereomers. The stereochemistry of
the major product, based upon the crystal structures of both
922b*** and 922i,°* is consistent with two sequential
additions, each via an open transition state. This is similar
(both with respect to reaction conditions and product
stereochemistry) to the results obtained by Davis and co-
workers® in organometallic reagent additions to o-imino
esters (see section 9.1) and is opposite (with respect to the
sulfinyl stereocenters) from the stereochemistry obtained by
Xu and Lin in the reductive coupling of N-tert-butanesulfinyl
aldimines (see section 12.3).30°

12.3. Reductive Coupling of Imines

The first example of a Sml, mediated reductive coupling
between an N-fert-butanesulfinyl imine and another electro-
philic coupling partner was reported by Xu and co-workers

Scheme 216. Synthesis of C,-Symmetric 1,2-Diamines by
Addition to a Bisimine
5o N-§, R SNH HN-S

0 Y~ 0 BFqo0r, O \ 0

H H THF, -78 °C R R
921 922
1. HCI, E,0 HzN: NH,
2. NaOH R R
923: 86:14 - >99:1 dr (dl:meso)

\P 86% - >99% ee
o*>*NH HN- S0
R X R

922a: R' = OMe, 88% 922¢: R' = OMe, 79% 922e: R' = OMe, 84%
88:12 dr, 98% ee? 92:8 dr, 90% ee? 90:10 dr, 86% ee?
922b: R'=Me, 80% 922d:R'=F,81%  922f: R' = Me, 83%
97:3 dr, 99% ee? 86:14 dr, 95% ee®  96:4 dr, 96% ee®
922g:R' = F, 83%
A/ 86:14 dr, 97% ee?

“S—NH H\N-S}LA[ >L__\/
© O s-NH HN-S
0 L 0 0 ¥ o

922h: 84%,
>99:1 dr, >99% ee?

922i: 58%,
97:3 dr, >99% ee?

922j: 86%,
96:4 dr, 97% ee?®

“The stereoselectivity of the reaction (dr and %ee) refers to the 1,2-
diamine product 923 after cleavage of the sulfinyl groups.
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Scheme 217. Sml,-Induced Reductive Coupling of Nitrones
with N-fert-Butanesulfinyl Aldimines

Sml, (3 equiv)
tBUOH (2 equiv)
THF, -78 °C

R™H o : R R

v
d N’S"'ﬁ
i 5

OH
Bn—N_ HN-S,
. ©

R?  Ph

925a; R?= jPr, 75%, >99:1 dr
925b: R%= Cy, 65%, >98:2 dr
925¢: R? = tBu, 22%, >98:2 dr
925d: R%= hexyl, 85%, 94:6 dr
925e: R2= jBu, 67%, 91:9 dr

iPr R
925g: R = 4-MePh, 71%, >98:2 dr
925h: R = 4-MeOPh, 685%, >98:2 dr
925i: R = 4-CIPh, 52%, >98:2 dr
925j: R = 4-BrPh, 51%, >98:2 dr
925k: R = 4-AcOPh, 69%, >98:2 dr

925f. R?= PhCH,CH,, 54%,

>91:9dr OH
OH Bn—N, HN-§
Bn—N  HN-S 5%
~ W
o Ph

Ph 0
3

9251: R3= Bn, 55%, 91:9 dr 925n: 71%, >91:9 dr

925m: R® = Ac, 68%, 88:12 dr

in their asymmetric synthesis of vicinal diamines (Scheme
217).3" For the coupling partner, Xu and co-workers focused
on nitrones 923 because they had been previously shown to
undergo coupling with aldehydes®® and a,S-unsaturated
esters’®” in the presence of Sml,. An optimization study of
the reaction between imine 2 (R = Ph) and nitrone 923 (R?
= iPr) revealed that the highest yield for 925a was obtained
when 3 equiv of Sml,, 2 equiv of /BuOH, and a slight excess
of nitrone were utilized. The (R,R) configuration of the
coupled adduct 925a was determined by X-ray structural
analysis. The authors hypothesize that the stereoselectivity
of the reaction can be rationalized by the chelation controlled
transition state 924. The scope of the reaction was probed
with a number of structurally diverse nitrones 923, revealing
that the outcome of the reaction was influenced by sterics.
A panel of electronically diverse N-tert-butanesulfinyl aryl
aldimines 2 was also coupled with nitrone 923 (R = iPr).
Substrates bearing electron-donating or -withdrawing sub-
stituents at the para position were effective in this reaction,
providing adducts 925¢—k in moderate yields (51—71%).
Several oxygen-tethered aliphatic nitrones were also em-
ployed in the reductive coupling transformation to provide
925l—n in moderate yields (55—71%) and with good
diastereoselectivities (88:12 to >91:9 dr). However, the
authors noted that no reaction occurred if both the imine
and nitrone inputs were aromatic (R = R? = Ph) or aliphatic
(R = R? = iPr). A three-step procedure for the conversion
of 925a to the free diamine product was also demonstrated
(eq 100). Deoxygenation of the hydroxylamine group was
accomplished using Zn/Cu(OAc),*'? followed by removal of
the sulfinyl and benzyl groups to provide 926a in an 87%
overall yield.

Following their initial report, Xu and co-workers demon-
strated that C,-symmetric vicinal diamines could also be
synthesized via a Sml, promoted homocoupling of N-tert-
butanesulfinyl aldimines (Scheme 218).3% In their investiga-
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1. Cu(OAc),, Zn, HOAc
2. HCI, MeOH

,OH H2N NH2
Bn—N  HN-g.  3:H2PAOHRIC Y +2HCl (100)
> N
#’  ph
#’  Ph
925a 926a: 87%

tion of the reductive cross-coupling of N-fert-butanesulfinyl
aldimines with nitrones (vide supra), they had observed a
trace amount of the homocoupled product in the presence
of 2 equiv of Sml,. When these conditions were employed
with N-fert-butanesulfinyl imine 2 (R = 4-Cl-Ph), the
homocoupled product was obtained in 81% yield as a 58:42
mixture of diastereomers. A screen of additives revealed that
the addition of 2 equiv of HMPA was essential for the
exclusive formation of 928a, which was produced as a single
diastereomer in almost quantitative yield (Scheme 218). The
absolute stereochemistry for 928a was established by X-ray
structural analysis, and the authors have explained the
observed diastereoselectivity by transition state 927, which
minimizes steric repulsion between the bulky fers-butane-
sulfinyl groups on the nitrogen atoms. A number of electron-
poor para-substituted aryl imines 2 were evaluated, and
adducts 928a—d, h, and i were obtained in 61—99% isolated
yield. When electron-rich aryl imines were employed, the
homocoupled products were generated in lower yields,
although the yields of these products could be improved by
the addition of 6 equiv of HMPA (928e, f, and j). However,
a low yield of 928g (30%) was obtained even when the
amount of HMPA was increased.

Scheme 218. Sml,-Induced Reductive Homocoupling of
N-tert-Butanesulfinyl Aldimines

Y o >
Smi, (2 equiv) “

les\‘o HMPA (2 equiv) SNH HN‘S\b
R/]\H THF, -78 °C AN
2 - - 928
- single diastereomer
LolaMS; Q ingie d

N~ ,ﬁ
ok
H R
N
LnloSm’. ,,S‘/s
"0

927

928d: R = Ac; 61%

928a: X = Cl, 99%
928e?: R = Me; 80%

928b: X = Br, 93%
928c: X =F, 83%

928f%: R = Me; 72%
9289 R = H; 30%

928h: R=Cl, 81%
928i; R=F, 69%
928j* R = OMe, 85%

¢ Six equivalents of HMPA was used.
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Table 23. Selective Reductions of f-Hydroxy N-tert-Butanesulfinyl Imines
B RE:
(;L,o H N
O~B- S
catecholborane ‘ N,WRZ O/,S\NH OH
\/ THF, -10°C “~s.. R T
20 /QD RTTR2
R g2 - 929 ~ 68
1
67 N
N\ LiBHEt3 o é—-"szo'l;M _5.
THF -78°C Ho N9, 07 "NH OH
' -~ oR
S B4
- 930 - 69
catecholborane LiBHEt;
yield of yield of
entry imine 67 R R? dr 68 68 (%) dr 69 69 (%)

1 67a Ph Et 95:5 94 >99:1 69
2 67b Ph iBu 96:4 84 >99:1 85
3 67¢c Ph iPr 96:4 88 >99:1 83
4 67d Ph Bu 96:4 89 >99:1 91
5 67e Ph Ph 96:4 84 >99:1 73
6 67f Bu Et 95:5 81 >99:1 96
7 67g Bu iPr 96:4 91 >99:1 96
8 67h Bu Bu 95:5 79 >99:1 83
9 67i Bu Ph 98:2 77 >99:1 95
10 67j iPr Et 95:5 82 98:2 94
11 67k iPr iPr 96:4 82 99:1 94
12 671 iPr Bu 95:5 93 99:1 96
13 67m iPr Ph 90:10 81 92:8 85
14 67n Et Et 94:6 76 93:7 78
15 670 Et iPr 97:3 91 95:5 94
16 67p Et Bu 92:8 82 97:3 90
17 67q Et Ph 76:24 69 88:12 80

13. Synthesis of 1,3-Amino Alcohols

13.1. Reduction of #-Hydroxy N-tert-Butanesulfi-
nyl Imines

The synthesis of either syn- or anti-1,3-amino alcohols via
the reduction of S-hydroxy N-tert-butanesulfinyl imines 67
(prepared by addition of an N-fert-butanesulfinyl metalloe-
namine to an aldehyde; see section 3.2.1) was first described
by Ellman and co-workers in a 2002 Communication®* and
later expanded upon in a full report (Table 23).%* This
methodology presents a convergent and expedient synthesis
to access either isomer of this highly important class of
molecules. Several reducing agents were tested with ketimine
67c. Catecholborane provided amino alcohol 68 with the
highest syn-selectivity, while LiBHEt; afforded 69 with
complete anti-selectivity. A number of aryl and alkyl
ketimines (67a—p) were subjected to both reduction condi-
tions and high yields, and excellent diastereoselectivities were
observed for each transformation (entries 1—16). Only the
reduction of imine 67q proceeded with more modest dias-
tereoselectivity (entry 17). The absolute configurations of
68e and 69f were determined by X-ray structural analysis.
The relative stereochemistries for 68c and 69¢ were further
determined by chemical derivatization and NMR spectro-
scopic methods.

To determine the essential features for achieving high
stereoselectivity for these transformations, the catecholborane
and LiBHEt; reduction of the epimer of 67e was investigated
(Scheme 219). The catecholborane reduction of 931 gave
932, and the LiBHEt; reduction gave 933, both in good
diastereoselectivities, indicating that the selectivity of the
reduction is mainly controlled by the configuration of the

Scheme 219. Selective Reduction of 931, the Epimer of 67e

Y catechol- YO ) V

_S. borane R LiBHEty _S.

’NHOH‘FNIOHTO’NHOH

Ph/\/'\Ph -10°C Ph)\/LPh -78°C Ph/'\/'\Ph

932: 86:14 dr 931, epimer 933: 90:10 dr
of 67e

tert-butanesulfinyl group. To rationalize the switch in dias-
tereoselectivity based on the choice of reductant, the authors
presumed that the E-geometry of the fB-hydroxy N-tert-
butanesulfinyl imine, as observed in crystal structures of these
p-hydroxy imines, would not change during LiBHEt; reduc-
tion. Therefore, transition state 930 was proposed with the
hydride delivery occurring from the si-face of the imine
double bond (Table 23). For the catecholborane reductions,
the authors propose six-membered transition state 929, which
requires imine isomerization to the Z-geometry, which is in
analogy to the stereoselective reductions of S-hydroxy
ketones.?!! Indeed, because very little reduction of the N-tert-
butanesulfinyl ketimine derived from acetophenone was
observed in the presence of catecholborone, chelation of the
boron to the f-hydroxy N-tert-butanesulfinyl imines must
play a significant role.

The utility of the N-tert-butanesulfinyl metalloenamine
methodology and its application to the synthesis of syn- or
anti-1,3-amino alcohols was showcased by the asymmetric
syntheses of (—)-halosaline and (—)-8-epihalosaline (Scheme
220).% Formation of the metalloenamine from 934 and
addition to butyraldehyde gave 935 in 82:18 dr and a 51%
isolated yield of the major diastereomer. Reduction of 935
with catecholborane provided the syn-isomer 936 as a 93:7
mixture of diastereomers, which was purified to diastereo-
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Scheme 220. Total Syntheses of (—)-Halosaline and
(—)-8-Epihalosaline

<\O ‘ o)
o&/\)\
934
1. LDA (1.1 equiv)
-78 °C

2. MgBr,, -78 °C
3. BUCHO, -78 °C

v

$=0
o N OH
)\/\/k/t\
catecholborane 0 . Bu LiBHEt,
THF, -48 °C 935: 51% THF -78 °C
82:18 dr ’

A/ L

<\ NH OH <\O O/’S\NH OH
)\/\/\/\ 0)\/\/k/\Bu
936: 72% 937: 75%
937 dr 91:9dr
10 mol% PtO,, 10 mol% PtO,,
Hy, (1 atm) Hy, (1 atm)

TFA, EtOH, H,O

Bu Bu

(-)-8-epihalosaline (-)-halosaline
938: 73% 939: 81%

TFA, EtOH, H,O

meric purity by column chromatography in 72% yield. The
anti-isomer 937 was synthesized with high diastereoselec-
tivity by LiBHEt; reduction of 935. Again, column chro-
matography provided diastereomerically pure material in
75% yield. Reductive cyclization with concomitant protecting
group cleavage provided 939 or 938 in one step in good yield
to complete the syntheses of (—)-halosaline and (—)-8-
epihalosaline.

Addition of an N-tert-butanesulfinyl metalloenamine to an
aldehyde and the subsequent reduction of the resulting
f-imino alcohol to a 1,3-amino alcohol was employed by
Ellman and co-workers in the first total synthesis of the
natural product tubulysin D, which is a highly potent inhibitor
of tubulin polymerization (Scheme 221; see section 18.2 for
an additional example of fert-butanesulfinamide chemistry
employed in this synthesis).*'? The tubuvaline (Tuv) fragment
of tubulysin was synthesized by addition of the metalloe-
namine derived from 941 to thiazoline aldehyde 942. This
transformation proceeded with high diastereoselectivity (92:
8) when CITi(OiPr); was used as the metal additive, and
the major diastereomer was isolated in 90% yield after
column chromatography. Reduction with NaBH, at low
temperature avoided competitive reduction of the methyl
ester and provided the (-amino alcohol 944 as a single
diastereomer in 88% yield after column chromatography.
Removal of the sulfinyl group provided the amine salt 945
in quantitative yield. Employing the Tuv salt 945, the total
synthesis of tubulysin D was accomplished in 16 steps and
13% overall yield.

Several analogues of tubulysin D were synthesized fol-
lowing this protocol, and notably, replacement of the
extremely labile O-acyl N,O-acetal in the Tuv fragment with
the considerably more stable N-methyl amide did not
significantly impact biological activity.*!* Without the acid
and base labile O-acyl N,O-acetal group, an efficient
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Scheme 221. Synthesis of the Tuv Fragment of Tubulysin D
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»\(/N CO,Me
941 H SJ/ 943 90%, >99:1 dr
(92:8 crude dr)

942
iPr OH
NaBH,, N HCI, MeOH,
Ti(OE), =) Coe dioxane
THF,-78°C S
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Scheme 222. Synthesis of 949
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HN” OH
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2
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synthesis of the Tuv fragment incorporating the N-methyl
amine was therefore devised.’!* Following the same route
as utilized in the total synthesis of tubulysin D, 947 was
isolated in diastereomerically pure form in 74% yield over
the two steps (Scheme 222). Condensation of 947 with
paraformaldehyde in toluene provided 948 in 87% yield.
Reduction of 948 with a support-bound cyanoborohydride
(MP-BH;CN) under acidic conditions yielded 949, which
was incorporated into the desired N-methyl analogue of
tubulysin D, in 15 linear steps and 40% overall yield.

Floreancig and Jung utilized an N-fert-butanesulfinyl
metalloenamine addition to an aldehyde to prepare the
precursor for their key gold-catalyzed cyclization step in the
total synthesis of (+)-andrachcinidine (953) (Scheme 223).3%
The metalloenamine of 950 was added to n-butanal, and the
resulting [-hydroxy N-tert-butanesulfinyl imine 951 was
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Scheme 223. Total Synthesis of (+)-Andrachcinidine
1. LDA (1.1 equiv)
OMe \\/ -78°C OMe A(
2. MgBry, -78 °C. Xy 5=0

X . )

AN /S\\ —_— s /

\)Ul\ O 3. PrCHO, -78 °C N| 9H
Pr

950 951: 65%

| OMe ¥
THEOC _

catecholborane
S=0 —»

’ N
N
Pr o] Pr” “OH

953: (+)-Andrachcinidine
8% yield overall

—_—

952: 78%
(84:16 crude dr)

Scheme 224. Reduction of 1,3-N-fert-Butanesulfinyl Amino

Ketones
LiEt,BH i/
/CH,Cl,, -78 °C o M‘
Y Ph R
o> *NH O 954a; R = Me; 90%, 71:29 dr
: 954b: R = Ph 93%, 70:30 dr
Ph R
737 R=Me \_ Li(tBUO)AH, Y
738 R=Ph LiCl

o*° NH QH
Ph/\/\R

Et,0, -78 °C

955a: R = Me; 90%, 99:1 dr
955b; R = Ph; 90%, 99:1 dr

stereoselectively reduced with catecholborane to provide the
1,3-amino alcohol 952 with an 84:16 diastereomeric ratio.
Further synthetic transformations provided (+)-andrachcini-
dine in 8% yield overall.

13.2. Reduction of 1,3-N-tert-Butanesulfinyl
Amino Ketones

Davis and co-workers developed an alternative route to
1,3-amino alcohols via the reduction of 1,3-N-tert-butane-
sulfinyl amino ketones 737 and 738 (Scheme 224; see section
10.2.1 for the synthesis of 737 and 738).22 Using the
reduction conditions optimized for the analogous synthesis
of anti-1,3-N-p-toluenesulfinyl amino alcohols (LiEt;BH,
CH,Cl,, —78 °C), high yields but moderate diastereoselec-
tivities were observed for the N-fert-butanesulfinyl amino
alcohol products 954a and b. However, excellent yields and
diastereoselectivities were obtained for the syn-amino alcohol
products 955a and b using Li(rfBuO);AlH as a reductant and
LiCl as an additive.

Recently, Gonzalez-Gomez, Foubelo, and Yus demon-
strated the stereoselective reduction of the cyclohexanone
moiety present in N-fert-butanesulfinyl S-amino ketones to
provide 1,3-amino alcohols.?!® Treatment of compound 726f
(synthesized via a tandem enantioselective conjugate addition
followed by a Mannich reaction; for details see section
10.2.1) with NaBH,4 provided 956 in almost quantitative
yield. Conversely, reduction of 726f with LiBHEt; provided
the syn-amino alcohol 957 in 84% yield (Scheme 225). The
absolute configuration of the reduced product 956 was
determined by X-ray structural analysis and was consistent
with an axial delivery of the hydride from NaBH,. When
the enantiomer of ligand 719 was utilized, the B-amino
ketones 958a and 958b were isolated as an inseparable mixture
of diastereomers (Scheme 226). Reduction of the mixture
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Scheme 225. Stereoselective Reduction of 726f

3 mol% Cu(OTf),
6 mol% ligand 719

CH,Cl,, -20 °C
.Sy
e} N"T0
Fr' R 726f. 86%
Ph single

diastereomer

LIBHEt,
THF, -78 °C

N ,S\\

py "o oy o
C':E\/\Ph O’:\/\Ph
Et Et
956: 96% 957 84%

Scheme 226. Stereoselective Reduction of Diastereomer
Mixture

6 mol% ent-719

3 mol% Cu(OTf),
\ CH,Cly, -20 °C

.Ss S

o) O HN
TS
Ph Y Ph
. LiBHEt3,
NaBHy,, ‘Et

THF,

EtOH 958a + 958b: 58% 78°C
71:29 dr

O
II
'IZ

959a: 44% 959a: 45%
+ +
RN .Sy
9!—U—|N O OI-H—|N [¢]
“Et “Et
959b; 21% 960b: 24%

with NaBH, provided 959a and 959b, which were isolated
as pure compounds after column chromatography. When
the mixture of 958a and b was treated with LiBHEt3, syn-
amino alcohols 959a and 960b were obtained after
purification.
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Table 24. Selective Reductions of f-Amino N-fert-Butanesulfinyl

Imines
=

catecholborane

THF, 10°C O NH NHTs
o P "R
Nl/S/l;lHTS 9261
Ph R V
103 ~_ . v
LiBHEt, &
THF78°c O NH NHTs
Ph R
962
catecholborane LiBHEt;
yield of yield of
entry R dr 961 961 (%) dr962 962 (%)
1 Ph >99:1 65 >99:1 81
2 4-CI-Ph >99:1 70 >99:1 86
3 2-furyl >99:1 62 >99:1 90
4 cinnamyl >99:1 71 >99:1 83

14. Synthesis of 1,3-Diamines

14.1. Transformations of -Amino N-tert-
Butanesulfinyl Imines

The stereoselective reduction of B-amino N-tert-butane-
sulfinyl imines 103 (prepared by the addition of an N-tert-
butanesulfinyl metalloenamine to an imine; see section 3.2.3)
to afford either the syn- or anti-1,3-diamines 961 or 962 was
explored by Chen, Wang, and co-workers (Table 24).” This
method provides a convenient and highly diastereoselective
route to prepare this structural motif. Following the reduction
protocol developed by Ellman and co-workers for the
analogous reductions of S-hydroxy imines (see section 13.1),
1,3-diamines 961 or 962 were generated in the presence of
catecholborane or LiBHE;, respectively. All transformations
proceeded in good yields (62—90%) and with excellent
diastereoselectivities (>99:1). The absolute configuration of
961 (R = cinnamyl) was determined by X-ray structural
analysis and was consistent with the stereochemical model
proposed by Ellman and co-workers for the reductions of
p-hydroxy N-tert-butanesulfinyl imines.

Chen, Wang, and co-workers also demonstrated the
addition of benzyl magnesium bromide to -amino N-tert-
butanesulfinyl imines 103. The products 963a—d were
obtained in moderate to high yield with excellent diastereo-

selectivity (eq 101).%°

~

.8=0 .§=0
Ph)\/\R THF, -78 °C \)\/\R
103 963a: R = Ph, 83%, 99:1 dr

963b: R = 4-MeO-Ph; 71%, 99:1 dr
963c: R = 4-Me-Ph; 90%, 99:1 dr
963d: R = cinnamyl; 65%, 99:1 dr

The addition of a Grignard reagent to a 3-amino N-fert-
butanesulfinyl imine, synthesized by addition of an N-tert-
butanesulfinyl metalloenamine to a sulfonyl imine (see
section 3.2.3), was reported by Lanter and co-workers to
introduce the 1,3-diamine framework in their elegant asym-
metric synthesis of manzacidin C (Scheme 227).% Coupling
99 and 100 provided 101 in 85% yield, which was converted
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Scheme 227. Total Synthesis of Manzacidin C

N’S\\o
B”O\)l\ ~ (
99 LHMDS (1.1 equiv)

1. MeMgBr,
THF, 0°C
N-S570
+  THF,-78°C | NHBus > He, dioxane
NBus Bno. AL~~~
Ph
H™ > ph 101: 85%
100
NH2 NHBus —_—
oA A~ HNSN
\/K) “CO,H
964: 65% 102: manzamdln C

single diastereomer 28% yield over 10 steps

to the tertiary carbinamine 964 as a single diastereomer after
treatment with methyl magnesium bromide followed by
removal of the sulfinyl protecting group. A number of
subsequent synthetic transformations yielded the desired
natural product 102 in ten linear steps and 28% overall yield.

14.2. Addition of Organometallic Reagents to
Bisimines

Sasai and co-workers utilized additions to bisimines 964
and 966 for the synthesis of 1,3-diamines in their efforts
toward the synthesis of spiro bis-oxazoline ligand 970
(Scheme 228).3'7 While vinyl Grignard reagent or vinyl-
lithium addition to C,-symmetric bisimine 964 was originally
investigated, the major diastereomer obtained (in less than
20% yield) was the undesired pseudo-meso adduct 965. To
obtain this product, two sequential (in sifu) addition reactions
would have to take place from opposite imine faces with
respect to the sulfinyl stereochemistry. It is probable that
the presence of the coordinating 5-amino group after the first
addition causes a change in the transition state for the second
addition. To circumvent this problem, additions to meso-
bisimine 966 were next explored. Optimization of reaction

Scheme 228. Organometallic Additions to
Bis-N-tert-butanesulfinyl Imines

vy vy

O/’S\lN Nl’s\‘o 0’ “NH HNSS0
/\
solvent,
= A additives = A
964 965: < 20%,

major diastereomer

Y \///\Ll

_S. .Ss .S. .Ss .S. .Ss
O"N N0 (gequiv) O NHHNT0 oS N NS0
H H toluene * | |

-78 °C
= > = A
966 (£)-968
74%, 8:1 dr
1. HCI/MeOH
(+)-967 —————
2. PhCOCI
EtN, CH,Cly

(£)-969: 88% (£)-970
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conditions revealed that the use of 4 equiv of vinyl lithium
in toluene provided a 74% yield of a chromatographically
separable 8:1 mixture of diastereomers, favoring the desired
diastereomer (4)-967. Acid-mediated cleavage of the sulfinyl
groups followed by benzoylation provided the desired C,
symmetric 1,3-diamide (£)-969 in 88% yield. Further
elaboration provided (£)-970, which was resolved by
preparative-scale chromatography on a chiral stationary
phase. The use of the copper complexes of the enantiomeri-
cally pure ligand 970 was demonstrated in both a carbonyl-
ene reaction and a Henry reaction.

15. Synthesis of Fluorinated Amine Derivatives

The selective incorporation of fluorine into organic
molecules to modulate their biological properties is an
important strategy in drug design.’'® Indeed, many of the
most widely used pharmaceutical agents contain one or more
fluorine atoms. Within this class of compounds, fluorinated
amines are important synthetic building blocks in the design
of drugs because the strongly electron-withdrawing nature
of the fluorine atom attenuates the basicity of proximal amine
functionality. Fluorine substitution can also alter metabolism,
decrease toxicity, and/or increase the bioavailability of drug
candidates.

15.1. Synthesis of o-Trifluoromethyl Amines

15.1.1. Addition of a Trifluoromethyl Nucleophile to N-tert-
Butanesulfinyl Imines

The nucleophilic addition of a fluorinated carbanion to an
imine represents a direct and efficient method for the
synthesis of fluorinated amines. Prakash, Olah, and Mandal
disclosed the first example of a nucleophilic transfer of a
“CF;” anion to N-fert-butanesulfinyl aldimines.*!* While in
an early study Prakash and co-workers had observed that
TMSCEF; in the presence of stoichiometric CsF could act as
a nucleophilic trifluoromethylating agent for additions to
N-sulfonyl aldimines,*? application of these reaction condi-
tions to N-tert-butanesulfinyl aldimines proved problematic.
Yields were low due to competitive decomposition of
TMSCF;3, and imines bearing an o-proton were incompatible
coupling partners due to competitive deprotonation by the
basic CsF. However, when the fluoride source was changed
to the soluble nonmetallic tetrabutylammonium difluoro-
triphenylsilicate (TBAT),**! the desired compounds could be
obtained in high yields and diastereoselectivities for an array
of structurally diverse N-tert-butanesulfinyl imines 2 (Scheme
229). N-tert-Butanesulfinyl trifluoromethylated aromatic and
heteroaromatic amines 971a—i were synthesized in high
yields (80—95% yield) and with excellent diastereoselec-
tivities (95:5 >99:1 dr). Branched and linear aliphatic imines
2 were also utilized to provide 971j—1 in good yields and
with very high diastereoselectivities. The absolute configu-
ration for select products was determined by correlation with
known compounds, revealing that the stereochemical out-
come was consistent with an open transition state (see
Scheme 33, section 4.1).

This methodology was further extended to the addition of
TMSCF; to o,(-unsaturated N-tert-butanesulfinyl aldi-
mines.*® Optimization of the reaction conditions was con-
ducted with the imine derived from cinnamaldehyde. While
TMSCF; and TBAT were still effective sources of a
nucleophilic “CF;” anion (vide supra), the lowered reactivity
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Scheme 229. Synthesis of Trifluoromethylated
N-tert-Butanesulfinyl Aldimines
TMSCF5 (1.2 equiv) Y
. TBAT (1.1 equiv) _Sa
)N|\ O THF, -55°C HY™ 0
R”H R7CF,
2 971
Hr;rs\‘o HN-S%o HN-SSo

971a: R=H, 80%, 97:3dr  971e: 95%
971b: R=Cl, 95%, >99:1dr 99:1dr 99:1dr
971c: R = Br, 90%, >99:1 dr
971d: R = CF3, 84%, 95:5 dr

oy

S5 o
HN""%0 :
R CF;3
V-0 Q@
971g: 85% 971h: 83% 971i: 90%
97:3dr 96:4 dr 99:1 dr
Hr;rs\‘o Hr;rs“o Hr;rs‘\o
OACFS ﬁACFa P " CF,
971j: 88% 971k: 75% 9711: 84%
99:1 dr 99:1 dr 90:10 dr

Scheme 230. Synthesis of Allylic N-fert-Butanesulfinyl
Trifluoromethyl Amines

Y TMSCF; (1.2 equiv) Y

PN

N“ZS0 TBAT (1.1 equiv) HN""%0
| Y F
R 25 ° R
| H THF, -25 °C ]|\/\CF3
R?”"R® R?"TR®
972 973
HN'S‘\O HN'S\\O HN/S\\O HN’S*‘O
R._A~ R._A H._A R._~
SRS Gl iy e
Ph” TH Furyl” "H Ph” “Ph H” ~Ph
973a: R=H; 973¢c: R=H; 973e:62%  973f:2 R = pentyl;
55%, 90:10 dr 76%, 92:8 dr >09:1dr 82%, 90:10 dr
973b: R = Me; 973d: R = Me;

9739:? R = hexyl;
75%, 92:8 dr
973h:2 R = Ph;
62%, 93:7 dr

73%, >99:1 dr 50%, 98:2 dr

“ Reaction was conducted with TMAF as the fluoride source.

of the a,f-unsaturated N-tert-butanesulfinyl aldimines 972
required higher temperatures (—25 °C). Under these condi-
tions, 973a was generated in 55% yield and with 90:10 dr,
and none of the corresponding 1,4-addition product was
observed (Scheme 230). Methyl substitution at the o-position
of 972 increased the diastereoselectivity of the reaction
without impacting the yield (973b and d). Adduct 973e, with
p.p-disubstitution, was also obtained in good yield and with
excellent diastereoselectivity. Heteroaromatic substitution at
the [(-position was also tolerated (973¢ and d). However,
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Scheme 231. Synthesis of o-Amino N-fert-Butanesulfinyl
Trifluoromethyl Amines

Y TMSCF; (1.5 equiv) Y

NS0 TMAF (1.2 equiv) HN- S0
! . :
THF, -35 °C R\‘/\CFs

NBn, NBn;

R

974

Hf;l’s\\o H@,S\\O HI;I/S\\O H,;‘,S\\O
MEY\C& BuY\CFg, Bn\‘/\CF3 IPFY\C&

NBny NBn, NBn, NBn,
974a: 86% 974b: 85% 974c: 81% 974d: 66%
>99:1 dr >9%:1 dr >99:1 dr >9%:1 dr

HN’ No] HN S0
BLI\‘/\CF3 O/\ F3 Blﬁ\-;/\CF3

NBn; NBn NBn;
974e: 71% 974§ 79% 974g: 60%
>99:1 dr >99:1 dr 80:20 dr

when sterically congested imines 972 with long alkyl chains
at the a-position (R = pentyl or hexyl) were utilized under
these conditions, the corresponding adducts 973f and g were
obtained in unsatisfactory yields (20—25%). When the steric
bulk of the nucleophile was decreased by utilizing tetra-
methylammonium fluoride (TMAF) as the fluoride source,
the products 973f—h were obtained in high yield. The authors
also demonstrated that treatment of 973a with HCl and
MeOH removed the sulfinyl group without any loss in
stereochemical purity. The stereochemical outcome of the
reaction was consistent with the open transition state model
(see Scheme 33), and the absolute configuration of 973a was
confirmed by X-ray structural analysis.

The synthesis of a-amino N-tert-butanesulfinyl trifluoro-
methyl amines was also accomplished via the addition of
TMSCEF; to a-amino aldimines.®> The reaction conditions
were optimized with imine 52 (R = Me) by evaluating the
two fluoride sources that had previously been successful for
the addition of TMSCF; to other N-fert-butanesulfinyl
aldimines (vide supra). While the use of TBAT as the
fluoride source for activating TMSCF; provided a very low
yield of 974a, the less bulky TMAF provided adduct 974a
in 86% yield as a single diastereomer (Scheme 231). Imines
52 bearing linear or branched side chains provided good to
excellent yields and diastereoselectivities for the trifluoro-
methylated vicinal ethylenediamine products 974b—f. How-
ever, when an imine (R = Bn), derived from the opposite
enantiomer of the amino aldehyde, was utilized, the corre-
sponding adduct 974g was obtained with an 80:20 diaster-
eomeric ratio in a 60% isolated yield of the major diaste-
reomer. This demonstrates that both chiral centers influence
the diastereoselectivity of this transformation, with 974¢
representing the matched case and 974g the mismatched case.
The observed stereoselectivity for imines 52 derived from
L-amino aldehydes is consistent with addition via an open
transition state. The absolute configuration of 974a was
confirmed by X-ray crystal structural analysis.

The utility of this method was demonstrated by subjecting
compound 974c to further synthetic transformations (Scheme
232). The sulfinyl group could be cleaved from 974c¢ to
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Scheme 232. Further Synthetic Transformations of 974c

Y

S\O

Bn Y\CFa

NBn,
974c¢
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NH,
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EtO” “NH MeOH
Bn. . EtO />
‘CF3  2.{CI4C0O),CO, )\
NBn, Et;N, THF
977: 95%

978: 60%

provide 975 in high yield without any epimerization.
Catalytic hydrogenation of 975 yielded the free diamine 976
in 90% yield. The amine 975 could also be converted to the
carbamate 977 by treatment with ethyl chloroformate under
Schotten Bauman conditions. Debenzylation of 977 followed
by treatment with triphosgene yielded the cyclic derivative
978 in 60% yield.

Recently, Virgili and co-workers applied the method
developed by Prakash and co-workers to the TMAF mediated
addition of TMSCF; to bis(N-tert-butanesulfinyl imine) 979
(eq 102).3?2 The desired adduct 980 was obtained as a single
diastereomer in 88% yield and was then tested as a chiral
solvating agent with the chiral carboxylic acid, ibuprofen.
Enantiodifferentiation between the proton chemical shifts of
the two enantiomers could be achieved and the best results
were obtained when a 15:1 ratio of 980 to ibuprofen was

used.
00 K.

H/N

979 980: 88%
100:0dr

15.1.2. Addition to Trifluoromethyl N-tert-
Butanesulfinyl Imines

Kuduk and co-workers at Merck provided the first example
of a nucleophilic addition to triflouroacetaldimine 60, which
was generated in situ from N-fert-butanesulfinyl amino acetal
57 (for the synthesis of this reagent, see section 3.1.3) upon
exposure to a Grignard reagent (Scheme 233).”* Optimization
of temperature and solvent revealed that addition of excess
Grignard reagent to 57 in CH,Cl, at —40 °C provided the
best yield and stereoselectivity. Vinyl, allyl, alkyl, and aryl
additions were all demonstrated, providing adducts 981a—e
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Scheme 233. Synthesis of o-Trifluoromethyl Amines

Qz/ RMgBr A/ N

. (2.5 equiv) - H
HN-S%0 NSo| = hnSs
y CH,Cly B H/N'\ o

2h, -40
Fo€” OBt {0 FsC~ TH
57 60 981
NS0 HN/S‘\O HN’S“O HN'S‘\O
R1
P x
981a:R'=H  981c: 98% 981d: 74% 981e: 98%
71%, 96:4 dr 83:17 dr >97:3dr? 86:14 dr
981b: R' =

81%, 92:8 dr
@ Reaction carried out at —40 to —10 °C.

Scheme 234. Further Transformations of o-Trifluoromethyl
Amine Products
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%Ob
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45 °C, 4 days: 76%, 5:1 986.987
microwave: 97%, 1:3 986:987

in respectable yields (71—98%) and diastereoselectivities
(83:17 to >91:3 dr). The observed stereochemistries of the
products, based upon X-ray crystallographic analysis of a
derivative of 981a, are consistent with addition via an open
transition state (see Scheme 33, section 4.1, and Figure 13,
section 11.1).

Kuduk and co-workers demonstrated the utility of the
addition products by allylation of 981a, followed by ring
closing metathesis using the Hoveyda—Grubbs second
generation catalyst 983 to provide chiral dihydropyrrolidine
984 in high yield (Scheme 234).”* Moreover, Fustero and
co-workers utilized the enantiomer of 981d, after replacing
the sulfinyl with the Cbz group, to provide 985, which, upon
a tandem cross-metathesis—intramolecular aza-Michael reac-
tion, provided pyrrolidines 986 and 987 in varying ratios
depending on the reaction conditions used (for other sub-
strates for this tandem reaction, see section 4.1.1).!%

Truong and co-workers reported the synthesis of a-tri-
fluoroacetaldimine 60 (see section 3.1.3) and examined the
stereoselective addition of aryl organometallic reagents to
this substrate.” While Grignard reagents failed to add with
the desired level of diastereoselectivity despite extensive
solvent and additive optimization, additions of organolithium
reagents in THF were found to proceed in moderate yield
with high diastereoselectivity (Scheme 235). The product
stereochemistry is consistent with addition via an open
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Scheme 235. Addition of Aryl Lithium Reagents to
N-tert-Butanesulfinyl o-Trifluoroacetaldimine

~\- ~-

S RLi (2.5 equiv
NS0 (2.5 equiv) HN s\O HCI NH5Cl
| THF, -78 °C MeOH
Fs C/]\H F3C/LR FiC
60 988 989:

52-86%

988a: R = H; 66%, 98:2 dr
988b: R = OMe; 55%, 97:3 dr
988c: R = SMe; 53%, 98:2 dr
988d. R = F; 50%, 100:1 dr

A/
A/ \V 4/
5@ %

988e: 36%, 83:17dr  988f 40%, 99:1dr  9889:15%, 98:2 dr

Scheme 236. Addition of Arylboronic Acids to
N-tert-Butanesulfinyl o-Trifluoroacetaldimine

[Rh(cod)(OH)],
N\ (5 mol) N\ ha »
5. R'B(OH .. MeOH 7
,S\O (OH), HN S\O

N
' F2C” R
F3C)\H EtyN, CHyCla, Fac/'\R1 2. NaHCO4
60

¢ 991.67-96%
,é\\ ) 7 X ) = .
HN™S0 HN~So HN-Sso
F3C/'\©\ 3c
R
990a: R = H; 72%, 95:5 dr 990f: 72% 990g: 62%

990b: R = OMe; 73%, 91:9dr  96:4 dr 964 dr
990c¢: R = SMe; 55%, 97:3 dr

990d: R = F; 76%; 97.3 dr

990e: R = CF3; 58%, >99:1 dr

HN’S\\O /S\\O
NHAc CO,Me
990h: 47% 990i: 49% 990j: 66%
97:3 dr 97:3dr 93:7 dr

transition state (see Scheme 33, section 4.1, and Figure 13,
section 11.1).

Recently, Truong and Pfeiffer reported the rhodium-
catalyzed addition of arylboronic acids to N-tert-butanesulfi-
nyl imine 60, affording diastereomerically enriched N-tert-
butanesulfinyl trifluoromethyl amines 990 (Scheme 236).3%}
Catalysts, solvents, and bases were all examined to reveal
that the use of [Rh(cod)OH], as the catalyst, CH,Cl, as the
solvent, and triethylamine (Et;N) as a base provided the best
combination of yield and diastereoselectivity. The scope of
the reaction was probed, and a number of electronically
diverse aromatic groups were incorporated into the amine
products 990a—g in moderate to good yields (55—75%) and
with diastereomeric ratios ranging from 91:9 to >99:1.
Arylboronic acids bearing functional groups such as amide,
ester, and ketone were also compatible with this methodol-
ogy, allowing access to the corresponding amines 990h—j.
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Table 25. DIBALH and L-Selectride Reductions of
Trifluoromethyl N-fert-Butanesulfinyl Ketimines

Y

DIBALH &
THF, -78 °C HN™ 0
FC7 R
y 992

R
62 \L-Selectride HN’S\‘Q

THF, HMPA PN

78°C FsC R
993

DIBALH L-Selectride

yield of yield of

entry imine R dr 992 992 (%) dr993 993 (%)
1 62a  Ph 99:1 99 99:1 99
62b  4-MeO-Ph 99:1 98 98:2 92
3 62¢  2-MeO-Ph 99:1 97 97:3 96
4 62d  4-Me-Ph >99:1 97 98:2 95
5 62e  4-Cl-Ph 99:1 98 99:1 88
6 62f  4-Br-Ph 99:1 97 98:2 96
7 62g  3-Br-Ph 97:3 93 99:1 90
8 62h  1-naphthyl 99:1 96 99:1 94
9 62i 2-furyl >08:2 94 98:2 97
10 62j Ph—C=C >06:4 93 95:5 81
11 62k  octyl >99:1 87 96:4 60
12 621 Ph(CH,); >99:1 81 99:1 62

Protodeboration was identified as the major side reaction,
causing diminished yields. The authors noted that heteroaro-
matic boronic acids failed to participate in the reaction and
that alkenyl boronic acids only yielded trace amounts of the
desired sulfinamide products. Sulfinyl group removal was
also demonstrated, and the resulting amines 991a—j were
generated in 67—96% yield. The stereochemical outcome
was assigned in analogy to other boronic acid additions to
N-tert-butanesulfinyl imines.!'3

The reduction of trifluoromethyl o.,(5-unsaturated N-tert-
butanesulfinyl ketimines 62 was recently demonstrated by
Liu and Liu (Table 25).”7 The best yields and diastereose-
lectivities for the synthesis of 992 were obtained when
DIBALH was employed as the metal hydride reagent. In the
presence of L-Selectride, the reduction of 62a provided 993a
as the major product, albeit with moderate diastereoselec-
tivity. However, addition of HMPA as a cosolvent resulted
in enhanced diastereoselectivity. The stereochemical outcome
was rationalized by invoking a cyclic transition state for the
DIBALH reductions and an open transition state for the
L-Selectride reactions (see section 4.2.1). Presumably the ad-
dition of HMPA serves to disrupt any coordination of the
lithium to the sulfinyl oxygen, enhancing access to the open
transition state. Under both sets of optimized conditions,
aromatic, heteroaromatic, alkynyl, and alkyl substituents were
all tolerated, and good to excellent yields and very high
diastereoselectivities were achieved for all transformations.
Consistent with the observations previously noted by Ellman
and co-workers (see section 6.3), the reduction was regiospe-
cific, and no 1,4-adducts were observed in any transforma-
tion. The absolute configuration of 993e, obtained from the
L-Selectride reduction of 62e, was determined by X-ray
structural analysis.
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15.2. Synthesis of o-Difluoro- and Monofluoro-
methyl Amines

Hu and Li disclosed the asymmetric synthesis of o-dif-
luoromethyl amines via the nucleophilic addition of di-
fluoromethyl phenyl sulfone anion®** to N-tert-butanesulfinyl
aldimines (Scheme 237).3% Generation of the requisite
fluorinated carbanion was achieved by deprotonation of 994
with LHMDS in situ, followed by rapid addition to N-tert-
butanesulfinyl aldimines 2 to provide adducts 995. A variety
of electronically diverse N-tert-butanesulfinyl aryl imines
were reacted with the (phenylsulfonyl)difluoromethyl anion
to provide the corresponding chiral N-fert-butanesulfinyl
amines 995a—e in very high yields (90—98%) and with
excellent diastereoselectivities (>99:1). Despite the basic
reaction conditions, adducts 995f and g, derived from imine
precursors with a-protons, were synthesized in high yields.
The sterically demanding N-fert-butanesulfinyl aldimine 2
(R = 1Bu) also gave a high yield of product 995h (85%).
The absolute configuration of 995a was determined by X-ray
structural analysis, and the configurations of adducts 995b—h
were assigned by analogy. The sense of induction is
consistent with addition via an open transition state (see
Scheme 33, section 4.1). Each of the (phenylsulfonyl)dif-
luoromethylated N-fert-butanesulfinyl amines 995a—h were
deprotected in two steps. Reductive desulfonylation was
achieved using Na/Hg amalgam. Subsequent removal of the
sulfinyl group with HCI in MeOH then provided the amine
hydrochlorides 996a—h in 70—97% for the two-step pro-
cedure. Acylation of amine hydrochloride salt 996a and chiral
HPLC analysis confirmed that no racemization occurred
during the deprotection.

Hu and co-workers later extended this methodology to the
synthesis of chiral monofluoromethyl amines using fluoro-
methyl phenyl sulfone (997) with N-fert-butanesulfinyl
aldimines (Scheme 238).° A number of aromatic, het-
eroaromatic, and aliphatic imines 2 were suitable substrates
in this methodology, providing the (phenylsulfonyl)fluorom-

Scheme 237. Synthesis of Difluoromethyl Amines 996

Y PhSO,CF,H (994) (1 equiv) Y

S LHMDS (1.2 equiv) 8.

> HN" TS0
/"i O ThF, 78°C 2
R™H R” T CF,S0,Ph
1.1 equiv 2 995: >99:1 dr
1. Na/Hg, NazHPO,, NH;ClI
MeOH :
SN
2. HCl:dioxane, R™ "CHF,
MeOH 996a-h: 70-97%
Q( i Y
N HN"70 Sy,

HN" %0

HN" S0 :
: CF,SO,Ph
/©/\CF2302Ph G,/\casogph
. () \-0

995a: R = H, 95%
995b: R = OMe, 96%
995¢: R = Cl, 95%

Y Y Y

995d: 98% 995e: 90%

N Sso H’é‘ls\\o H’é"S\\O
N NCE,50,Ph Y\CFQSOZPh ;(\CFstzPh
995f: 95% 9959: 94% 995h: 85%
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Scheme 238. Synthesis of Monofluoromethyl Amines 999

PhSOQ,CH,F(997) \/

1. Na/Hg,
R LHMDS HN’S\\O Na,HPO, ’;‘H:’,Cl
N7 0 o H T oA
| THF, -78 °C SO,Ph 2. HCl  R™ “CH,F
R MeOH
R)\H /\E:/ eOl
2 998 999
91-99% yield
98:2-99:1 dr
NHC YH:Cl NH:Cl
/@/\CHZF O CH,F ®/_\CH2F
" ® e
999a: R=H, 77% 99%e: 74% 999f: 71%
999b: R = OMe, 76%
999c: R =Cl, 73%
999d: R = NHMe,*Cl', 75%
NHsCI NHCI NHCI NHCI
Pr O CHF  iPr” T CH,F Bu" T CHF  tBu” CHLF
999g: 70% 999h: 70% 999i: 74% 999j: 74%

ethyl sulfinamides 998 in excellent chemical yields (91—99%).
In all cases, nucleophilic addition of the in situ generated
(phenylsulfonyl)fluoromethyl anion to the N-tert-butane-
sulfinyl imines proceeded with excellent diastereoselectivity
(98:2 t0 99:1 dr). A crystal structure of 998a (R = Ph) was
obtained, to establish the relative stereochemistry, which was
consistent with addition via an open transition state. Crude
intermediates 998 were converted to the o-monofluorom-
ethylamine salts 999a—j via reductive desulfonylation and
removal of the fert-butanesulfinyl group in good yield over
the two-step procedure. Although the initial nucleophilic
addition step requires strongly basic conditions, adducts
999g—i, derived from imine precursors with o.-protons, were
still obtained in high overall yields and with high diastereo-
selectivities. A tandem nucleophilic addition—substitution
sequence was also developed for the synthesis of o-monof-
luoromethylated pyrrolidine 1001a and piperidine 1001b (eq
103). The N-tert-butanesulfinyl imines 1000a and b contain-
ing a tosylate group were treated with 997 and LHMDS
under the optimized reaction conditions, yielding the cyclized
products, which were further converted into 1001a and b in
overall yields of 52% and 71%, respectively.

b
S\N/
n

1000a: n =1
1000b: n =2

OTs 1. PhSO,CH,F (997),

LHMDS, THF, -78 °C [S)l
CH,F (103)
2. Na/Hg, Na,HPO, N 2

3. HCI, MeOH H,Cl

1001a: 52%
1001b: 71%

Hu and co-workers also disclosed a highly diastereose-
lective method for the synthesis of a-amino N-terz-butane-
sulfinyl difluoromethyl amines via the addition of deproto-
nated 994 to a-amino imines 52 (Scheme 239).3% A brief
survey of reaction conditions revealed that a slight excess
of imine 52 and 1.0 equiv of 994 with 1.4 equiv of NaHMDS
as the base provided the highest diastereoselectivities.
Utilizing these optimized conditions, 1002a—f were gener-
ated in good yields and with excellent diastereoselectivities.
Consistent with the observations of Prakesh et al.® (see
section 15.1.1), when imine 52 (R = Bn) was derived from
the opposite enantiomer of the amino aldehyde, the corre-

Robak et al.
Scheme 239. Preparation of
a-(Phenylsulfonyl)difluoromethylated Vicinal
Ethylenediamines 1002
Y PhSO,CF,H (994) (1 equiv) Y
N-S50  NaHMDS (14 equiv) HN/S\\O
R THF, 78 °C R
Y CFR.80.Ph
NBny NBn,
1.1 equiv 52 1002
Y 1002a: R = Me; 95%, >99:1 dr
Hn-Sso 1002b: R = Bn; 80%, >99:1 dr
r 1002c: R = iBu; 83%, >99:1 dr
1002d: R= iPr; 74%, >99:1 dr
Y CF2SO0Ph  1g02e: R = sBur 83%, 599:1 dr
NBn,
HN’S‘\O HN’S\\O
5 Bn B
Ph\‘/\CFzsozPh Y CF,80,Ph
NBn, NBn,

1002f: 73%, >99:1 dr 1002g: 85%, 95:5 dr

sponding adduct 1002g was obtained with a lower diaster-
eomeric ratio (95:5 dr), indicating a mismatch between the
directing effects of the two chiral centers, with the sulfinyl
group serving as the primary controlling element. The
absolute configuration of product 1002b was confirmed by
X-ray structural analysis and is consistent with the stereo-
chemistry observed for additions to a-alkoxy imines (see
Figure 13, section 11.1). Adduct 1002b was subjected to
reductive desulfonylation with Hu and Ni’s previously
developed Mg/HOAc/NaOAc reagent,””’ and subsequent
cleavage of the sulfinyl group provided the chiral o-difluo-
romethylated vicinal ethylenediamine 1003b (eq 104).

Y

NS0 1. Mg/HOAG/NaOAG NH,
: - . : (104)
Bn " CF2S0,Ph 2. HCI MeOH, then B”Y\CHFZ
NBn, NaHCO; NBn,
1002b 1003b: 82%

These reaction conditions were also amenable to the
monofluoromethylation of a-amino imines 52 using fluo-
romethyl phenyl sulfone 997 (eq 105).% The corresponding
adducts 1004a—c were obtained in very high yields and with
excellent diastereoselectivities. Moderate stereoselectivities
were also observed for the formation of the stereogenic center
at the fluorine substituted carbon (1.5—3.3:1.0). However,
upon desulfonylation, this chiral center is destroyed. The
absolute configuration of product 1004a was confirmed by
single crystal X-ray analysis. Desulfonylation and removal
of the sulfinyl group was demonstrated by the preparation
of 1005a (eq 106).

X PhSO,CFH, (1 equiv) V

NI O NaHMDS (2 equiv) HN’S\\O
R B (105)
H  THF,-78°C R S0P
NBn; NBn, F
52 >99:1 dr

1004a: R = Bn; 99%
1004b: R = jBu; 97%
1004c: R = jPr; 87%
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Y

NH,

S 1. Na/Hg, MeOH B -
HN"" 0 - . Bn (108)
Bn. A 2. HCl,MeOH, then WACHJ
" CFSOPh NaHCO, NBn,
NBn,
1004a 1005a: 59%

Chiral difluoromethylated amines have also been synthe-
sized wusing [difluoro(phenylthio)methyl]trimethylsilane
(1006) and N-tert-butanesulfinyl aldimines (Scheme 240).328
Several Lewis base initiators were tested for the reaction,
but use of 0.5 equiv of tetrabutylammonium triphenyldif-
luorosilicate (TBAT) in DMF at —20 °C provided the highest
yield and diastereoselectivity. The scope of the reaction was
probed with a number of electronically diverse aryl imines,
and good yields and diastereoselectivities were observed for
products 1007a—e. Aliphatic imines were also suitable
substrates, providing 1007g—j in good yields with excellent
diastereoselectivities. However, for adduct 1007f, whose
imine precursor has two o-protons, a lower yield was
obtained, presumably due to competitive deprotonation of
the starting imine under the reaction conditions. This method
provides an alternative approach for the asymmetric synthesis
of o-difluoromethyl amines to the previously described
difluoromethyl phenyl sulfone route (vide supra).

Select products were further transformed into chiral 2,4-
trans-disubstituted 3,3-difluoropyrrolidines to further dem-
onstrate the utility of this method (Scheme 241). Cleavage
of the sulfinyl group followed by N-allylation with allyl
bromide provided 1008 in 61—78% yield. The CF,—S bond
was homolytically cleaved under radical conditions,*” result-
ing in an intramolecular 5-exocylization reaction. This radical
cyclization provided a high yield of the diastereomeric
mixture of product 1009 with significant preference for the
trans product.

Hu and co-workers have also recently demonstrated a
method for the monofluoromethylation of N-zert-butanesulfi-
nyl ketimines.*** When the conditions optimized by Prakash,
Olah, and co-workers for the addition of TMSCF; to N-tert-
butanesulfinyl aldimines*!® were utilized, no formation of the
desired adduct 1010 derived from the N-fert-butanesulfinyl
ketimine 75 was observed (Scheme 242). The reaction
between PhSO,CHFLI, generated in situ via the deprotona-
tion of 997 with either LHMDS or nBuLi, gave only low
yields of the desired product 1012a (21—32%). However,
the authors noted that PhSO,CHFLi possesses good thermal
stability. This reagent was therefore prepared prior to the
addition of ketimine 75 to provide adduct 1012a in 97%
yield. Further optimization of the reaction conditions revealed
that when nBuLi was used as the base in THF, the desired
product was obtained with good diastereoselectivity (Table
26, entry 1). Although use of KHMDS resulted in a reduction
in yield, even higher diastereoselectivity was observed (entry
1). Ketimines possessing a wide range of electronically
diverse aryl substituents were tested under both reaction
conditions (entries 2—7), providing the desired adducts 1012
in good yields (60—93%) and diastereoselectivites (91:9—
99:1). Heteroaromatic substituents on the ketimine precursor
could also be incorporated into the desired product (entries
8—9). N-tert-Butanesulfinyl alkyl methyl ketimines were also
transformed into the fluorinated products (entries 10—11).
The absolute configuration of product 1012a (R = Ph) was
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Scheme 240. Stereoselective (Phenylthio)difluoromethylation
of N-tert-Butanesulfinyl Imines with TMSCF,SPh

Y TMSCF,SPh (1006) Y

x-N TBAT (0.3 equiv) HN/S‘\O
)N'\ O DMF, 40to-20°C s
R™H R™CF,SPh
2 1007
Y Ty
Sy, HN"" 0 N
HN™ 0 : HN" S0
CF,SPh ;
/@ACFZSP*‘ O 2 Xy CF,SPh
? () o
1007a: R = H, 75%,>99:1 dr 1007d: 85% 1007e: 72%
1007b: R = OMe, 85%, >98:2dr ~ >98:2 dr >98:2 dr

1007¢c: R = Cl, 89%, >99:1 dr

> Y

RN
N HN™ ™0
HN""S0 ;
: CF,SPh
R” T CF,SPh m

1007f. R = Pr; 45%°2, >99:1dr  1007j: 58%, >99:1 dr
1007g: R = iPr; 75%, >99:1 dr
1007h: R = Cy; 74%, >99:1 dr
1007i: R = tBu; 71%, >99:1 dr

“ 1.0 equiv of TBAT was used.

Scheme 241. Stereoselective Synthesis of Pyrrolidines 1009
1. HCI, MeOH

2. allyl bromide, _~ BusSnH, R F
3. KiCOs HN AlBN \Z—X
HN"7S0 : -
b4 R” T CF,SPh N~ R
R” “CF,SPh H
1007 1008: 61-78% 1009:43-77%
83:17-92:8 dr

Scheme 242. Optimization of Fluoroalkylation of Ketimine
75

1. Me3SiCF;, o
2.TBAT, -78 °C g Ph
ir N~ TCF4
H
1. PhSO,CH,F (997) 1010: 0%
9 2. Li—jMDS or nBuli, 9 Ph
S. /J\ -78°C S.
Lr N~ “Ph E CHFSO,Ph
75 1012a: 21-32%

\\_PhSO,CHFLi, g\Ph N
N~ “CHFSO,Ph
78°C H

1012a: 97%

determined by X-ray structural analysis and is consistent with
that observed on addition of other organometallic reagents
to ketimines (see section 5). Select adducts were further
manipulated to produce the chiral fluoromethyl amines 1013,
using their previously described deprotection strategy,’** in
good yields (65—80%) without detectable racemization (eq
107). The authors also attempted to expand this method to
include the difluoromethylation of N-fert-butanesulfinyl
ketimines. Unfortunately, when PhSO,CF,Li was pregener-
ated from 994 and nBuLi before addition to ketimine 75, no
desired product was obtained. It appears that the thermal
stability, good nucleophilicity, and relatively weak basicity
of PhSO,CHFLi play important roles in the success of this
transformation.
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Table 26. Diastereoselective Monofluoromethylation of

Ketimines
1. nBuLi (1.3 equiv) or
KHMDS (2.2 equiv) \k
PhSO,CH,F w. HN'S‘\O

2. Y "
s R1J\CHFSOZPh

239 1012

i
N
2

997 (1.2-2 equiv)

facial
entry R! base yield (%) selectivity
1 Ph nBuLi 90 95:5
KHMDS 64 99:1
2 4-F-Ph nBuLi 81 96:4
KHMDS 65 99:1
3 4-Cl-Ph nBuLi 77 94:6
KHMDS 69 98:2
4 4-CF;-Ph nBuLi 86 91:9
KHMDS 60 97:3
5 4-MeO-Ph nBuLi 85 96:4
KHMDS 62 99:1
6 4-Me-Ph nBuLi 93 95:5
KHMDS 68 99:1
7 2-naphthyl nBuLi 72 94:6
KHMDS 68 99:1
8 2-furyl nBuLi 81 95:5
KHMDS 77 94:6
9 pyridyl nBuLi 81 87:13
KHMDS 74 99:1
10 iPr nBulLi 81 95:5
KHMDS 73 94:6
11 Bu nBuLi 77 95:5
KHMDS 47 99:1
Y 1. Mg, HOAc/NaOAc NH,
PN e R (107)
/]\n 2. HCI, MeOH, Ar” YCH.F
Ar” “CHFSO,Ph then NaHCO,
1012 1013: 65-80%

15.3. Synthesis of Fluorinated a-Amino Acid
Derivatives

The asymmetric Strecker reaction for the synthesis of
a-trifluoromethyl o-amino acids from CFs-substituted N-tert-
butanesulfinyl ketimines 529 has been demonstrated by Lu
and co-workers (Scheme 243; for details, see section 9.2.1).7

15.4. Synthesis of Fluorinated -Amino Acid
Derivatives

Staas and co-workers at Merck developed a synthetic route
to a,o-difluoro S-amino esters via addition of the Refor-
matsky reagent 576 to aryl and alkyl imines 2 (Scheme
244)2% Treatment of a number of N-fert-butanesulfinyl
aldimines at ambient temperature with an excess of 576
provided adducts 577a—e in moderate to good yields
(51—82%) and with good to excellent diastereoselectivities
(80:20 to 95:5 dr). The absolute configuration of a derivative
of 577c¢ was determined by X-ray structural analysis, and
the stereochemical outcome of the reaction was rationalized
by a chelated transition state.

The utility of this methodology was exemplified by
demonstrating its compatibility with standard peptide cou-
pling techniques. Treatment of 577¢ with ammonia provided
the corresponding primary amide, which was converted to
the primary amine 1014 in the presence of BH;*DMS
(Scheme 245). Acylation with Fmoc-L-Pro afforded peptide
1015 in 92% yield. Further synthetic manipulations yielded

Robak et al.

Scheme 243. Strecker Reaction with Trifluoromethyl
N-tert-Butanesulfinyl Ketimines

s NH
TMSCN 69-92%
Q- Hexanes /QCN §7:15:99:1 ar
: RIS R o
_S. 530
0°" N
J\ V
R CF, \
TMSCN N
529 DMF-35°C O7 'NH 71-89%

_J=CN 8614-946 dr
R”CF,

531

Scheme 244. Synthesis of N-tert-Butanesulfinyl Protected
o,0-Difluoro #-Amino Esters

y BrzZn ><COZEt Y

F F .Ss
Nl’s\\O 576 HN™ 0
R)\H THF R COEt
F*°F
2 577
NS HN"S0
CO,Et
R&COZEt Ph COzEt 7& 2
F*°F

577a: R = Pr; 55%; 80:20 dr 577d: 82%, 90:10 dr 577e: 58%, 95:5 dr
577b: R = iBu; 51%, 81:19 dr
577c: R=Cy; 81%; 87:13 dr

Scheme 245. Synthesis of Pseudotripeptide 1016 from
o,0-Difluoro-#-amino Ester 577¢
Fmoc-L-Pro

1. NH3, ELO EDC, HOAT,
Cy 2. BHa*DMS 1 o DMF

cozEt—»> .S N/§(\NH2
H F

577¢ 1014: 44%

Q o OH R

S\' 2 HZ% J\LN)
TN

HF F

1016: 92% 1016

Scheme 246. Synthesis of Pseudotripeptide 1018 from
o,0-Difluoro-#-amino Ester 577¢

1. NaOH, EtOH on
2. L-Phe-OMe+HCGI
9 o EDC, HOAT, DMF 9 Sy 0
S. /><002Et
I N COMe
F F H F
577¢ 1017.30%
Ph
0 cy O
. o R 2RI
— N%N CO,Me
HF FH

1018

the pseudotripeptide 1016. Alternatively, ester 577c¢ was
hydrolyzed with NaOH to the free carboxylic acid, which
was then coupled with L-Phe-OMe, providing 1017 in 30%
yield (Scheme 246). Pseudotripeptide 1018, bearing an a,o.-
difluoro-B-amino acid linker, was obtained after further
chemical transformations.

Bruner and co-workers applied the methodology developed
at Merck in their synthesis of o, 0-difluoro-f-tyrosines 1021a
and b as well as o,a-difluoro-S-phenylalanine 1021¢ (Scheme
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Scheme 247. Synthesis of o,a-Difluoro-Based Inhibitors of

SgTAM
BrZn._CO,Et Y
Y F><F S
N"~0 576 ~0

' y THF CO,Et
FOF
R R

1019a: R = OTBS
1019h: R = OMe

1020a: 56%, >99:1 dr
1020hb: 55%, 92: 8 dr

1019¢c: R=H 1020c: 45%, 95:5 dr
1. HCI, A @
2. /PrOH, NH;3
propylene oxide Co§9

R
1021a: R = OH; 55%

1021b: R = OMe; 73%
1021¢c: R=H; 85%

Scheme 248. Organometallic Additions to
N-tert-Butanesulfinyl o-Fluoroenimines

~- ~-

H R'MgX, 0 °C :
.Sy 1 o /S\\
N""~0 or R'Li, -78 °C HN™ "0
| <
1
R/\)\H toluene R/%K\R
F F

102
1022a R (A) :iOOMe 023

1022b: R (B) = \E/\/OTBDPS

R'MgX

Y?YY

1023a: R (A) 1023c:R(A)  1023e:R(A)  1023g: R
93%, 89:11dr  60%, 70:30dr  27%, 70:30 dr  94%, 70: 30 dr
1023b: R(B)  1023d: R(B) 1023 R(B)  1023h: R (B)

90%, 79:21 dr

~- - -

41%,51:49dr  36%, 70:30dr  90%, 57:43 dr

HN @] HN"™ ™0 HN™ "0
RTX R/m RW
F F F
1023i: R (A)? 1023k: R (A) 1023m: R (A)
95%, 90:10 dr 95%, 67:33 dr 82%, 96:4 dr

1023j; R (B)
90%, 86:14 dr

10231: R (B)
98%, 65:35 dr

1023n: R (B)
91%, 92:8 dr

AR L L
HN’S\\O HN’S\\O HN" TS0
RM R R
F F F
1023a: R (A) epi-1023c: R (A)  epi-1023i: R (A)
96%, 55:45 dr 98%, 60:40 dr 95%, 67:33 dr
epi-1023d: R (B)  epi-1023j: R (B)

91%, 67:33 dr 83%, 65:35dr

¢ Reaction conducted at —30 °C.

247).3%! These adducts were explored as mechanism-based
inhibitors of SgTAM, an aminomutase that utilizes 4-meth-
ylideneimidazole-5-one (MIO) as a cofactor and catalyzes
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the conversion of L-tyrosine to (S)-f-tyrosine. Addition of
the Reformatsky reagent 576 to the appropriate imine
precursors provided the desired N-tert-butanesulfinyl pro-
tected a,0-difluoro-B-amino esters 1020a—c in moderate
yield (45—56%) and with good diastereoselectivity (92:8 to
>99:1). Global deprotection yielded the requisite -tyrosine
analogues 1021, which were cocrystallized with SgTAM to
probe the binding of these substrates in the active site and
elucidate the mechanism of the 1,2-amino shift catalyzed by
SgTAM.

15.5. Synthesis of f-Imino o-Trifluoromethyl
Alcohols

The synthesis of S-hydroxy-£-trifluoromethyl imines 72
was described by Liu and co-workers. These imines were
synthesized via the addition of the metalloenamine derived
from ketimines 65 to a number of trifluoromethyl ketones

(eq 108; see section 3.2.1 for details).

LDA (1 equiv) 8=0

Sso O N’ HO Rz (108)

.
R1J\ RZJ\CF3 THF, -78 °C

R’ CFy
72: 53-99%
50:50-85:15 dr

15.6. Synthesis of Fluorinated Allylic Amines
15.6.1. 1,2-Addition to o-Fluoro o, 3-Unsaturated Imines

Pannecoucke and co-workers reported the addition of
organometallic reagents to a-fluoro o, S-unsaturated imines
1022a and 1022b (Scheme 248).33? This method is comple-
mentary to the work by the same group on reductions of the
corresponding N-tert-butanesulfinyl ketimines (see section
15.6.2).333 The best diastereoselectivities were obtained for
Grignard additions carried out in toluene as a reaction
solvent. Methyl, benzyl, aryl, vinyl, and allyl additions all
proceeded to give products 1023a—b and g—n in high yields
(82—98%) with variable levels of diastereoselectivity. In
contrast, addition of iPrMgCl and iBuMgBr provided low
yields of the desired products due to competitive imine
reduction. This is consistent with results obtained for similar
reactions of unfunctionalized aldimines (section 4.1.1).%?
Therefore, additions of organolithium reagents were also
investigated, providing the desired adducts 1023 in high yield
but with low stereoselectivity, in many cases favoring the
opposite diastereomer from that observed for the correspond-
ing Grignard addition. The absolute stereochemistry of major
diastereomer 1023a was established via X-ray crystal-
lographic analysis of the minor diastereomer, and the other
Grignard additions were presumed to proceed with analogous
stereoselectivity. This is consistent with addition of Grignard
reagents via a chelated transition state and addition of
organolithium reagents via an open transition state, as
observed for most additions to unfunctionalized aldimines
(see Scheme 33). An isolated example of enolate addition
to an o-fluoroenimine was reported by Edmondson and co-
workers (see Scheme 158, section 10.1.2).24?

15.6.2. Reduction of a-Fluoro o,3-Unsaturated Ketimines

A one-pot protocol for reductive amination of a-fluoro
o, S-unsaturated ketones using (S)-tert-butanesulfinamide was
described by Pannecoucke and co-workers (Table 27).3% A
series of metal hydride reagents were screened, revealing
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Table 27. Diastereoselective Reductive Aminations of o-Fluoro
Enones 1024 with fert-Butanesulfinamide

DIBALH an-So
0 /THF, -78°C F i
Sy N\ |
0 ﬁ , i R”H
F - N“°%0 1026
| R Ti(OEt),, THF | I ,
R™ 'H | R X

R™H z

. .Ss
1024 1025 \_L-Selectride HN"~%0

THF, 78°C FI'\ R2

R H
1027

DIBALH L-Selectride

yield dr yield dr
(%) 1026 (%) 1027

Ketone 1024

1024a; 79 982 72 982
o R = 4-MeOPh
F 1024b: 57 982 46 973
| R = Ph(CH,),
R H
O 1024c: 65 973 67 973
F g2 R?=Me
I 1024d: 58 99:1 57 99:1
TBDPSO H  R2=Bn
(e}
F
| 1024e 60 982 86  99:1
H OTBDPS
(6]
F
I ) )
TBDPSO P (213 61 982 62 955

that excellent yields and diastereoselectivities for diastere-
omer 1026 were obtained in the presence of DIBALH while
1027 was obtained in the presence of L-Selectride. A series
of a-fluoro enones 1024a—f were evaluated under both sets
of reaction conditions, and uniformly good yields and very
high diastereoselectivities were observed. A three-step
procedure consisting of concomitant acidic deprotection of
the sulfinyl and silyl groups, FMOC protection of the amine
group, and Jones oxidation of the alcohol to the carboxylic
acid was devised and tested on select substrates for the
synthesis of fluoroolefin-containing peptidomimetics 1028
(eq 109).

y 1. HCI, dioxane
. ' NHF
Ss 2. Fmoc-OSu, E moe
HN"""0  NaHCO, R2
F R hoc (109)
| 3. Jones ox. 2 H
TBDPSO H R
R
1026¢,d,f 1028¢: 71%

1028d: 43%
1028f: 22%

To probe the role of the Pro-p-Val amide bond in their
aspartic-acid containing peptidic expoxidation catalyst, Miller
and co-workers developed a route to the fluoroolefin pepti-
domimetic analogue 1032 by utilizing sulfinamide chemistry

Robak et al.

Scheme 249. Synthesis of Fluoroolefin Analogue 1032 of an
Aspartate-Based Epoxidation Catalyst

1. TI(OER),,

(S)1 Y
[e) THF, reflux
TBSO P 2. DIBALH, -78 °C O//S\NH
3 : 3. TBAF HO -
F

< =
“omMoM s I
“OMOM
1029 1030: 95%, 3 steps
single diastereomer
V
DEAD, PPhy é=o
THF N
/ z
F =y
“OMOM
1031: 85% 1032

(Scheme 249).3* Imine condensation, stereoselective reduc-
tion of the resulting ketimine with DIBALH, and deprotection
of the silyl-protected primary alcohol provided 1030 as a
single diastereomer in 95% yield over three steps. Cyclization
to 1031 was achieved under Mitsunobu conditions, and the
relative stereochemistry was established by X-ray structural
analysis of the amino alcohol derived from 1031. Further
synthetic transformations provided the desired fluoro-
substituted alkene isostere epoxidation catalyst 1032, which
was evaluated to gain mechanistic insight into the structure—
selectivity relationships present in this class of peptidic
epoxidation catalysts.

16. Synthesis of o.-Organometallic Amines

The first report of a 1,2-addition of a non-carbon or hydride
nucleophile to an N-tert-butanesulfinyl imine was disclosed
by Chong and Kells in 2003 in their synthesis of o-ami-
noorganostannanes 1033 (Scheme 250).>% Addition of
BusSnLi to N-fert-butanesulfinyl aliphatic imines at —78 °C
followed by quenching at low temperature provided the
desired adducts 1033 in high yields as single diastereomers
(Scheme 250). BusSnLi was also an effective nucleophile
for addition to electron-rich aromatic imines, while electron-
poor aromatic imines required the use of BusSnZnEt,Li to

Scheme 250. Synthesis of Functionalized a-Amino
Organostannanes

Z BusSnLi :

Sy, 22 L N
)N'\ O ThF,-78°c N O
R” "H R/\SnBu3

2 1o§
: .Ss
Ss HN"S0

HN"" 0
H SnBujy
R/\SnBu3
R

1033a: R = Me; 83%, 99:1 dr 1033h: R = H; 73%, >99:1 dr
1033b: R = Et; 92%, >99:1 dr 1033i: R = Me; 77%, >99:1 dr
1033¢: R = pentyl; 84%, >99:1 dr  1033j: R = OMe; 84%, >99:1 dr
1033d: R = /Pr; 96%, >99:1 dr 1033k: R = NMey, 91%, >99:1dr
1033e: R = Cy; 89%, >99:1dr 1033I°. R = CI, 94%, >99:1 dr
1033f: R = {Bu; 94%, >99:1 dr 1033mP; R = Br; 59%, >99:1 dr
1033g%: R = (CH,);0Bn; 80% 1033n®; R = CF5; 80%, >99:1 dr
>99:1 dr

@ (R)-tert-Butanesulfinyl imine 2 was used. ” Bu;SnZnEt,Li was used.
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Scheme 251. Stille Cross-coupling from
o-Aminoorganostannanes
PhCOCI

Pdy(dba); (5 mol%)
CuCN (5-10 mol%) NHBus

NHBus -
_S._ mCPBA TTMPP (20 mol% ‘__Ph
iy %0 FE DUPP VIO p N
Ar” ~SnBuj toluene 70 °C )
Ar SnBug
1033h-n 1034 1035: 78-98%

> 98% ee

maintain high levels of diastereoselectivity.**® The N-tert-
butanesulfinyl a-aminoorganostannanes 1033 were found to
be stable to silica gel chromatography and could be stored
at ambient temperatures for extended periods of time without
discernible decomposition. The absolute configuration of
1033c was determined by chemical correlation. The observed
sense of induction is in accordance with the chelated
transition state suggested by Ellman and co-workers for the
addition of Grignard reagents to N-fert-butanesulfinyl imines
(Scheme 33, section 4.1). Direct deprotection of the sulfinyl
group was not possible due to the instability of o-stanny-
lamines under acidic conditions. However, protecting group
manipulation was possible, yielding the Boc-protected
o-aminoorganostannanes after several synthetic transforma-
tions (see section 19.1.2 for further details on this transfor-
mation).

Chong and Kells also demonstrated that aromatic N-tert-
butanesulfinyl a-aminoorganostannanes were viable precur-
sors for Stille cross-coupling reactions with acid chlorides.>3
While all attempts to couple sulfinamides 1033 with elec-
trophiles under Stille-type conditions failed, coupling with
benzoyl chloride could be achieved after oxidation to provide
the corresponding fert-butanesulfonyl (Bus) protected deriva-
tives 1034 (Scheme 251). A brief survey of ligands revealed
that the highly basic tris(2,4,6-trimethoxyphenyl)phosphine
(TTMPP) was the most effective, providing the products
1035 in good yields without loss of stereochemical integrity.
Comparison of 1035 (Ar = Ph) with an identical sample of
known stereochemistry demonstrated that Stille coupling
proceeded with inversion of stereochemistry.

The 1,2-addition of noncarbon or hydride nucleophiles to
N-tert-butanesulfinyl aldimines was expanded to include the
synthesis of o-silylamines by Scheidt and co-workers.?’
They utilized dimethylphenylsilyllithium as the nucleophile
at low temperatures in THF. These conditions were ap-
plicable for a variety of aryl aldimines, an alkenyl aldimine,
and a nonenolizable alkyl (R = 7Bu) aldimine, generating
the o-silylamines 1036 in 60—90% yield and with >90:10
dr (Scheme 252). Scheidt and co-workers obtained a crystal
structure of a-silylamine 1036g. The observed stereochem-
istry corresponds to an open transition state, similar to
organolithium additions (see Scheme 33, section 4.1). They
also demonstrated that the sulfinyl group of adduct 1036a
could be replaced with a Boc group (by treatment with HCl/
dioxane followed by Boc,O addition), without degradation
of the silyl group or epimerization of the newly formed
stereogenic center.

Later Lindsay, Skrydstrup, and co-workers expanded the
scope of this reaction to include aldimines with enolizable
protons by using LiSiPh,Me as the nucleophile (Scheme
253).338 Under these conditions, alkyl aldimines incorporating
protected alcohols or amines could also be converted to
a-silylamines. The aldimines used were chosen to mimic
naturally occurring amino acid side chains. Moreover,
addition of the silyl nucleophile to the ketimine derived from
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Scheme 252. Synthesis of N-Sulfinyl a-Silylamines

Y Y

) LiSiPh(Me), v S
A e 2
THF, -78°C ;
ey R SiPhMe,
) 1036
Hry’s‘b NS0

/\?\SiPhMeg
2

1036d: 1-naphthyl; 60%, 90:10 dr
1036e: 2-naphthyl; 90%, 95:5 dr

/©/\SiPhMe2
RT

1036a: R=H; 73%, 95:5 dr
1036b: R = Me; 72%, 95:5dr
1036¢c: R = OMe; 75%, 95:5 dr

Y Y

HN’S‘\O HN’S“O

>(\SiPhMe2

1036g: 72%, 95:5 dr

PR X""SiPhMe,

1036f: 70%, 95:5 dr

Scheme 253. Synthesis of N-Sulfinyl a-Silylamines

Y Y

)Nl\'s‘\o LiSiPh,Me HN,S\\O
THF, -78°C B
R”H R™SiPhMe
2 1037
HN'S‘\O Hg’s\\o HN-S%o

©/\SiPh2Me YSiPthe /)\SithMe

1037a: 96%, >95:5 dr 1037b: 84%, 95:5dr  1037¢: 31% 2

\% 1037d: R' = H; 92%, 95:5 dr
1037e: R' = Et; 64%, 95:5 dr

NS0 1037f. R! = CH,0Bn; 64%, 95:5 dr
Rl A 1037g: R' = iPr; 80%, >95:5 dr
SiPhoMe  1037h: R = Ph; 60%, >95:5 dr
R1 Y 1037i: R! = OBn; 91%, 95:5 dr

o 1037: R = OPMB; 91%, 95:5 dr

HN”
A Rl = . b
L/\SithMe 1037k: R' = N(PMB)(Boc); 97%

“The ketimine derived from acetone was used. ” The dr was not
determined.

acetone was demonstrated, providing a 31% yield of adduct
1037c. While no product arising from an aza-Brook rear-
rangement was observed for the silyllithium during additions
to electron-rich or electron-neutral aldimines, when the
N-tert-butanesulfinyl imine derived from 4-cyanobenzalde-
hyde was employed, product 1042, arising from a double
aza-Brook rearrangement, was obtained in 56% yield (Scheme
254).

In their efforts to synthesize silanediol peptidomimetics,
Lindsay, Skrydstrup, and co-workers elaborated several
N-sulfinyl o-silylamines, including 1037b, by cleaving the
sulfinyl group, followed by coupling the resulting free amine
with protected amino acids (Scheme 255).3* Further exten-
sion of these peptides with additional amino acids was also
performed. The diphenylsilyl moiety was then converted over
several steps to the corresponding silanediol to provide
peptidomimetics such as 1044. The silanediol motif has been
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Scheme 254. Aza-Brook Rearrangement with
Electron-Deficient Imine Substrate

Y Y

Sy S,
N0 PhyMesiLi LN""0 aza-Brook
—_—
/@)\H /@SiMeth
NC NC
1038 1039
.SiMePh,
PhaMeSi~N-5%0 elimination ! 1. PhoMeSiLi
2. aza-Brook

Li
NC
NC

1040 1041

PhMeSix. -SiMePh;

ey

1042

Scheme 255. Synthesis of Silane-Containing Peptide
Isosteres

1. HCI, MeOH
2. Cbz-Pro-OH, o}

.Ss EDC, HOBt, NMM
HN"TS0 N
R N H  SiMe(Ph),
\K\SiMeWh)z CBz

1037b 1043: 89%
o
s
—_— N H  SiMe(OH);
—
Bn
1044

Scheme 256. Lithiation of Hydridosilanes Followed by
Addition to an Imine

1. Li (20 equiv) \\/

THF, rt, 18 h Ss

Ph,SiHR HN™ 0
2. -
1045 A/ nPr/\§iPh2
NS0 R
)|\ 1047
nPr H
1046 (1 equiv)
THF,-78°C, 1 h
Y \\/ N
[ Ss AN 0
HN"TS0 HNTTY0 A
/:\ /‘\ nPr SiPh2
nPr ?ith nPr SiPhy
1 o OTHP
R’I
1047a: R=Me;  1047e: R' = Ph: 1047g: R! = H; 76%°
86%, 95:5 dr 71%, 95:5 dr 1047h: R = Bn; 47%?
1047b: R =/Pr;  1047f R' = OBu:
84%, 80:220dr 509 95:5dr
1047¢: R = nBu; '

78%, 95:5 dr
1047d: R = nHex;
80%, 95:5 dr

“The dr was not determined.

shown to be a stable mimetic of the tetrahedral intermediate
for aspartic and metalloprotease inhibition.?*°

More recently, Skrydstrup has used diverse alkyl diphe-
nylsilanes, synthesized from the hydrosilylation of alkenes
using either a radical initiator with a thiol catalyst or
Wilkinson’s catalyst, for the synthesis of N-fert-butanesulfi-
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Scheme 257. One-Pot Hydrosilylation, Lithiation, and
Addition to an Imine

1. PhySiH, (2 equiv)
RhCHPPh3); (1 mot%)

2. Li (20 equiv) H Ph
THF‘ rt, 18 h N/ N Siz OTHP
/\/OTHP g NS~
3 g N nPr o P
1048 (2 equiv) 1l 1047g: 75%
o 95:5 dr
1046 (1 equiv)
THF,-78°C,1h

nyl o-silylamines.**® The hydridosilane precursors are more
stable than the chlorosilanes that they had used previously
to generate LiSiPh,Me or LiSiMe,Ph (vide supra) and can
be purified by column chromatography, making them a more
attractive choice of starting material. Treatment of the
hydridosilane intermediates 1045 with lithium followed by
addition to N-tert-butanesulfinyl imine 1046 provided an
array of N-sulfinyl a-silylamines 1047 in yields ranging from
47 to 84% and diastereoselectivities from 80:20 to >95:5
(Scheme 256). While most of the synthesized products were
obtained after isolation of the intermediate alkyldiphenylsi-
lanes, this method was also amenable to a one-pot hydrosi-
lylation of 1048, lithiation, and addition to imine 1046,
generating 1047g in 75% yield and with 95:5 dr (Scheme
257).

The synthesis of oi-amino phosphonates by addition to both
aldimines and ketimines (eqs 110 and 111; for details, see
section 9.3), as well as the synthesis of a-amino boronate
esters (eq 112; for details see section 9.4), has also been
reported.

5 H.,-OMe K,COj, rt s
N > KCOs it PN
N| o) o \OMe R1H’§ O (110)
R)\R1 R” > PO(OMe),
2 or 65 551 552 or 553: 73-85%,
R= Aryl, aIkyI 86:14->97.5:2.5dr
R'=H, Me
N
Nl:>?\ F? OEt
OEt OFEt
N ok 563; 32-50%
iy . I Rb,CO;4 >06:4 dr
N/S\O + Hp—< Povs +

(111)

)|\ OFt OEt  CHzCly, 1t \_k
R

N
65; 562 N
R =aryl, l\/le>_\ O OEt
hexyl R™ R
OEt OEt
564: 30-50%
> 96:4dr
QtBu
Cu
Cy\N)\\N/Cy Y
-Ss * Bopiny \=/ -Ss, 12
)N,\ o (5-10 mol%) Hy 0 (t12)
R™H R” > Bpin

2: R = Aryl, alkyl 567: 52-88%,

96:4->99:1 dr

17. Synthesis of Aziridines

Aziridines not only are present in bioactive natural
products and drugs but also are versatile intermediates for
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Scheme 258. Synthesis of N-fert-Butanesulfinyl Aziridines

e N\ N,
} s Mes(O)S*T & MesS'T '§/O
N NaH Nl' 0 NaH N
RUALN toluene DMSO /LA
R R)\H R
1049 2 1050
85%, 95:5 dr R=Ph 70%, 85:15 dr
40%2, 83:17 dr R = (E)}-PhCH=CH 72%, 82:18 dr
+ MezsCHz t
I\Ille |
0; -Na~n-S<
SN Me : H
= R R
o}
1051 1052

“nBuLi as the base and THF as the solvent were employed.

the synthesis of amine-containing compounds. As reviewed
in this section, N-fert-butanesulfinyl imines have served as
very useful starting materials for the asymmetric synthesis
of a diverse set of aziridines.

17.1. Addition of Ylides to N-tert-Butanesulfinyl
Imines

In 1996 Garcia Ruano and co-workers reported the first
method for the preparation of aziridines from N-tert-
butanesulfinyl aldimines via the addition of activated sulfur
ylides.*? Upon investigating the effect of the substituent on
the sulfinyl sulfur, they determined that the more sterically
bulky fert-butanesulfinyl group resulted in higher levels of
diastereoselectivity than the corresponding N-p-toluenesulfi-
nyl or N-naphthalenesulfinyl groups. In particular, the
reaction between the in situ generated dimethylsulfonium
methylide or dimethyloxosulfonium methylide and the N-tert-
butanesulfinyl imines derived from benzaldehyde or cinna-
maldehyde yielded the corresponding aziridines 1050 in
70—72% yield and >82:18 dr and 1051 in 40—85% yield
and 83:17 to 95:5 dr, respectively (Scheme 258). Interest-
ingly, a switch in diastereoselectivity was observed in the
formation of the aziridines that was dependent on the
methylene-transfer reagent employed. This reversal in ste-
reoselectivity was also observed by Khiar and co-workers.*!
Garcia Ruano and co-workers hypothesize that the reaction
utilizing the nonchelating dimethylsulfonium methylide is
under kinetic control, where nucleophilic addition to the
C=N bond occurs from the least hindered face, as shown in
transition state 1052. In contrast, the oxygen present in the
dimethyloxosulfonium methylide can promote chelated tran-
sition state 1051, in which both the sulfinyl oxygen and the
dimethyloxosulfonium methylide oxygen chelate to the
sodium ion. In this transition state, the R group is held in an
equatorial position to minimize steric interactions with the
axial methyl of the ylide, thereby generating diastereomer
1049.

Later, Stockman and co-workers extended the scope of
the aziridination reaction with dimethylsulfonium methylide
to include a variety of electron-rich and electron-poor aryl
and branched and unbranched alkyl N-fert-butanesulfinyl
aldimines.** After screening several reaction conditions, they
determined that deprotonation with NaH in DMSO, the same
protocol utilized by Garcia Ruano and co-workers, provided
the highest yields and selectivities (Scheme 259). Signifi-
cantly, Stockman observed good yields (63—84%) and
diastereoselectivities (>89:11 dr) of products 1053 at much
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Scheme 259. Synthesis of Aziridines from Diverse
N-tert-Butanesulfinyl Aldimines
Mo
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.Sa NaH (3 equiv) ;
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Scheme 260. Synthesis of Aziridines from
N-tert-Butanesulfinyl Ketimines

Yy Lo
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N| O _— R N
R/I\R1 DMSO R\"
3 1054
}\ -0
Xs”o S| >LS/’O
N SIGAN i
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1054a:; 73%,
>08:2 dr

1054h: 47%,
>98:2 dr

1054¢; 36%,
>08:2 dr

shorter reaction times than those reported by Garcia Ruano
and co-workers (3—10 h versus 48—168 h). Indeed, com-
parison of the two reaction times for formation of products
1053a and 1053b reveals that the use of shorter reaction
times resulted in improved yields. More recently, these
conditions were utilized to synthesize a limited number of
aziridines derived from N-fert-butanesulfinyl ketimines
(Scheme 260).3** For the ketimine substrates, exposure to
NaH resulted in undesired side reactions, and many of the
substrates that were evaluated yielded little or no desired
product. However, for those ketimines that gave appreciable
amounts of the terminal aziridines 1054a—c¢, excellent
diastereoselectivity was observed (>98:2 dr). The stereo-
chemical outcome, as based on an X-ray crystal structure of
1053b, was consistent with the findings of Garcia Ruano
(vide supra). Dimethyloxosulfonium methylide has also been
utilized to produce aziridines from N-tert-butanesulfinyl
ketimines. In their studies on inhibitors of y-secretase for
the treatment of Alzheimer’s disease, Madin and co-workers
synthesized the spiro-aziridine 1056 from racemic N-tert-
butanesulfinyl ketimine 1055 in 81% yield (eq 113).3*

Recently, Forbes, Stockman, and co-workers utilized the
methylene transfer reagent 1057, which generates a sulfur
ylide in situ upon thermally induced decarboxylation of the
carboxymethylsulfonium betaine precursor, in their synthesis
of terminal N-fert-butanesulfinyl aziridines 1058 (Scheme
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f f

.S . N
NS0 Mey(O)S™l NS0

' NaH

(113)
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1055 1056: 81%

261).>% Aryl N-tert-butanesulfinyl aldimines were first
examined as the sr-acceptors, and while the isolated yields
for products 1058a—g were excellent (85—97%), diastereo-
selectivities remained moderate under the reaction conditions
employed (Cs,COs, refluxing THF). Improved diastereose-
lectivity for 1058a was obtained when the reaction was
conducted at ambient temperature, but the yield was signifi-
cantly lowered (50% conversion, 90:10 dr). While this
method has the distinct advantage that strong bases are not
required for the generation of the ylide, superior diastereo-
selectivity was achieved using the Me;"1"/NaH protocol
previously reported by Stockman and co-workers (vide
supra).

The reaction was also studied using butanediacetal-
protected N-tert-butanesulfinyl imines derived from enan-
tiomerically pure aldehyde precursors (Scheme 262).2% In
order to explore the matched/mismatched scenarios in the
methylene transfer reaction, both diastereomers of the imines
were prepared and reacted with 1057. A high yield and high
levels of diastereocontrol were achieved for 1059a. For the
mismatched scenario, 1059b, a lower diastereoselectivity was
observed. The source of asymmetry was probed by examin-
ing the reaction between the N-fert-butanesulfinyl imine
derived from cyclohexanecarboxaldehyde and 1057. The
resulting aziridine 1059¢ was generated in high yield, but
with modest diastereoselectivity (61:39). Experiments were
conducted suggesting that epimerization of the aziridine was
not a competitive pathway. Unfortunately, the relative
configurations of the aziridine products were not determined
in this study.

Building on their previous work for the synthesis of
terminal N-tert-butanesulfinyl aziridines, Stockman and co-
workers have also reacted allyl sulfur ylides with N-tert-
butanesulfinyl imines to generate chiral vinyl aziridines.?*’
An investigation of several bases and solvents to identify
the optimal conditions for the aziridination reaction between
the N-sulfinyl imine and S-allyl tetrahydrothiophenium
bromide 1060 established that deprotonation of the sulfur
salt should be carried out with lithium fert-butoxide in THF
at room temperature. Aromatic and heteroaromatic imines
were suitable substrates for this reaction (entries 1—6, Table
28). An example of an alkenyl imine was reported (entry
7), and linear, 3-branched, and o-branched alkyl aldimines
could also be used (entries 8—12). Most reactions were
complete within 25—45 min, and yields were generally good
(44—82%). Moderate levels of cis/trans selectivity and high
diastereoselectivities were observed for a wide range of imine
substrates. A preference for the frans configuration in all
aziridine products (1061a—1) was observed.

Stockman and co-workers have also reacted S-allyl tet-
rahydrothiophenium bromide 1060 with N-fert-butanesulfinyl
ketimines 3, obtaining aziridine products 1063 in good yields
and with excellent diastereoselectivities (=95:5 dr) and
moderate trans:cis selectivity (Scheme 263).**3 While the
reactivity of several of the ketimine substrates was unac-
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Scheme 261. Synthesis of N-fert-Butanesulfinyl Aziridines
from Sulfonium Salt 1057
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& . [ osco, T
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: R Cl

1058a: R = H; 95%, 74:26 dr
1058b: R = CI; 96%, 78:22 dr
1058¢: R = NOy; 97%, 87:13 dr
1058d: R = OMe; 89%, 89:34 dr
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Scheme 262. Methylene Transfer onto N-fert-Butanesulfinyl

Imines
COH J\ .
D G- e
S s
)I\ PR &™0 o THF, reflux N .
R 'H R
2 1057 1059
J 570 >L -0 J
E OMe E OMe "‘§”O
* * N
A Sser A
OMe OMe Cy
1059a: 92%, >95:5 dr 1059b: 88%, 78:22 dr 1059c: 81%,
61:39dr
Table 28. Asymmetric Synthesis of Vinyl Aziridines
Br©
CS §//O §//O
.Sy 1060 (1.5 equiv) N . H N H
/';\1\ © Jomu (1.5 equiv) H\ﬁ N
R H THF, i, 25-45 min R H R
2 1061 1062
entry R product  1061/1062 yield (%) 1061 dr
1 Ph 1061a 71:29 68 95:5
2 4-MeO-Ph 1061b 82:18 76 96:4
3 4-NO,-Ph 1061c 59:41 74 92:8
4 2-naphthyl 1061d 80:20 64 >97:3
5 2-pyridyl 1061e 88:12 54 94:6
6 2-furyl 1061f 67:33 55 >97:3
7 cinnamyl 1061g 83:17 82 >97:3
8 Et 1061h 80:20 44 95:5
9 pentyl 1061i 82:18 67 >97:3
10 iBu 1061j 83:17 62 >97:3
11 cyclopropyl 1061k 72:28 61 93:7
12 cyclohexyl 10611 83:17 78 >97:3

ceptably low in THF (the optimal solvent for addition to
aldimines), DMSO as a solvent resulted in higher yields,
albeit with diminished stereocontrol (1063d was obtained
in a 55% yield and with a 72:28 trans:cis ratio in THF).
The milder reaction conditions employed for the formation
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Scheme 263. Synthesis of Vinyl Aziridines from
N-tert-Butanesulfinyl Ketimines
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Scheme 264. Synthesis of Substituted Vinyl Aziridines
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of the vinyl aziridines with the allyl sulfur ylide as compared
to the dimethylsulfonium methylide protocol (see Scheme
260 and related text) resulted in a broader substrate scope
with respect to the ketimine, and improved yields, particularly
for enolizable ketimines.

Stockman and co-workers have also demonstrated that
vinyl aziridines derived from N-fert-butanesulfinyl aldimines
can be obtained using substituted allyl sulfonium salts
(Scheme 264).%¥ As previously observed, solvent had a
dramatic impact on the outcome of the reaction. While THF
consistently provided better stereoselectivities, DMSO re-
sulted in significantly higher yields and shorter reaction times
for substituted ylides. Indeed, only trace amounts of products
1065a—c were observed in THF after several hours for the
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Scheme 265. Formal Synthesis of (—)-Balanol
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reaction between N-tert-butanesulfinyl benzaldimine 133 and
several substituted sulfonium salts 1064. For the electroni-
cally activated ylide that provided 1065d, THF could be used
as the solvent; however, prolonged reaction times were
required. When the very sterically encumbered ylide was
utilized leading to 1065e, both THF and DMSO gave 100:0
dr for the trans isomer, but the trans selectivity was
diminished in DMSO. In general, the addition of sulfur allyl
ylides to N-fert-butanesulfinyl benzaldimine proceeded in
good yields with highly variable stereoselectivities (51:49
to 100:0 dr and 2:1 to 12:1 trans:cis).

Aggarwal and co-workers utilized an N-fert-butanesulfinyl
aziridine fused heterocycle in their elegant formal synthesis
of (—)-balanol, a protein kinase C inhibitor.*** Aminal 1067
was synthesized from hemiaminal 1066 and (R)-N-tert-
butanesulfinamide and then was treated with the diphenyl
vinyl sulfonium salt under basic conditions (Scheme 265).
Deprotonation of the tosyl amide in the ring-opened 1068
followed by conjugate addition to 1069 produced the
carbanion 1070, which then added to the N-tert-butanesulfi-
nyl imine to generate the desired nitrogen-containing seven-
membered ring. Displacement of diphenyl sulfide by the
newly formed sulfinamide anion then yielded the desired
hexahydroazepine 1072, which was obtained in 68% yield
as a 75:25 mixture of diastereomers that could be separated
by column chromatography. A crystal structure of the minor
diastereomer established the absolute configuration of 1072.
Treatment with HCl in dioxane afforded ring-opened product
1073, which upon workup with aqueous ammonia generated
the known chiral aziridine 1074 to complete the formal
synthesis of (—)-balanol in the shortest route (nine steps) to
this target.

Later, Aggarawal and Kokotos demonstrated that N-tert-
butanesulfinyl aminal 1067 could also react with other
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Table 29. Synthesis of Aminoalkyl Substituted Aziridines

(A

0
Ts HN\
TsHN H\Qf,R g
\f‘) H A
O\ 1. P, base, oS
THF 0°C, 3.5h 1076 1078
1067 k@BF4
R HWH
1075 TSHN \) “R
1077: >95:5 dr
aziridine
sulfonium yield yield of
entry R salt (%) trans:cis® dr 1076 1078 (%)

1 Ph 1075a 77 13:1 70:30
2¢  Ph 1075a 12:1 46
3 4-MeO-Ph  1075b 43 4.5:1 65:35
4 4CLPh  1075c 66 151 8515
5 CH=CH, 1075d 73 1.3:1 >95:5
6 C(O)NHPh 1075e 634 1.1:1 >95:5 29
7¢ C(O)NHPh 1075e 45 1.1:1 47

@ Combined yield of 1076 + 1077. ®Ratio of (1076 + 1078):1077.
¢Product 1078 was isolated as a single diastereomer after heating at
reflux for 15 h. Piperidine 1079 was also isolated in 12% yield.
9 Aziridines 1076 and 1077 isolated as a 1:4 frans:cis mixture. ® Reaction
time was increased to 48 h.

stabilized sulfur ylides to produce amine-substituted aziri-
dines 1076 and 1077 (Table 29).3° An initial screen of
conditions revealed that the P,-phosphazene base, N,N,N',N'-
tetraethyl-N'-[tris(dimethylamino)phosphoranylidene]phos-
phoric triamide ethylamine, was critical for obtaining the
desired aziridines in high yields. Addition of the phenyl
stabilized sulfonium salt 1075a to aminal 1067 at 0 °C for
3.5 h provided a 13:1 mixture of the trans-aziridine 1076 to
the cis-aziridine 1077 (entry 1). The diastereoselectivity for
each aziridine with respect to the N-tert-butanesulfinyl group
(70:30 for 1076a and >95:5 for 1077a) is consistent with
nucleophilic addition to the more sterically accessible face
of the sulfinyl imine via an open transition state. Modification
of the reaction conditions (reflux, 48 h) resulted in complete
conversion of the intermediate frans-aziridine 1076 to
pyrrolidine 1078 in 46% isolated yield (entry 2).

Addition of other aryl sulfonium salts 1075b and ¢ to 1067
proceeded in a trans-selective manner, providing mixtures
of 1076 and 1077 with moderate to high dr with respect to
the N-tert-butanesulfinyl substituent (entries 3 and 4). In
contrast, additions of allyl and amide stabilized sulfonium
salts were less trans-selective, but the chiral sulfinyl group
imparted very high diastereocontrol (entries 5—7). While the
low trans:cis ratio from the allyl stabilized ylide 1075d is
potentially due to the substituent’s small size, making the
transition states for production of each aziridine comparable,
the authors hypothesize that betaine formation could be
reversible for the amide stabilized ylide 1075e. Under the
standard reaction conditions, addition of amide stabilized
ylide 1075e generated a mixture of aziridine products and
pyrrolidine 1078 (entry 6), while increasing the reaction time
promoted complete conversion of trans-aziridine 1076e to
pyrrolidine 1078e (entry 7; the cis-aziridine 1077 does not
undergo further reaction).

While heat and extended reaction times promoted the
conversion of frans-aziridine 1076a to pyrrolidine 1078a,
the authors demonstrated that 1076a could instead be
converted to piperidine product 1079 in high yield in the

Robak et al.

presence of the Lewis acid Yb(OTf); (eq 114). Efficient
sulfinyl cleavage from both aziridine 1076a and piperidine
1079 using HCI in EtOH also was demonstrated (81—88%

yield).
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In 2005, Tang and co-workers published an isolated
example of a reaction between a telluronium ylide and a
racemic N-tert-butanesulfinyl o.,B-unsaturated imine to ex-
clusively form the aziridine.*' This method was further
explored in the synthesis of chiral vinyl aziridines from
enantiomerically pure fert-butanesulfinyl imines.**? Interest-
ingly, the use of allyl telluronium ylides 1080 as opposed to
the allyl sulfur ylide resulted in a reversal in selectivity,
generating the 2-substituted vinyl aziridines 1081 with very
high selectivity for the cis-isomer. After screening several
reaction parameters, Tang, Deng, and co-workers determined
that deprotonation of the telluronium salt was best achieved
with LHMDS. Addition of the Lewis acid Ti(OEt), also
influenced the reaction, providing higher yields and better
trans:cis selectivity. The reaction between TMS substituted
ylide 1080 and N-tert-butanesulfinyl aldimines 2 was quite
general with respect to the aldimine substituent (entries
1—11, Table 30). The scope of the reaction with respect to
the telluronium ylide was also explored, and both the simple
allylic and the cinnamyl telleronium ylides gave the aziridine
products in high yields and with high diastereoselectivities

Table 30. Synthesis of Vinyl Aziridines from Tellurium Ylides

Br©
© s
Y (Bu)Te” R >L S/,O
S\\O 1080 (1.5 equiv) N
T ——— H
| LHMDS (4 equiv)
R2J\H Ti(OE)4 (2 equiv) RzA/\R
2 THF, rt 1081
entry R? R product  yield  cis: cis dr
(%) trans
1 Ph T™™S 1081a 98 20:1 >99:1
2 4-Me-Ph ™S 1081b 98 20:1 99:1
3 4-Cl-Ph ™S  1081c 96 20:1 >99:1
4 4-CF;-Ph T™™S 1081d 98 20:1 >99:1
5 1-naphthyl TMS  1081e 98 22:1 >99:1
6 2-furyl ™S  1081f 93 19:1 973
7 Cy ™S 1081g 83 9:1 >99:1
8 tBu T™™S  1081h 53 >30:1  >99:1

9 @/\ TMS  1081i 88 10:1 94:6
10 m T™S  1081j 98 25:1 94:6

11 Pr Xy T™S 1081k 91 12:1 937
Et

12 Ph H 10811 91 14:1 98:2

13 Ph Ph 1081m 89 >30:1  >99:1

4 No Ti(OEt)4 was added, and the BPh, counterion for the tellurium
salt was used.
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(entries 12 and 13). An example of addition to ketimine 75
was also described, further demonstrating the versatility of
this reaction (eq 115).

Br@@
Y (Bu)Te” > > 1vs XS,,O
N/S\\O 1080a (1.5 equiv) l 15
| - P > Me_ N (115)
PR LHMDS (4 equiv) _
Ph TI(OEt), (2 equiv) Ph ™S
75 THF, it 1082: 76%,

30:1 trans:cis, 99:1 dr

17.2. Aza-Darzens Reaction

Davis and co-workers briefly explored the use of N-tert-
butanesulfiny]l aldimines as substrates in a one-pot aza-
Darzens reaction to form N-tert-butanesulfinyl aziridine
2-phosphonates (1084a and b, eq 116). While the focus of
this study was the addition of the anion of iodomethylphos-
phonate 1083 to N-p-toluenesulfinyl aldimines, the influence
of the sulfinyl group was investigated by examining the
reaction between 1083 and N-fert-butanesulfinyl aldimines
2 (eq 116).333 Two aryl N-tert-butanesulfinyl imines 2 were
examined, and the reaction proceeded in the presence of
LHMDS to directly produce aziridines 1084a and b in
72—82% yield as single diastereomers. Although the tert-
butanesulfinyl group provided higher diastereoselectivity than
the p-toluenesulfinyl group, all attempts to cleave the tert-
butanesulfinyl group using either acid or MeMgBr without
aziridine ring-opening were unsuccessful. In contrast, the
p-toluenesulfinyl group could be removed from the aziridine
phosphonates in good yields in the presence of MeMgBr at
low temperature.

N o) }
N"~~0 Tl 7, ,/O
i . \P(OE), m o (116)
R H -78 °C N D

Ra A\ P(OEt),

1084a: R = Ph, 82%
1084b: R = 4-CF;Ph, 72%
single diastereomer

2 1083

Florio and co-workers reported a synthesis of N-tert-
butanesulfinyl oxazolinylaziridine 1086 via an aza-Darzens
reaction between imine (#4)-133 and lithiated 2-(1-chloro-
ethyl)oxazoline 1085 (Scheme 266).3* The aziridine was
obtained as a 62:25:13 mixture of diastereomers, and the
major diastereomer (£)-(R*,R*)-1086 was isolated in 60%
yield after recrystallization. Attempts to deprotonate (=4)-
(R*,R*)-1086 with sBuLi/TMEDA at low temperature (—98
°C) and trap the resulting carbanion with deuterium resulted

Scheme 266. Synthesis of N-tert-Butanesulfinyl
Oxazolinylaziridine
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in a mixture of 1087, 1088, and 1089, as detected by 'H
NMR and GC-MS analysis. The authors noted that com-
pound 1087 was the major product but that it could not be
separated from 1088 and 1089.

17.3. Addition of Allenylzinc Reagents to
N-tert-Butanesulfinyl Imines

The addition of allenes to N-fert-butanesulfinyl imines was
first explored by Ferreira and Chemla in the context of
developing a stereoselective synthesis of alkynylaziridines.>>
Previous studies had demonstrated that the condensation of
allenylzinc (4)-1091, generated in situ from 3-chloro-1-
trimethylsilylpropyne 1090 (eq 117), with N-trimethylsilyl
or N-benzyl imines provided trans-N-H and N-benzyl ethy-
nylaziridines.*® This methodology was then applied to the
addition of (£)-1091 to racemic N-tert-butanesulfinyl aldi-
mines 2 or ketimines 3 (Scheme 267). A brief optimization
of the reaction conditions revealed that the highest conver-
sions were achieved in Et,O at ambient temperature. Ad-
ditionally, the amount of (£)-1091 (1.5—6.0 equiv) required
for reaction completion was dependent on the reactivity of
the starting N-fert-butanesulfinyl imines. When the highly
hindered aldimine 2 (R = rBu) was employed, none of the
desired aziridine 1092f was observed, and only starting imine
was recovered even with excess (£)-1091. The authors
propose that, as the reactivity of the N-tert-butanesulfinyl
imine 2 is attenuated, the decomposition of (4)-1091
becomes an increasingly competitive side reaction. Ketimines
3 could also be employed, providing 1092i and 1092j in
53—54% yield. All alkynyl aziridines were formed with very
high trans:cis ratios. The imine facial selectivity was also
very high, and only one major frans-isomer was detected
by 'H NMR for aziridines 1092a—e and g—j (>98:2 dr). The
relative stereochemistry (Ss*,25%,35%) was determined by
X-ray structural analysis of 1092g.

1. nBuLi, TMEDA,
Et,0, -95 °C

—_— 2.ZnBr, -95°Ctort — +ZnBr
o M8 o “Tms (17)

1090 (+)-1091

This methodology was extended to the reaction between
(£)-1091 and enantiomerically pure N-tert-butanesulfinyl
imines (Scheme 268).3” However, because the equilibration
of (4)-1091 was slow relative to the reaction time scale, to
achieve the same levels of stereoselectivity (=90:10 trans/
cis) observed with racemic N-fert-butanesulfinyl imines, a
larger excess of (£)-1091 was required to enable efficient
kinetic resolution of this substrate. A series of alkyl, alkenyl,
and aryl aldimines 2 were evaluated, and frans-aziridines
1093a—e were isolated in 50—69% yields and with >89:11
trans:cis ratios and >98:2 diastereomeric ratios. Two ketimines
3 were also studied, and the corresponding products 1093f
and g were also obtained in good yields and with high
diastereoselectivities. In the case of 1093f, a predilection for
the trans-isomer was observed. The sulfinyl group was
removed from select substrates using HCI/MeOH (see section
19.1.3).

Both the high trans-selectivity and the facial stereodif-
ferentiation can be explained by Kkinetic resolution of
allenylzinc (4)-1091 (Figure 14), where the major trans
isomer 1093 is the result of the reaction between the matched
pair (S,)-1091 and (Rg)-2 or 3 via the cyclic chelate model
1094. The authors postulate that the two enantiomers of the
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Scheme 267. Reaction of (1+)-1091 with Racemic
N-tert-Butanesulfinyl Imines 2 or 3
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Scheme 268. Reaction of (4)-1091 with
(Rs)-N-tert-Butanesulfinyl Imines
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allenylzinc reagent (£)-1091 could equilibrate under the
reaction conditions to provide a dynamic kinetic resolution,
but equilibration is not necessary to explain the product
stereochemistry given that a 6-fold excess of (4)-1091 is
used. In the proposed transition state, 1094, the zinc is
coordinated both to the nitrogen of the imine and to the
oxygen of the sulfinyl group. The mismatched pair (R,)-1091
and (Rs)-2 or 3, which reacts more slowly than the matched
pair, can be rationalized by the open transition state model
1095, and provides the observed minor diasteromer 1096.
Ferreira and Chemla also explored modification of the
reaction conditions to favor the formation of the cis-isomers
of the N-tert-butanesulfinyl alkynylaziridines (Scheme
269).%58 Lewis acids were first screened to determine their
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Figure 14. Proposed transition states for the addition of (%)-1091
to N-tert-butanesulfinyl imines.

Scheme 269. Synthesis of cis-Alkynyl Aziridines 1097 in the
Presence of HMPA
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1097g: R = Ph; 56%, 87:13 cis:trans
1097h: R = pentyl; 62%, 71:29 cis:trans

“ Eight equivalents of HMPA were utilized.

effect on the stereochemical outcome of the reaction.
However, the precoordination of N-fert-butanesulfinyl imines
with several Lewis acids afforded the trans-aziridines 1093
as the major products. Conversely, when 8 equiv of hexa-
methylphosphoric triamide (HMPA) was used as a cosolvent
in the addition of (£)-1091 to N-tert-butanesulfinyl imines
2, the cis-isomer 1097 was generated as the major product.
The stereoselectivity in favor of the cis-isomer was further
improved by increasing the amount of HMPA to 60 equiv
(10 equiv with respect to allenylzinc (£)-1091). Aziridines
were synthesized from a number of primary alkyl, alkenyl,
and alkynyl imine precursors to give 1097a—d and f—i with
cis/trans ratios ranging from 71:29 to 89:11. The major cis-
isomer was formed as a single diastereomer, within the limits
of detection by 'H NMR analysis of the crude reaction
mixtures. All products were obtained in moderate yields
(50—64%) as single isomers after purification. However, no



Synthesis and Applications of tert-Butanesulfinamide

H cl
Et,0, HMPA
TMS/ oy, EO HMPA  yys.,. .
BiZn” :<01 15°C o=
(S.)-1091 (R,)-1091
(Rs)-2 (Rs)2
fast slow
o) i )
} Q\SQC!
N Ny
H/ R
™S ZnBr ™S ZnBr

1098 1099
re-face addition re-face addition

l ;
>L §¢O X -0

™S $
N

N SN
H \"l.[ N H
#Z R' R!

TMS

major ¢fs {Ry)-1097 minor trans (Rg)-1100

Figure 15. Proposed transition states for the addition of (4)-1091
to N-fert-butanesulfinyl imine 2 in the presence of HMPA.

reaction was observed when an a-branched imine was
utilized (1097e).

The absolute configuration of the cis-aziridine 1097g was
determined to be (Rs,2R,3S) by X-ray structural analysis. This
corresponds to addition of (£)-1091 to the Re-face of N-tert-
butanesulfinyl imine 2, which is opposite to that observed
for the minor cis isomer 1096 (Figure 14) when the reaction
was conducted without HMPA 7 The observed stereochem-
istry for the cis-aziridines 1097 was rationalized by the
suprafacial synclinal model 1098 (Figure 15). As each
enantiomer of 1091 gives a single cis or trans product (1097
and 1100, respectively), the analogous suprafacial synclinal
transition state 1099 was evoked to rationalize the formation
of the minor frans-isomer. Transition state 1098 corresponds
to the matched pair (S,)-1091 and (Rs)-2, where the steric
interactions between the chlorine atom on the allenylzinc
and the fert-butanesulfinyl group are minimized. Ferreira and
co-workers also converted both trans- and cis-N-tert-butane-
sulfinyl aziridines 1093 and 1097 to enantiomerically pure
acetylenic 1,2-amino alcohols (see section 11.3).2%

17.4. Addition/Cyclization with a-Chloro
N-tert-Butanesulfinyl Imines

The addition of a Grignard reagent to an N-tert-butane-
sulfinyl a-chloro aldimine followed by cyclization to form
the resulting chiral aziridine was first disclosed by de Kimpe
and co-workers (Scheme 270).7 A screen of several reaction
parameters revealed that the best results were obtained by
adding 1.1 equiv of Grignard reagent in CH,Cl, at —78 °C
(—97 °C for PhMgCl addition). For reactions of imine 1101
(R = Me), the intermediate N-sulfinyl S-chloro amine
product 1102 could be obtained by quenching the reaction
at —78 °C with NH,CI. Phenyl, ethyl, and vinyl additions
were more stereoselective (94:6 to 99:1 dr) than allyl addition
(62:38 dr). Cyclization could be effected either by warming
the reaction mixtures to room temperature without quenching
(R! = Ph) or by heating the N-sulfinyl 3-chloro amine 1102
with aqueous KOH in THF to form the aziridines 1103. Each
of the aziridines was isolated in reasonable yields (57—76%)
after chromatographic separation of the diastereomers.
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Scheme 270. Synthesis of Chiral Aziridines from N-Sulfinyl
a-Chloro Aldimines
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11039 R = Me, 65%, 94:6 dr
1103h: R = Et, 2%, 93:7 dr
1103i: R,R = (CHy)s, 56%,
86:14 dr

1103} R = Me, 57%, 62:38 dr
1103k: R = Et, 45%, 62:38 dr
11031: R,R = (CHy)s, 41%,
70:30 ar

¢ Crude dr and isolated yield of major diastereomer.

Consistent with previous results on oi-unfunctionalized imines
(section 4.1.1),% the use of iPrMgCl as a nucleophile resulted
in reduction rather than addition in high yield (95%).

For Grignard additions to the more sterically hindered
imines 1101 (R = Et or -(CH,)s-), mixtures of N-tert-
butanesulfinyl -chloro amines 1102 and aziridines 1103
were obtained after performing the reaction and quenching
at —48 °C (Scheme 270). Again, addition of allylIMgCl
proceeded with lower stereoselectivity than addition of ethyl,
vinyl, or phenyl reagents. Treatment of the reaction mixture
with the optimized cyclization conditions (heating with
aqueous KOH in THF) followed by chromatographic separa-
tion of the aziridine diastereomers allowed isolation of
diastereomerically pure 1103 in 20—66% yield.

The absolute stereochemistry of aziridine product 1103d
determined by X-ray structural analysis, and the stereochem-
ical outcome was rationalized by the o-coordinating ability
of the chlorine atom, in a transition state analogous to the
one proposed for additions to a-alkoxy imines (see Figure
13, section 11.1).

De Kimpe and co-workers also reported the synthesis of
N-tert-butanesulfinyl aziridines via the addition of allyl
Grignard reagent to o.-chloro N-fert-butanesulfinyl ketimines
1104a—c (eq 118).%® The aziridine products 1105a—c were
obtained in good yields (65—95%) and with high diastereo-
selectivities (93:7 to >95:5). In addition to the aziridine
products, minor amounts of N-tert-butanesulfinyl cyclopropyl
amines 1106b—c were either isolated or observed by 'H
NMR (see section 5.1 for the optimized synthesis of
cyclopropyl amines). While the absolute configurations of
1105a—c were not rigorously determined, they were assigned
by analogy to the related reaction with a-chloro N-tert-
butanesulfinyl aldimines (vide supra).

The synthesis of terminal N-tert-butanesulfinyl aziridines
has also been achieved via addition of an organocerium
reagent to o-chloro aldimine 1107 (Scheme 271).>% After
observing no diastereoselectivity in the addition of BuMgCl
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1105a: 95%, >95:5 dr
1105b: 84%, 955 dr
1105¢: 65%, 93:7 dr

Y allylMgCl

.Sy (1.05 equiv)

g NTO—— (118)
R CH,Cly, -78 °C +
cl /{
=0
1104a: R = Me s
1104b: R = Et HN, /X
1104¢: RR = (CHy)s R,
R
1108b: 3% by "H NMR
1106¢: 2%

to N-sulfinyl o-chloro imine 1107, Hodgson and co-workers
examined organocerium reagents as coupling partners.
Although the addition of an organocerium reagent to an
unfunctionalized N-fert-butanesulfinyl imine has been re-
ported to give lower diastereoselectivities than the corre-
sponding Grignard addition,”® the use of an organocerium
reagent in THF for the addition to imine 1107 dramatically
improved the diastereomeric ratio, which was further opti-
mized by addition of DMPU to the reaction mixture. The
addition of nBuCeCl, to racemic imine 1107 followed by
cyclization proceeded in 86% yield and with >99:1 dr
(1108a). Branched and allyl cerium reagents also gave very
high levels of diastereoselectivity (1108b—c), but the reaction
was less diastereoselective when aryl, heteroaryl, and alkynyl
reagents were utilized (1108d—g). Hodgson and co-workers
also applied their method to the addition of C,oH;,CeCl, to
enantiomerically pure imine 1107 to provide aziridine 1109
with high diastereoselectivity (Scheme 272). The sulfinyl
group could then be removed in high yields without
racemization by treating with aqueous HI in THF, followed
by neutralization with KOH. Alternatively, oxidation to the
N-tert-butanesulfonyl (Bus) aziridine was also demonstrated.

Yuan and co-workers explored the reaction between
dimethylphosphite and chloro-substituted aldimines and
ketimines 556 with varying tether lengths, including a-chloro
imines. Depending on the base and substitution patterns,

Scheme 271. Aziridines from Diastereoselective
Organocerium Additions to o-Chloro Imine 1107

b Lo

o RCeCh s*
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“nBu l< o ”’%
P SN

1108a: 86%  1108b: 76% 1108¢: 83% 1108d: 82%

>89:1 dr 99:1dr 99:1dr 85:15dr
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D a, 9
/
cl s

1108e: 92% 1108f; 84% 1108g: 81%
92:8 dr 85:15 dr 92:8dr

Robak et al.

Scheme 272. Organocerium Addition to Enantiomerically
Pure Imine Followed by Sulfinyl Deprotection

\k C1oH21CeCly X _0
DMPU/THF (1:10) §”

LSy, — V-
NS0 Tge . N
CI\)l\ 78 °Cto25°C Au,
H CoH21
1107 1109: 78%
97:3dr
HI, THF H
then ag KOH N
> LN
CyoHa1

1110: 84%, 94% ee

Scheme 273. Reaction of Dimethylphosphite with
Chloro-Substituted Imines

£ HPO(OMe), ~ N o

551 &
NSSo——— HNO T N

different products were obtained (Scheme 273; for details,
see section 9.3)?%0

17.5. Reduction/Cyclization with o-Chloro N-tert-
Butanesulfinyl Imines

The hydride reduction of N-fert-butanesulfinyl o-chloro
aldimines and ketimines and subsequent cyclization to N-fert-
butanesulfinyl aziridines under basic conditions was de-
scribed by De Kimpe and co-workers (Table 31).%%3! When
NaBH, was employed for the reduction of aldimines 1111a
and 1111b, S-chloro N-tert-butanesulfinyl amines 1117 were
generated in excellent yields (>95%), and subsequent cy-
clization to the aziridines 1118 proceeded smoothly. In
contrast, for these substrates, the use of LiBHEt; yielded a
complex mixture of 1113, aziridine 1114, and other reaction
byproducts (entries 1—2). For the reduction of ketimines,
NaBH, provided the fS-chloro amine 1117 with excellent
diastereoselectivity, while LiBHEt; gave a mixture of the
opposite diastereomer 1113 and aziridine 1114 with moderate
diastereoselectivity. Aziridines 1114 or 1118 were isolated
in good yields after treatment with KOH in THF/H,O at
reflux followed by recrystallization. The stereochemistry of
the aziridine product 1114e was confirmed by chemical
correlation.

The authors noted that the NaBH, reductions proceeded
with opposite selectivity from the previously described
reductions of unfunctionalized N-fert-butanesulfinyl ketimines
(see Figure 4, section 4.2.1). To explain this reversal, they
proposed transition states 1115 or 1116, which invoke
coordination of the chlorine atom to the borohydride reagent.
With the more reactive reagent LiBHEt;, the authors
hypothesize that the reduction occurs more rapidly than the
E/Z isomerization required for transition state 1116, and the
chelated transition state 1112 is proposed.
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Table 31. Reduction of N-fert-Butanesulfinyl o-Chloro Imines by NaBH, or LiBHEt;

+

Y

LIBHEt » P RR a5 KOH
THE AR R - M o.a RN
o 2 s FpU,
-78°C ﬁm/\RZ P
si-face addition 1113 1114
Y 12
NS0 1t
R i o 4
R4 g2 » I Fee
cl I C'I-\-L:R
111 R
re—face; ;agdilion Y
-0
$:$H4 o . HN- S0 KOH s
; ] N
MeOH N2 ¥ R R THF, H;0,4 R 2
-78 °C ,é _MH cl R R
o~ \N{ ¢
cl 1117 1118
2
re-face addition
1116
LiBHEt; NaBH,
entry imine R R? dr yield of 1114 (%) dr yield of 1117 (%) yield of 1118 (%)
1 1111a Me H 99 95
1111b Et H 97 95
3 1111c¢ Me Me 78:22 61 98:2 98 88
4 1111d Et Me 80:20 57 99:1 92 92
5 1111e H Ph 87:13 62 >08:2 95 90
6 1111f H 4-Cl1-Ph 89:11 66 >08:2 94 89
7 1111g H 4-Br-Ph 92:8 71 >08:2 98 91
8 1111h H 4-F-Ph 98:2¢ 79 >08:2 86
9 1111i H 4-Me-Ph >09:1¢ 80 >97:3 76
“ Diastereomeric ratio after recrystallization of 1114.

17.6. Stereoselective Functionalization of N-teri-
Butanesulfinyl Aziridine Anions

Recently, Hodgson and co-workers have developed a very
efficient method for the synthesis of terminal aziridines by
the o-deprotonation of N-tert-butanesulfinyl aziridine fol-
lowed by subsequent trapping with an electrophile (Scheme
274).! The requisite N-tert-butanesulfinyl aziridine 1119
was synthesized in enantiomerically pure form in one step
from (R)-tert-butanesulfinamide, 2-chloroethyl-p-toluene-
sulfonate, sodium hydroxide, and a catalytic amount of
benzyltriethylammonium chloride. Treatment of 1119 with
lithium 2,2,6,6-tetramethylpiperdine (LTMP) and N,N,N'N'-
tetramethylethylenediamine (TMEDA) provided 1120, which
was subsequently trapped with a variety of electrophiles to
provide the functionalized terminal aziridines 1121a—g as
single observable diastereomers in good yields. Indeed,
addition of 1120 to the symmetrical ketone pentan-3-one
gave 1121b with greater than 99:1 diastereomeric ratio.
While addition of 1120 to prochiral aldehdyes resulted in
low asymmetric induction at the carbinol carbon (1121d and
e), Swern oxidation of 1121d to the ketone gave the
diastereomerically pure sulfinyl aziridine. For all other
substrates, 1121a, ¢, f, and g, no minor diastereomer was
detected by 'H or '*C NMR analysis of the crude material.
The absolute configuration of 1121b was confirmed by X-ray
structural analysis. The diastereoselectivity of the reaction
was rationalized by coordination of LTMP to the sulfinyl
oxygen of the N-fert-butanesulfinyl aziridine and subsequent
deprotonation of the proximal pro-R hydrogen of the
aziridine ring (Figure 16). Addition of lithiated aziridine 1120

Scheme 274. Electrophilic Trapping of N-fert-Butanesulfinyl
Aziridines

cl
Ts0” /\L
g NaOH S//O LTMP, TMEDA,
NHy cat BnELNCI, 5 . 98°C 25 min
CHoCly, 1, 2d  /Z\
1 1119: 66%
> 98% ee

g0

Electrophile
—_—

Nt NoR
1120 1121: single

diastereomer

X /,O /\L /,O
S E OH
N
/ \ +SnBug M\Ph

1121¢: 64% 1121d: 57%
55:45 dr

OH

‘ N Et
N

/D MEt

1121a: 81% 1121b: 53%

o

OH i OH 7 OH

Wl

1121e: 62% 1121f: 55%

60:40 dr

1121g: 52%

to the electrophile occurs with retention of configuration.
Regioselective aziridine ring-opening with 2-thionaphthalene
or phenyl magnesium bromide was also demonstrated,
providing secondary N-fert-butanesulfinyl amines in good
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Figure 16. Proposed transition state.

yields (eqs 119 and 120). Cleavage of the sulfinyl group from
the ring-opened product 874 was also demonstrated.

MO0

MEt Et;N, MeOH N, O
Et

(119)

1121f 871: 76%/¥

XS/,O PhMgCI Bn\>© HCI HO
N OH  cat. Cul 5 MeOH | Bn (120)

THF
874:78 %

&

1121g 873:72%
18. Miscellaneous Transformations

18.1. Diastereoselective Enolate Alkylations

Ellman and co-workers reported the use of N-acyl tert-
butanesulfinamides 1122 as substrates for enolate alkylation
(Scheme 275).%%? The substrates were prepared by treating
tert-butanesulfinamide 1 with KH, followed by reaction with
an anhydride. Under the optimum conditions, the resulting
N-acyl sulfinamides were then treated with KH to deprotonate

Scheme 275. Diastereoselective Enolate Alkylation and
Product Elaboration

0
2 1. KH, THF

X Y X

1

R%?” O 1122: 84-96%
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S\N)H/\Ph S\N R
Ho H

1123a: R' = Et 90:10 dr, 83% 1123c: R=Et; 1486dr 72%
1123b: R' = iPr; 90:10 dr, 82%1123d: R = iPr; 17:83 dr, 72%

1. TMG, Mel, DMF, 0°C
2.RuClj (cat), NalO,
CH,Cl,, CH3CN, H,O
LiOH, H,O,
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oA e
Et

1125: 94%, >99% ee

THF/H,0, 0 °C

BnOH nBuLi /[H/\
0o O
Oy STEoc
N Ph
| 2 1126: 97% >99% ee
1124 85% BnNH2

dioxane, 90 °C BnHN/lY\
N\ 1127: 92%, >99% ee
LiAlH,, THF

-78tc0°C Et
1128: 97%, >99% ee

Robak et al.

Scheme 276. Reductive Coupling of N-fert-Butanesulfinyl
Imine 1129 and Methyl Methacrylate

Ph
/[ Smi,, LiBr, Ph
N7 "H +)L HO
! CO,Me THF, -78 °C
6] CO,Me
1129 1130 1131: 55%, >99:1 dr
(99%, 80:15:3:2 crude dr)

HCH Ph
dioxane:H,0

" CHH;N

CO,H
1132: 100%

the acidic N—H and then the sterically hindered base, lithium
2,2,6,6-tetramethylpiperidide (LTMP) to generate the enolate.
Addition of an alkylating agent (an alkyl iodide or benzyl
bromide) then afforded products 1123a—d with moderate
to high diastereoselectivity. Chromatographic isolation of the
major diastereomer provided 72—83% yield of each desired
product in diastereomerically pure form. Activation of the
sulfinamide moiety of 1123a for nucleophilic displacement
was achieved by N-methylation with tetramethylguanidine
(TMG) and methyl iodide followed by catalytic oxidation
to the corresponding fert-butanesulfonamide 1124. Cleavage
with several different nucleophiles was demonstrated, pro-
viding a variety of enantiomerically pure derivatives
1125—1128 in high yields and without any racemization.

18.2. Reductive Coupling with a Vinylogous Ester

Ellman and co-workers employed a Sml, mediated reduc-
tive coupling between imine 1129 and methyl methacrylate
(1130) as an isolated example of an asymmetric coupling
between an N-fert-butanesulfinyl imine and an o.,3-unsatur-
ated ester (Scheme 276).3!> Optimization of the solvent and
additives revealed that LiBr and H,O were essential for
achieving a high yield. Employing these conditions, coupling
product 1131 was produced in 99% yield with good
selectivity (80:15:3:2). Subsequent purification by column
chromatography provided diastereomerically pure 1131 in
55% yield. The relative and absolute stereochemistries of
1131 were established by X-ray structural analysis. Con-
comitant hydrolysis of the methyl ester and cleavage of the
sulfinyl group then provided 1132 in quantitative yield. This
fragment was subsequently incorporated into tubulysin D (see
section 13.1 for additional tert-butanesulfinamide chemistry
toward this natural product).

18.3. Cycloaddition Reactions with N-tert-
Butanesulfinyl Imines

Lautens and Scott explored the synthesis of 2,3-disubsti-
tuted pyrrolidines via an iodide-mediated ring expansion from
N-tert-butanesulfinyl imine 133 and methylenecyclopropyl
amide 1133 (eq 121).>% Under the reaction conditions
optimized for the analogous p-toluenesulfinyl imine, a good
yield and excellent diastereoselectivity of the trans-pyrro-
lidine 1134 was achieved.

Kawecki reported the reaction of aryl N-tert-butanesulfinyl
aldimine 133 with the highly reactive Rawal’s diene 1135
in the presence of trimethylsilyl trifluoromethanesulfonate
(TMSOTY) to provide the open chain product 1136, which
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upon treatment with acid underwent cyclization to form the
dihydropyridone 1137 in 40% yield and with 49% ee (eq
122).364

NMe,
A
v OTBS Y
é 1135 * HOI H,0 HNTS
NS0 > — (122)
/“\ TMSOTf Ph 0
CH2C|2
Ph H 20°C Ph O
133 1136 1137: 40%
49% ee

The diastereoselective aza-Diels—Alder with N-fert-bu-
tanesulfinyl imines was developed by Gautun and co-workers
(Scheme 277).2% To expand the scope of the reaction to
include dienes other than Rawal’s diene 1135 (vide supra),
the highly activated N-fert-butanesulfinyl imino ester 55b
was employed as the dieneophile. The p-toluenesulfinyl chiral
directing group was also evaluated, but higher diastereose-
lectivities were achieved with the tert-butanesulfinyl group
in all cases. A number of Lewis acids were screened to
promote the aza-Diels—Alder reaction, with BF;+OEt, and
TMSOTT providing the highest yields and selectivities. The
reaction between 55b and a number of dienes was evaluated,
providing 498a—h in variable yields (7—76%), with moder-
ate to excellent diastereoselectivities. Notably, some of the
dienes underwent polymerization, especially isoprene, and
therefore a large excess of this reagent was required to obtain
498c in moderate yield. The absolute configurations of 498a
and b were established by X-ray structural analysis, while
the configurations of 498¢, d, and g were determined by
chemical correlation. The (S)-configurations of the a-carbon
of 498e, f, and h were assigned by analogy while 'H NMR
analysis was used to determine the relative configuration
between the ester and methyl groups.

18.4. Synthesis of Cyclic Sulfinamides

A novel synthesis of cyclic sulfinamides using N-fert-
butanesulfinyl imino ester 55b, a Lewis acid, and allyl
benzene was reported by Davis and co-workers (Scheme
278).3%5 A variety of Lewis acids were screened, with tin
tetrachloride providing the best results. Employing the
optimized reaction conditions, a mixture of cyclic sulfina-
mides 1138 and 1139 was produced, which were separated
by preparative thin layer chromatography. This transforma-
tion was also attempted with the analogous N-p-toluene-
sulfinyl imino ester, but the allyl benzene exclusively
attacked the sulfur atom. The relative stereochemistry of 1138
was determined by X-ray structural analysis, and the absolute
configuration was established by chemical correlation studies.
Although the mechanism for the formation of either product
is unclear, the authors propose the concerted elimination of
isobutylene to furnish the major isomer 1138.

Malacria, Lacote, Fensterbank, and co-workers developed
an innovative synthesis of cyclic sulfinamides by treatment

Chemical Reviews, 2010, Vol. 110, No. 6 3721

Scheme 277. Aza Diels—Alder Reaction of 55b with Dienes
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“ BF5+OEt, was used as the Lewis acid. > TMSOTf was used as the Lewis
acid. “ Twenty equivalents of diene was used.

Scheme 278. Synthesis of Cyclic Sulfinamides
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Scheme 279. Synthesis of Cyclic Sulfinamides
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“ Reaction performed using 1140a with 100% ee.

of aryl bromides 1140 with tributyltin hydride (Bu;SnH) and
o, a-azoisobutyronitrile (AIBN) (Scheme 279).3%° Generation
of the aryl radical, followed by intramolecular homolytic
substitution at sulfur with a fert-butyl radical as the leaving
group provided 114la—c in 85—86% yield. When the
reaction was carried out starting with enantiomerically pure
sulfinamide 1140a, only a small degradation in ee was
observed (100% to 94%). While the absolute stereochemistry
of the sulfinamide product 1141a was not determined,
cyclization of the analogous sulfinate ester was found to
proceed with inversion of chemistry. Radical cyclization of
the N-methyl derivative 1140d provided 1141d in a lower
yield (31%). The method was also applicable to the cycliza-
tion of aliphatic sulfinyl amine 1142, providing cyclic
sulfinamide 1143 in 83% yield (eq 123).
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18.5. Electrophilic Cyclization

The preparation of cyclic or spirocyclic pyrrolidines via
electrophile-induced cyclization of N-tert-butanesulfinyl imi-
nes or amines was demonstrated by De Kimpe and Dondas
(Scheme 280).%7 Reduction of 1144a and b provided N-tert-
butanesulfinyl amines 1145 in high yields, which upon
exposure to PhSeBr or I, cyclized to the corresponding
pyrrolidinium salts with concomitant sulfinyl deprotection
in quantitative yield. Treatment with 2 N aqueous NaOH (E
= SePh) or aqueous Na,S,0; (E = I) afforded the cyclic
and spirocyclic pyrrolidines 1146 and 1147 in 77—94% yield.
Alternatively, cyclization and cleavage of the sulfinyl group
was achieved directly from imines 1144a and b, providing
the pyrrolidinium salts 1148 in quantitative yields. Reduction
of the imminium salts 1148 with NaBH, or addition of KCN
provided pyrrolidines 1146 or 1149 in 84—89% yield.
Notably, the cyclization could be rendered asymmetric by
preparing enantiomerically pure 1144b and reacting it with
phenylselenyl bromide followed by reduction with NaBHy,,
providing spiropyrrolidine 1146b, albeit with a modest 20%
ee.

18.6. Sy1 Displacement of Sulfinamide

Qin, Wang, and co-workers developed a new method for
the preparation of bisindolylalkanes via a nucleophilic
addition of indole to a number of N-fert-butanesulfinyl
aldimines 2 (Scheme 281).3%® Optimization of the reaction
conditions revealed that additives were necessary to promote
product formation. The desired bisindolylalkanes 1151 were
obtained in the best yields upon addition of 1 equiv of iodine,
amberlyst, or KHSO,, with iodine, in general, being the most
efficient additive. Electron-rich, electron-poor, and heteroaro-
matic substituents were all incorporated into the bisindoly-
lalkanes 1151a—g in very high yields (81—97%). Aliphatic
N-tert-butanesulfinyl aldimines were also excellent substrates,
providing 1151h—j in =90% yield.

19. Manipulation of the N-tert-Butanesulfinyl
Group

19.1. Deprotection of N-tert-Butanesulfinyl
Amines

19.1.1. Acidic Deprotection of N-tert-Butanesulfinyl
Amines

The initially reported method for the removal of the N-fert-
butanesulfinyl group from N-fert-butanesulfinyl amines was
by treatment with one or more equivalents of HCI, typically
added using commercially available 4 M HCI solution in
dioxane with MeOH as a cosolvent. The amine hydrochloride
salt is then isolated in a straightforward fashion often in
analytically pure form by precipitation from the reaction
mixture with Et,O or related ethereal solvents such as
cyclopentyl methyl ether (eq 124).'° These conditions have
proven to be widely applicable, and the vast majority of
examples in the literature follow this protocol. The side
product from this reaction is fert-butanesulfinyl methyl ester
1152, which is volatile. Therefore, isolation of the amine

Robak et al.

Scheme 280. Electrophile Induced Cyclization of
N-tert-Butanesulfinyl Imines and Amines

ﬂ/ 1.PhSeBrorl, R
NaBH o*> K (quant,) ~ R7 NH
/T 2.2 N NaOH or
2 N NayS,0; E

1146a: E = PhSe; 94%
1146b: E = PhSe; 88%
1147b: E=|; 77%

NaBHg [ i
SePh

1146b: 84%

O/’S\lN A
H
R R
1144a: R = Me
1144b: R,R = (CHy)g

1145a: 98%
1145b: 94%

PhSeBr, R, @

\ |2 or Bz RQH
E

1148

E = PhSe, Br, |
X=Br, |
quant.

NKCN

H

1149; 84-89%
80:20 cis:trans

Scheme 281. Addition of Indole to N-tert-Butanesulfinyl
Aldimines
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4 Reaction conducted at 60 °C in MeOH with KHSO, as an additive.
b Reaction conducted with amberlyst as an additive.

hydrochloride by removal of the solvent in vacuo, instead
of precipitation, is also possible. While methanol is the most
frequently used nucleophilic solvent in this deprotection, the
use of HCI with either water or other alcohols, including
ethanol,>** isopropanol,®*' or n-butanol?”’ has also been
reported. Sulfinyl group hydrolysis under harsher conditions
(refluxing aqueous HCI) has been reported in cases where
simultaneous hydrolysis of another functional group (includ-
ing esters,'1312 nitriles,’®87213214 or phosphonate esters?'®)
was desired.

It is noteworthy that despite the acid lability of both the
N-tert-butanesulfinyl group and the N-Boc group, one of the
most popular of nitrogen protecting groups, orthogonal
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cleavage of the N-fert-butanesulfinyl group in the presence
of the Boc group by HCI treatment has been amply
demonstrated.'"" 118122123127 Correspondingly, the Boc group
can be removed without cleavage of the N-fert-butanesulfinyl
group by treatment with non-nucleophilic trifluoroacetic
acid 117118120122

In the absence of a hydroxylic solvent, the sulfinyl group
is cleaved by treatment with HCI to provide fert-butane-
sulfinyl chloride in solution. Both the Ellman* and Aggar-
wal* groups have developed methods for recycling of the
tert-butanesulfinyl group that take advantage of this inter-
mediate (see section 2.3 for details). Recently, Ellman and
co-workers reported a one-pot procedure for epimerization
of the N-tert-butanesulfinyl group via the configurationally
unstable sulfinyl chloride 7 (eq 125).3®° This mixture provides
a useful standard for the analysis of the diastereomeric purity
of sulfinyl amine products.

¥ ¢

« NH;CI -
* . S R1 R2 *
1 2 aprotic clI” o N 1 2
R NuR solvent u R NUR
4 (£)-7 5 1153

Sulfinyl group cleavage using other acids has also been
demonstrated. For example, in their work on the synthesis
of bottromycin A2, Omura, Sunazuka, and co-workers
utilized TFA with MeOH to cleave the fert-butanesulfinyl

group of intermediate 643 (eq 126).2*

Y

HN- S0 TFA NHp

N\,)\/002Me w, N\\KK/COﬂVIe (126)
~
<\/S <\/S

643 645: 93%

In their publication on the parallel solution-phase asym-
metric synthesis of a-branched amines (section 4.1.1),
Ellman and co-workers disclosed an alternate protocol to
cleave the sulfinyl group.”® Microwave irradiation of a
mixture of 140 with a macroporous sulfonic acid resin in
the presence of a catalytic amount of ammonium chloride,
followed by purification of the product by washing it with
methanol followed by elution with methanolic ammonia,
provided the products 141 (eq 127).

1. AG MP-50 Resin, cat. NH,CI,
Y MeOH, 110 °C pw
2. Wash with MeOH, CH,Cl, NH,

Ss B GG

HN" "0 3 Shake with 4 M NHy/MeOH R7OR
R R2 4. Filter, wash with MeOH,
CH,Cl,, then conc.
140 141

19.1.2. Nonacidic Conditions for Deprotection of N-tert-
Butanesulfinyl Amines

In some cases, acidic removal of the sulfinyl group is not
possible due to incompatibility with other functional groups.
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Scheme 282. Thiophenolysis of the tert-Butanesulfinyl Group

Y

AN PhSH (3 equiv)
0’ NH Q é NbClg/CuSO, /'Ni?/? é
P OEt (10 mol%) Ar B OCE)tEf
{omo) OEt
OEt O CH,Cl
748h: Ar = 4-BrPh 750 72%
,_I"N/ “o ZnCl, (0.4 equw
/@l\)//)\ PhSH (3 equiv)
' A/k
CH,Cl,, rt, 36 h
OH 22
1154 1155; 60%

Scheme 283. Conversion of N-fert-Butanesulfinyl Amines
1033a—c and g to Boc-Protected Stannanes

~ &
i LBl i mel NHBoc
HN ~0 2. (Boc),0, BOC';I ~0 R/\SnBu3
SnBu3DMAP R/\SnBu3
1033a: R = Me 1156a: 69% 1157a: 87%
1033b: R = Et 1156b: 82% 1157b: 94%

1033c: R = pentyl
1033g: R = (CH,);0Bn

1156¢; 80%
11569: 73%

1157¢: 98%
1157g: 98%

In their work on the synthesis of o.-amino phosphinates, Yuan
and Zhang reported an alternative protocol for the removal
of the sulfinyl group.?” Thiophenolysis of the sulfinyl group
in 748h was achieved in the presence of 10 mol % NbCls
and 10 mol % CuSOy, providing 750 in 72% yield (Scheme
282). These conditions were developed based upon the work
by Hou and co-workers on the Lewis acid catalyzed
thiophenolysis of p-toluenesulfinyl amines.’”® An example
of thiophenol-mediated cleavage of the fers-butanesulfinyl
group in a complex molecule containing a highly acid labile
substituted secondary allylic alcohol was also provided by
Schenkel and Ellman (Scheme 282).3"!

Chong and Kells noted in their development of a method
for the synthesis of o-amino organostannanes from N-tert-
butanesulfinyl imines that direct deprotonation of the sulfinyl
group under a variety of conditions failed, presumably due to
the instability of the resulting a-stannylamines.**® Deprotona-
tion of the sulfinyl amine at low temperature followed by
treatment with Boc anhydride and 4-(dimethylamino)pyridine
(DMAP) provided the mixed imides 1156a—c and g in good
yields (Scheme 283). Cleavage of the sulfinyl group employ-
ing methyllithium then yielded the Boc-protected amines
1157. Unfortunately, for N-fert-butanesulfinyl oi-amino or-
ganostannanes possessing branched substituents (1033d and
e, Scheme 284), this method provided the desired products
in very low yields. For these substrates, an alternative
protocol was developed to introduce the Boc protecting group
(Scheme 284). Because direct incorporation of the Boc group
after deprotonation of the sulfinyl amine proved problematic
due to steric crowding, the smaller formyl group was first
introduced, providing 1158d and e in moderate yields.
Cleavage of the sulfinyl group, introduction of the Boc
protecting group, and hydrazinolysis of the formyl group
generated the desired Boc-protected o-amino organostan-
nanes 1157 in excellent yields over three steps.
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Scheme 284. Conversion of Branched N-tert-Butanesulfinyl
Amines 1033d and e to Boc-Protected Stannanes

1 e o0 N HCl, /I(J)\
: 2. MeOCHO : MeOH
HN/S\\O H/U\N/S\\O HN® H
R/\SnBu3 R/\SnBu3 R” "SnBug
1033d: R = iPr 1158d: 59% 1159d: 100%
1033e: R=Cy 1158e: 51% 1159 98%
(Boc),0, DMAP, (0]
EtsN L NH,NH, NHBoc
—— >  BocN H _— AL
A R™ "8nBus,
R™ “SnBuj

1160d: 96%
1160e: 95%

1157d: 100%
1157e: 100%

19.1.3. Removal of the N-tert-Butanesulfinyl Group from
N-Sulfinyl Aziridines

Attempts to deprotect N-tert-butanesulfinyl aziridines
have met with mixed success, depending on the aziridine
substitution pattern. Davis and co-workers reported that
all attempts to cleave the tert-butanesulfinyl group of
N-tert-butanesulfinyl aziridine 2-phosphonates 1084 using
either acid or MeMgBr without aziridine ring-opening
were unsuccessful (eq 128). Chemla and Ferriera reported
success in the HCI mediated methanolysis of the sulfinyl
group of N-tert-butanesulfinyl alkynyl aziridines 1093 (eq
129).%7 Using 5 equiv of HCI in methanol, deprotection was
achieved within 30 min, providing alkyl 3-substituted and
3,3-disubstituted aziridines 1162a—c in 66—100% yield.
However, when these conditions were attempted with N-fert-
butanesulfinyl protected aziridines bearing an alkenyl or aryl
substituent, only the products resulting from aziridine ring-
opening were observed. In a separate study, Ferreira and co-
workers reported the concomitant aziridine ring-opening and
removal of the sulfinyl group of 866 by treatment with
p-toluenesulfonic acid (PTSA) (1 equiv) at reflux in 7:1
MeCN/H,O0 to provide the fully deprotected acetylenic 1,2-
amino alcohols 867 (eq 130; for details, see section 11.3).2%°

j"'s"/o

H
AN UPOEY, X A NUPoEY), (129
1084 1161
XS//O HCI, MeOH y
N 0°Ctort SR (129)
wR! 4 R2
= R ™S
T™S™ 4003 1162a: R' = Pr, R = H; 66%

1162b: R' = Cy, R? = H; 82%
1162¢: R' = R? = nCsHy4; 100%

N o ™S
& MeCN, H,0
™ N PTSA, reflux \\ NH,
~ Ne gt (130
R2 HO R
866 867. 21 - 73%

> 20:1 regioselectivity

Hodgson and co-workers found that the sulfinyl group of
aziridine 1109 could be cleaved in high yield without

Robak et al.

racemization by treating with aqueous HI in THF, followed
by neutralization with KOH (eq 131).%%

Ao

HI, THF H

A' then ag KOH A (131)
CoHz CioHz1

1109: 78% 1110: 84%, 94% ee

97:3dr

De Kimpe and co-workers reported that attempts to
remove the sulfinyl group from recrystallized aziridines
1114e—i or 1118h—i by treatment with HCI in dioxane
resulted in concomitant sulfinyl cleavage and regioselec-
tive nucleophilic ring-opening to provide the 2-aryl-2-
chloroethylamine salts 1163 and 1165 in good yields (eqs
132 and 133).361:372 The enantiomeric purities of 1163e—i
and 1165h and i were ascertained after subsequent
chemical transformations and evaluation by 'H NMR with
a chiral solvating reagent. While ring-opening of 1114e
and f proceeded without any epimerization, some race-
mization occurred for the other para-substituted com-
pounds (eq 132). Some racemization was also observed
in the ring-opening of aziridines 1118h and i (eq 133).
All ring-opened adducts were converted to 2-aryl-1-
benzylaziridines 1164 or 1166 without further loss of
configurational integrity.

/\L 20
$ HCI Cl Bn

N T CIH,N —

C —
Q/@\ dioxane Ar “pr
R

1114e: R = H; > 99:1 dr 1163e: 84%, 99% ee  1164: 74-94%
1114f: R = CI; 99:1 dr 1163f; 90%, 98% ee
1114g: R = Br; >99:1 dr 1163g: 86%, 88% ee
1114h: R =F; 98:2 dr 1163h: 86%, 91% ee
1114i: R = Me; >99:1 dr 1163i: 83%, 90% ee

.0
o

l HCI

N B

Lrj\ dioxane
R

1118h: R=F; >98:2 dr
1118i: R = Me; >97:3 dr

Bn

cl
CIH3NJ~,,AF_>—> 5N3 (133)
A

r

1165h: 74%, 85% ee 1166: 86-87%
1165i: 83%, 83% ee

19.2. Oxidation of the N-tert-Butanesulfinyl Group

The tert-butanesulfonyl (Bus) group was described by
Weinreb and co-workers in 1997 as a new protecting group
for primary and secondary amines.>”*> The Bus group was
introduced by formation of an N-fert-butanesulfinyl amine,
followed by oxidation. In this work, the N-tert-butanesulfinyl
amines 1167 were synthesized by treating amines with tert-
butanesulfinyl chloride. As an alternative to the previously
disclosed oxidation conditions (KMnO,, 1168a, Scheme
285),* Weinreb and co-workers demonstrated the use of
either m-chloroperbenzoic acid (mCPBA) or catalytic RuCl;
with stoichiometric NalOy. It was also noted that dimethyl-
dioxirane was an effective reagent for this oxidation. The
N-Bus group was found to be stable to strong bases and
metalation conditions, as well as to 0.1 N HCI/MeOH, 0.1
N TFA/CH,Cl, (rt, 1 h), and pyrolysis (180 °C, neat, 3 h).
Secondary Bus amines can be cleaved using either TFA or
TfOH/CH,Cl,/anisole (eq 134) while primary amines could
only be cleaved with TFOH/CH,Cl,/anisole (eq 135).
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Scheme 285. Oxidation of N-fert-Butanesulfinyl Amines
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0
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N —— HN\’ (134)
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>( N 'R (135)
CH,Cly, 1t
1168g, h 1170g: 92%
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Malacria and co-workers reported the oxidation of terz-
butanesulfinamide 1 with iodosobenzene to provide either
sulfinimidate 1171 (eq 136, in the presence of MeOH) or
sulfonamide 1172 (eq 137, in the absence of MeOH).>”
Garcia Ruano, Yuste, and co-workers reported the oxidation
of tert-butanesulfinyl amines 1173 to Bus amines 1174 using
1.5 equiv of mCPBA (eq 138).%7® Moreover, they demon-
strated the selective oxidation of the sulfur in the presence
of an alkene in substrate 1175 (eq 139). The oxidation of
tert-butanesulfinamide (1) under the same conditions to
provide fert-butanesulfonamide 1172 in 85% yield was also
disclosed (eq 140).

1l
XS\NH2
1

Phl=0 Q, ,OMe
Ssyy - (138)

MeOH
1171: 100%

1 Phi=0O O“s L0 (137)
>f NH2  MeCN/H,0 >f NH,
1 1172 80%

The oxidation of N-fert-butanesulfinyl aldimines 2 and
ketimines 3 to N-Bus imines 1177a—j using mCPBA was
developed by Garcia Ruano and co-workers (Scheme 286).%"7
This is an attractive general method for the two-step synthesis

of sulfonyl imines from aldehydes and ketones due to the
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Ao
g=

mCPBA (1.5 equiv) 0

N —_— (138)
[ ] CH,Cl,, 5 min [ j
0
1173 1174: 92%
0
a mCPBA mCPBA (15 equiv) % //O
“NH >( NH (139)
‘\/ CHJCl,, 5 min
1175 1176: 85%
Q mCPBA (1.5 equiv) o.P
S\\e Sy, (140)
2 CHzclz, 5 min 2
1 1172: 84%

ease of isolation of the N-fert-butanesulfinyl imine intermedi-
ates. The successful oxidation to provide 1177q, which
contains a disubstituted alkene, demonstrated the chemose-
lectivity obtained under these oxidation conditions. Wang
and co-workers utilized this method for the preparation of
cyclic N-Bus ketimines 1177j—p, which were used as
substrates in a new rhodium-mediated ring expansion
method.>® Garcia Ruano and co-workers also demonstrated
further oxidation of the N-Bus imines to N-Bus oxaziridines
1178 by treating with mCPBA in the presence of KOH (eq
141).378

Scheme 286. Preparation of N-Bus Imines from
N-tert-Butanesulfinyl Imines

Y mCPBA, CH,Cl,
1-30 min.
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Y 1. mCPBA
2. mCPBA, KOH N~ S0atBu
N’S\‘o J<‘o (141)
A R
R" H
2 1178a: R' = Ph; 99%

1178b: R" = iPr; 99%

Ellman and co-workers reported N-methylation followed
by oxidation of N-acyl-fert-butanesulfinamide 1123a (eq
142).362 De Kimpe and co-workers demonstrated the oxida-
tion of the N-tert-butanesulfinyl imidates 120 to the corre-

sponding N-Bus imidates (eq 143).”
1. TMG, Mel
Q0 DMF, 0° C \\/,
Sy Bn (142)
>r N 2. RuCly/NalO,
CHCly/MeCN/H,0
1123a 1124; 85%
Y %
NS \O NS0
mCPBA N ~ (143)
MeO MeQ
CHyCly q2
120 122; 86-94%

Hodgson and co-workers reported the use of mCPBA for
the oxidation of N-fert-butanesulfinyl aziridines 1179 and
1181 to N-Bus aziridines 1180 and 1182 (eqs 144 and
145).37°3% They noted that for N-tert-butanesulfinyl aziridines
bearing pendant alkenes, such as 1183, competitive oxidation
occurred. Therefore, they reported the use of catalytic
tetrapropylammonium perruthenate (TPAP) with excess
N-methylmorpholine N-oxide (NMO) as the stoichiometric
oxidant to effect a chemoselective oxidation of the sulfinyl
group (eq 146).3%0

>L -0 CPBA }\9’0
$ mePBA 9 (144)
AN CHyCly, 0°C, 1h AN
|\‘ ’/I \l ’/|
OMe OMe OMe OMe
1179 1180: 89%
o
>L§’/O mCPBA >L's|'50
— 145
N CH,Cly, 0 °C, 1h N 09
Ph Ph”
1181 1182: 85%
X 0 10mol% TPAP >L9,O
$ Wwo_ . $7 (146)
N MeCN, 40 °C

1183 1184. 72%

Chong and Kells reported use of mCPBA for sulfinyl
oxidation of aromatic N-sulfinyl a-aminoorganostannanes,
and subsequent application of the resulting N-Bus o-ami-
noorganostannanes 1034 in Stille cross-coupling reactions
with acid chlorides (eq 147; see section 16).3%

Concomitant oxidation of the ters-butanesulfinyl group as
well as another functional group has been demonstrated by
a number of researchers to access complex structures. For

Robak et al.

\k

Ss NHBus

HN"0 mCPBA 147
/'\ Ar/'\ SnBuj, (147)
Ar SnBuj

1033h-n 1034

example, Ellman and co-workers reported the synthesis of
a,o-disubstituted amino acids 537 by the 1,2-addition of
5-methylfuryllithium to N-tert-butanesulfinyl ketimines to
provide adducts 536, followed by concomitant oxidation of
the N-tert-butanesulfinyl group and oxidative cleavage of the
furan using NalO,4 and catalytic RuCl; (Scheme 287; for
details, see section 9.2.2).2"* Xu and co-workers utilized a
modification of this method in the synthesis of 542212216
Gonzalez-Gomez, Foubelo, and Yus reported the concomitant
oxidation of the N-fert-butanesulfinyl group and Baeyer—Villiger
oxidation of a number of [-amino ketones 726 in the
presence of mCPBA and NaHCOj; (eq 148).°® In addition,
the concomitant oxidation of both the N-fert-butanesulfinyl
group and the olefin of 1185 by methyl(trifluoromethyl)-
dioxirane (generated in situ) to provide dihydropyrrole
epoxide 1186 was reported by Hodgson and co-workers (eq
149).8! Foubelo, Yus, and co-workers also reported the
concomitant sulfinyl oxidation and alkene epoxidation of
homoallylic N-fert-butanesulfinyl amines 1187 to N-Bus
amino epoxides 1188 using 3 equiv of mCPBA (eq 150).%2
The further transformation of these products to azetidines
and pyrrolidines was also disclosed.

*S.. MCPBA (4 equiv) 9
O \HN"""C  NaHCO, o
E—— H NHB
SR us  (148)
n 2
» R R R
726:n=0,1 728: 60-96%

>94:6 dr

OCN—?}% (149)

1185 1186

C >L CF3COCH3 oxone
N_

Na,EDTA, NaHCO;

19.3. Conversion of N-tert-Butanesulfinyl Imines
to Nitriles

The conversion of N-fert-butanesulfinyl imines to nitriles
has been reported. The thermal decomposition pathway of
N-tert-butanesulfinyl imines at high temperatures (>130 °C)

Scheme 287. Synthesis of N-Bus o-Amino Acids

Y o N\
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Q HZO O, "COZMe
/2. CHyN, Et,O 0
MeO
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Y mCPBA (3 equiv) Cb/

_S. MLTBAGS equV) | s (150)
07 NH CH,Cly, 24 h T o
R R/\/\I
1187 1188a: R = iPr: >95%

1188b: R = octyl; >95%
1188¢: R = (CH,),Ph; >95%
1188d: R = Ph: >95%

was first observed by Ellman and co-workers during their
studies on microwave-mediated imine synthesis.”® This
transformation was then applied to the synthesis of the
biologically important amine compounds trans-2-aminocy-
clopentanecarboxylic acid and SC-53116 (see section 3.2.3).8
Later, a general method for the direct conversion of alde-
hydes to nitriles using tert-butanesulfinamide was developed
by Ellman and co-workers (Scheme 288).3% Optimization
of the reaction conditions revealed that irradiating the reaction
mixture containing 1, aldehyde 1189, and Ti(OiPr)4 or
Ti(OEt), at 100 °C in the microwave for 10 min promoted
complete conversion to the N-fert-butanesulfinyl imine.
Increasing the reaction temperature to 200 °C for an
additional 15 min facilitated the extrusion of sulfenic acid,
providing the desired nitrile 1190. Alkyl, heteroaryl, and aryl
aldehydes, including ether-, amide-, and ester-functionalized
aldehydes, were suitable substrates, generating nitriles
1190a—h in 71—87% yield. Notably, when an aldehyde with
an o-stereocenter was employed, no epimerization of the
stereocenter was observed under the reaction conditions.

19.4. Hydrolysis of N-tert-Butanesulfinyl Imines

The acidic hydrolysis of N-fert-butanesulfinyl imines to
the corresponding ketones or aldehydes is a simple and robust
reaction. This has been demonstrated by a number of
researchers, particularly following the functionalization of
imines via an N-fert-butanesulfinyl metalloenamine inter-
mediate. The first example was reported by Ellman and co-
workers, who heated 5-hydroxy N-tert-butanesulfinyl imines
67c and 67e in a mixture of acetic acid, water, and methanol
to yield the corresponding f3-hydroxy ketones 70 in almost
quantitative yield with minimal racemization (<2%, eq 151).%

Scheme 288. Synthesis of Nitriles via N-fert-Butanesulfinyl
Imines
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£ >y o
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1190f%: 85% 1190h°C: 72-76%

“ Ti(OiPr), was used. ? Ti(OEt), was used. ¢ The (R)- and (S)-enantiomers
of tert-butanesulfinamide provided the desired product in 72% and 76%,
respectively.
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Under these conditions, enantiomerically pure fert-butane-
sulfinamide (1) was also recovered in quantitative yield.
Wang, Chen, and co-workers utilized the same conditions
for the acidic hydrolysis of (-amino imines 103 to the
corresponding (-amino ketones 1191 in 80—91% yield
without racemization (eq 152).°

\/,o AcOH

3 MeOH/H,0

N~ OH i
| H
Ph)\/\R 40 °C

67c: R=iPr
67e: R=Ph

0O OH ('s?
T + N
Ph)J\/\R Ar NH, (157)

70: 98-99% 1: 99%
>99% ee

AcOH
5=0  MeOHH,0 9 NHTs

NHTs — pping  (152)

103: >99:1 dr 1191: R = aryl, alkenyl

80-91%, > 98% ee

Alternatively, the use of HCI instead of acetic acid has
been reported. Liu and co-workers demonstrated the hy-
drolysis of 72a using aqueous HCI and MeOH to afford the
enantiomerically pure B-hydroxy-S-trifluoromethyl ketone
1192 (eq 153).% Qin and co-workers demonstrated the
hydrolysis of imines 91 to the corresponding enals 92 as
single isomers in excellent yields by treatment with HCI in
THF/H,O (eq 154).%% The one-pot a-amination of N-tert-
butanesulfinyl ketimines followed by acidic hydrolysis to the
corresponding a-hydrazino ketones was reported by Ricci
and co-workers (eq 155; for details, see section 3.2.4).°!

Q Scr, (153)
CF, MeOH, H,0

1192: >99% ee

.Sy
N S0 Hor Q
R |
R T THF, H0, (154)
50 °C
|
R
91 92a: R= hexyl: 89%
92c: R = Bn; 90%
1. PhMeNMnMe +4 LiBr 0
THF

o 2
V5% 2. DEAD or DTBAD, -30 °C R)K(R (155)
, 3.HCI N
/K/R R%0,C” "NHCO,R®
104 105

Xu, Lin, and co-workers demonstrated the use of tert-
butanesulfinamide as a chiral resolving reagent (Scheme
289).%% In this application, racemic axially chiral dialdehydes
were condensed with fert-butanesulfinamide to form diaster-
eomeric bis-imines 1194, which were readily separated from
each other by silica gel chromatography. Treatment of each
diastereomerically pure bis-imine with 6 N HCl and MeOH
resulted in hydrolysis of the imines to provide enantiomeri-
cally pure dialdehydes 1193 in high yield (29—44% of each
enantiomer over two steps).
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Scheme 289. Resolution of Axially Chiral Dialdehydes via
N-tert-Butanesulfinyl Imine Intermediates
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20. Ligands and Catalysts Incorporating
tert-Butanesulfinamide

20.1. Metal—Ligand Complexes
20.1.1. Catalytic Metal—Ligand Complexes

The ease of synthesis, stability, resident chirality, and
potential for metal coordination of the S, N and O atoms of
N-tert-butanesulfinyl imines and amines also provides excel-
lent opportunities for the development of N-sulfinyl-based
ligands for asymmetric catalysis.*®* In 2001, Ellman and co-
workers published the first study on the use of N-sulfinyl
imine ligands for asymmetric Lewis acid catalysis of the
Diels—Alder reaction.®? This work was expanded upon in a
subsequent full paper.® Initially, ligands such as 1198 and
1199 (Scheme 290) were designed in analogy to the highly
successful bisoxazoline ligands.?*® The synthesis of these C,-
symmetric N-fert-butanesulfinyl imine ligands was carried
out by condensing the appropriate bis-aldehyde precursors
with enantiomerically pure tert-butanesulfinamide, utilizing
Ti(OEt), or CuSO, as a Lewis acid and water scavenger.
Metal complexes of these ligands (along with several others)
were tested in the Diels—Alder reaction of cyclopentadiene
with N-acryloyl oxazolidinone 1196. This transformation was
chosen because it has served as a benchmark reaction for
the evaluation of asymmetric Lewis acid catalysts.*®” While
the Cu(OTf), complex of ligand 1198 provided high conver-
sion, low enantioselectivity was obtained. The corresponding
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Scheme 290. Initial Ligand Screening for the Diels—Alder
Reaction

2 9 Cu(OTf), (10 mol% Z
() - A, e oma) 1
/ ligand (11 mol%) 0“ >N~ o
CH,Cl,, -78 °C \ /
1195 1196 1197
ligands: « |
O l I (0] (@) l § N| (0]
S

1198: 93% 1199: 69%
<5% ee, 93:7 dr 72% ee, 94:6 dr

Scheme 291. Preparation of Bis(sulfinyl)imidoamidine
Ligand 1202

, HC(OMe); Q MeNH,
7 "NHz cat p-TsOH XS\NAO/ MeOH
1200: 92%
I O
>rs\N4\N/ 1) KH, THF_ >r SN K
H  2y1200

1201: 100% 1202. 63%
complex of ligand 1199 was less active but provided the
desired product with moderate enantioselectivity.

Extensive ligand optimization led to the design of bis-
(sulfinyl)imidoamidine ligand 1202. The synthesis of this
ligand was carried out in three straightforward steps (Scheme
291). As the Cu(SbFs), complex, this ligand was found to
efficiently catalyze the Diels—Alder reaction with very high
stereoselectivity. The substrate scope of this reaction, outlined
in Table 32, includes the reaction of cyclopentadiene (entries
1—4) or cyclohexadiene (entry 5) with several dienophiles
with varying electronic properties, giving products with high
selectivity. Modulation of temperature and extended reaction
times were successful in providing acceptable yields for less
active substrates.

The scope of the reaction, particularly for acyclic dienes,
was further investigated (Scheme 292). While terminal diene
substitution resulted in poor yields and selectivities (1207a),
internal substitutions were well tolerated. However, internal
substitution with increased steric bulk resulted in diminished
enantioselectivity.

The crystal structure of a CuCl,—ligand 1202 complex
was obtained, revealing a M,L,-helicate structure in which
each ligand is coordinated to a copper center via the oxygen
of the sulfinyl group (Figure 17). Additionally, IR data
suggests that, both in the solid state and in freshly prepared
solutions of the Cu(SbFg),—1202 complex, the primary
species is oxygen bound. Nonlinearity was also observed with
respect to the enantiomeric purity of the ligand,*®® suggesting
that the active catalytic species is not a simple monomer.

The utility of this catalyst in complex molecule synthesis
was demonstrated by Murai and co-workers, who applied
1202 to the synthesis of 1210, the spirocyclic core of
gymnodimine. In this transformation, a single diastereomer
of the Diels—Alder product was observed (Scheme 293).3%

A variety of ligands incorporating both phosphorus and
tert-butanesulfinamide as binding elements have been de-
veloped.*° The first report in this area was the development
of P,N-sulfinyl imine ligands for Pd-catalyzed allylic alky-
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Table 32. Cu-Catalyzed Diels—Alder Reaction with Ligand 1202
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{Nn

2 9 Cu(SbFg), (10 moi%) /L "
Q v I, SHSFo (10 mot) 0
" /" ligand 1202 (11 mol%) o7~ o
CH,Cl,

1203 1204 1205
entry n R time (h) temp (°C) yield (%) ee (%) dr (%)
1 1 H 0.1 —78 96 98 99:1
2 1 Me 8 —40 76 97 98:2
3 1 Ph 16 0 58 94 95:5
4 1 CO,Et 2 —78 85 96 97:3
5 2 H 16 0 50 90 98:2

Scheme 292. Diels—Alder Reaction with Acyclic Dienes

R! \)(1 O Cu(SbFg), (10 mol%) M
R? \+\ N" O ligand 1202 (11 mol%) R2 Nm/o
s /' CHyCl, R O 0
1206 1196 1207
R1
NYO NTO NYO
0O O 0O o 0 O
1207a: 18%, 1207b: 1207c: R' = Me;
41% ee, 2.1:0.4 dr 986%, 92% ee 83%, 93% ee
1207d: R' = Ph:
87%, 45% ee
1207e: R =
CH,OTBDPS;

33%, 62% ee

lation.?*! In this study, the N-tert-butanesulfinyl imines were
prepared via Ti(OEt),-mediated condensation of phosphine-
containing aldehydes to give ligands of type 1212 (eq 156).
A crystal structure was obtained of a Pd—s-allyl complex
of 1212 (R = Ph), verifying the bidentate binding mode of
this ligand via the phosphorus and the imine nitrogen.*!
Optimization of catalyst structure and reaction conditions

?.

Figure 17. Crystal structure of the CuCl,—1202 complex. The
Cu,Clg~ counterion was omitted for clarity.®

Scheme 293. Diels—Alder Reaction for the Synthesis of the
Spirocyclic Gymnodiimine Core

1202+(CuSbFsly <"\,
N

1208 (5 equiv) (1.0 equiv)

/ B
Cbz O
OTIPS CH,Cl,, MS 3A
OTBDPS TIPSO OTBDPS
| iy O (3 | I o AR
H H H H
1209 1210: 58%

revealed that imine ligand 1212a was capable of providing
allylic alkylation product 1215 (eq 157) in high yield and
with excellent enantioselectivity.

" Ti(OEY)
i O = L

1211 1212: 33-88%

R =Ph, o-tol, Cy
R'=H, Me

CCO (o-tol),

AOPN coMe  1212a(5moi%)  MeOC Ph
+( [Pd(a!!y!)Cl]z (2.5 mol%) as)
= MeO,C
it COMe koac, BSA =l
CH,Cly, tt, 4h -
1213 1214 1215: 95%
94% ee

Having established the ability of P,N-sulfinyl imine ligands
to induce enantioselectivity in transition metal catalyzed
reactions, Ellman and co-workers turned their attention to
the application of this ligand class to Ir-catalyzed asymmetric
hydrogenation.*? While only the tert-butanesulfinyl and
p-toluenesulfinyl substituents had been explored in the allylic
alkylation study (vide supra), a wide variety of N-sulfinyl
substituents were investigated for the hydrogenation reaction
to determine the steric and electronic influence of the sulfinyl
group in this modular ligand scaffold. The imine ligands were
prepared by condensation of the corresponding aldehyde with
sulfinamide mediated by Ti(OEt), (75—95% yield). The Ir
complexes 1217a—g were then prepared in a high-yielding,
two-step, one-pot procedure involving ligand complexation
with [Ir(cod)Cl], followed by replacement of the chloride
with the noncoordinating BARF™ ([B[3,5-(CF;),CsH3]4]7)
counterion (90—95% yield). These complexes were then
tested in the catalytic hydrogenation of an unfunctionalized
olefin, a-methylstilbene 1216 (Table 33). Under the opti-
mized reaction conditions, complex 1217a, derived from
ligand 1212a, which was previously reported for Pd-
catalyzed allylic alkylation, provided quantitative conversion
to product 1218 with very high enantioselectivity (entry 1).
While it was expected that increasing the steric bulk of the
N-sulfinyl substituent would further improve the enantiose-
lectivity observed for this transformation, unfortunately,
neither the adamantanesulfinyl nor 3-ethylpentanesulfinyl
substituents were effective toward this goal and each resulted
in both attenuated reactivity and selectivity (entries 2 and
3). The catalyst bearing the p-toluenesulfinyl substituent did
provide quantitative conversion, but the product was obtained
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Table 33. Hydrogenation of o-Methylstilbene
0 —|+ BARF-

B N/S\R
\
p/|r/
A’ }Ar
1217: 5 mol% /k/
Ph Ph

)\/Ph
Ph =

H, (50 bar), CH,Cl

1216 1218
entry 1217 R Ar conversion (%) ee (%)
1 1217a (R)-tBu o-tol >99 94
2 1217b (S)-1-adamantyl  o-tol 58 84
3 1217c¢ (S)-3-ethylpentane o-tol 75 84
4 1217d (S)-p-tolyl o-tol >99 5
5 1217e (S)-mesitylene o-tol 52 7
6 1217t (R)-1Bu 3,5-Me,Ph 53 57
7 1217g (R)-tBu Ph 20 55

Scheme 294. Synthesis of Biaryl P,N Ligands

Q, O, of
.S.
R X _ . R CHO ﬁ NHz
R X — R PPH, — >
‘ O Cs,COs, 90-92%

1219: X = Br, R = Me 1221
ol
NS
R N/S

1220: X = |, R = OMe 1222
R ! PPh,

oiy
x>
R N,S
1223b: R = Me

X -
R O PPh,
1224b: R = OMe

<

1223a: R = Me
1224a: R = OMe

Scheme 295. Phenylboronic Acid Addition to Isatins

o _Bn B(CH). Pd(OAC), (5 mol%)
N ligand (10 mol%)
+
BF3*Et,0
R THF,rt, 48 h
1225 1226

1227a 1227b 1227¢ 1227d

ligand 1223a ligand 1223a ligand 1223a ligand 1223b
63% yield 78% yield 51% yield 36% yield
67% ee 38% ee 73% ee 65% ee

as a nearly racemic mixture (entry 4). The mesitylenesulfinyl
substituent had the same detrimental effect on enantioselec-
tivity and also resulted in much lower conversion (entry 5).
Examination of the effects of substitution on the phosphorus
aryl groups confirmed that the o-tolyl substituent was
required for high conversion and selectivity (entries 1, 6,
and 7), consistent with previous studies with oxazoline-based
P,N ligands.**?

Recently, Qin and co-workers have reported the develop-
ment of biaryl P,N-sulfinyl imine ligands and their applica-
tion in Pd-catalyzed addition of arylboronic acids to N-benzyl
isatin.*** While previously explored N-sulfinyl imine ligands
relied solely on the chirality at sulfur for asymmetric
induction, these novel structures (1223 and 1224, Scheme
294) incorporate the chiral sulfinyl group in conjunction with

Robak et al.
R2
* o R!'=Boc, Cbz, Fmoc
R'-NH HN-S,  R?=Me, Bn, Bu, sBu, iPr
1228 R3 R3=pTol, tBu

Figure 18. Amino-acid derived sulfinyl ligands.

Scheme 296. Transfer Hydrogenation of Acetophenone
o ligand 1228 (1.1 mol %)

[(CP*RNCl,),] (0.5 mol %) OH
LiCl (10 mol %)
{PrONa (5 mol %)

1220 PrOH 1230

O

Cbz—NH HN-§’ Cbz—NH HN-§

1228a 1228b
18% conv. 87% conv.
34% ee 43% ee

an axially chiral biaryl component. The multistep synthesis
of these ligands, beginning with C,-symmetric biaryl com-
pounds 1219 and 1220, proceeded via Cs,CO;-mediated
condensation of enantiomerically pure ferf-butanesulfinamide
(1) with biaryl aldehydes 1221 and 1222, followed by
chromatographic separation of the imine diastereomers.

Reaction of ligand 1223a with [Pd(allyl)Cl], followed by
counterion replacement of the Cl- with SbF¢ yielded a
Pd—m-allyl complex that was analyzed by X-ray crystal-
lography, allowing assignment of the stereochemistry of the
ligand as well as confirming the expected P,N-chelate binding
mode.

Biaryl ligands 1223—1224 were screened in the transition-
metal catalyzed addition of phenylboronic acid to N-benzyl
isatin 1225 (Scheme 295). After optimization of reaction
conditions, ligand 1223a was identified as the most active
for this transformation. Comparison of the performance of
ligand diastereomers 1223a and 1223b revealed that product
stereochemistry was predominantly controlled by the ligands’
axial chirality rather than the sulfinyl stereocenter. A brief
survey of arylboronic acid coupling partners demonstrated
the synthesis of 1227a—d in variable yields and with
moderate selectivities.

Adolfsson and co-workers investigated the use of amino-
acid derived sulfinamide ligands of general structure 1228
(Figure 18) in the enantioselective transfer hydrogenation
of ketones.* Ligand 1228a, bearing the N-tert-butanesulfinyl
group, proved to be inferior to the analogous p-toluenesulfi-
nyl ligand 1228b in the Rh-catalyzed transfer hydrogenation
of acetophenone (Scheme 296), providing the product alcohol
1230 with inferior conversion (18% vs 87%) and enantiose-
lectivity (34% vs 43%). Further optimization of the reaction
conditions, including additives, transition metal precatalyst,
and diamine ligand structure, provided a set of reaction
conditions (with a p-toluenesulfinyl amine ligand) that
allowed this transformation to take place with high enanti-
oselectivity (86% ee).

20.1.2. Metal—Ligand Complexes as Stoichiometric
Reagents

Riera, Verdaguer, and co-workers have developed a novel
class of N-phosphino-fert-butanesulfinamide (PNSO) ligands
1233 (Scheme 297).3% The synthesis of these ligands was
complicated by the potential for oxygen migration from
sulfur to phosphorus. To prevent this, the ligands were
isolated as their borane adducts 1232 and then deprotected
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Scheme 297. Synthesis of Dicobalt—PNSO Complexes
9 1) Buéi 9 E‘3H3 9
PPh,CI
s. 2 S.,-R-pn DABCO S, -Pph
NH N B, —’>r E Ph

& 2) BHy*SMe,

1231 1232: 66-86% 1233: 83-96%

oc\C(FO_Cl, 0 on RN~ 5\/ R oo
oc-Co2Co-co Ph\|/N\S?;O 03g-N-p-Ph
B oC. | '.CO 0oC.J t.CO

H OH “Co—Co- “Co—Co-
1230 /\ 0C-C827co  oc COJ\QCO co
H KOH H  ~OH

/N

1235 1236

1235a: R = H; 1:1 dr, 20% yield
1235b: R = Me; 1.5:1 dr, 92% yield
1235¢: R = Bn; 7:1 dr, 95% yield

Scheme 298. Pauson—Khand Reaction

o PN :
\P/ \S';O (o)

H R
1235c or

conditions:

A: toluene, 70 °C

“uH B: CH,Cly, rt, NMO (6 equiv)
C: toluene, rt

1238a 1238b 1238¢ 1238d 1238e
A 1h B, 16 h C,4h C,15h B, 16 h
95% yield ~ 99% yield  99%vyield  99% vield  65% yield

92% ee 97% ee 99% ee 92% ee 73% ee

and isolated as free ligands. The reaction of these ligands
with dicobalt hexacarbonyl-alkyne complex 1234 yielded
mixtures of diastereomeric cobalt complexes 1235 and 1236.
The N-benzyl derivative 1235¢ was obtained with higher
diastereoselectivity than the N—H and N-methyl derivatives
1235a and 1235b.

A series of complexes 1237, all bearing N-benzyl substitu-
tion, were then prepared analogously for subsequent use in
the Pauson—Khand reaction (Scheme 298), and the major
diastereomers were isolated in stereochemically pure form
by crystallization (1237e, R = CH,OH was isolated as a
>20:1 mixture of diastereomers, complete separation was not
possible). The Pauson—Khand reaction with norbornadiene
gave chiral cyclopentenones 1238 in high yields and with
moderate to high enantiomeric purities (73—99% ee) (Scheme
298). In contrast, when similar ligands that incorporated the
p-toluenesulfinyl group were tested in the Pauson—Khand
reaction, lower enantioselectivities (28—94%) were ob-
served.*®” This difference was attributed to the stronger S—Co
bond observed in the p-toluenesulfinyl complexes, diminish-
ing the required hemilabile character of the ligands. The
utility of the Pauson—Khand reaction products was demon-
strated in the synthesis of cross-conjugated cyclopentenone
derivatives such as 1239 (eq 158), which were evaluated as
ligands for the activation of the transcription factor peroxi-
some proliferator activated receptor-y (PPAR-y).3%

20.1.3. Noncatalyst Ligand—Metal Complexes

In 1991, Roesky and co-workers reported the synthesis
and characterization of a series of eight-membered-ring
organometallic complexes 1240, in which racemic tert-
butanesulfinamides were used as bidentate ligands via
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H o]

MTMS — Q&\R, (158)
H R
1238b 1239

R = alkyl, (CH,),COMe
R' = Ph, alkyl, E-CH=CHCH,Me

simultaneous N and O coordination to aluminum, indium,
or gallium (Figure 19).%%

An early publication by the Ellman group on sulfinamide-
containing chiral ligands detailed the synthesis and crystal
structure of an N,S-bonded N,N'-bis(fert-butanesulfinyl)-
amidinate Rh(I) complex (Scheme 299).8' Acid-catalyzed
condensation of fert-butanesulfinamide with trimethyl orthoac-
etate yielded imidate 1241, which was then reacted with the
potassium salt of a second equivalent of tert-butanesulfina-
mide to provide pseudo-C, symmetric N,N'-bis(sulfinyl)-
amidine ligand 1242. Treatment of this ligand with base in
the presence of [Rh(cod)Cl], provided the air-stable Rh(I)
complex 1243, which was characterized by X-ray structural
analysis. Interestingly, this amidinate complex displays
asymmetric metal binding via the nitrogen and the sulfur of
the two sulfinyl groups.

Riera, Verdaguer, and co-workers examined the ability of
the PNSO ligands (vide supra) to form a variety of cationic
Rh(I) complexes (Figure 20).4* While these ligands act as
P,S-ligands in their interaction with dimeric cobalt species
(see Scheme 297), they were found to bind either as P,S or
P,O ligands to rhodium, depending on the coordination
environment. In addition to examining the structures of these
complexes, ligand displacement studies were performed to
establish the hemilabile nature of these ligands, allowing
coordination sites for incoming phosphines. In particular,
treatment of complex 1244a with either 2 equiv of PPh; or
1 equiv of the bidentate diphenylphosphinoethane (dppe)
allowed displacement of the cyclooctadiene (COD) ligand.
However, treatment of 1244b or 1244¢ with 4 equiv of PPh;
had no effect, demonstrating that the PNSO ligands are more
competent ligands than monophosphines. Treatment of 1244b
with 2 equiv of dppe caused complete ligand displacement,
while the cyclohexyl analogue 1244¢ was unreactive toward
dppe.

Bergman and Ruck explored the insertion of N-tert-
butanesulfinyl imine 133 into the zirconium—carbon bond
of an azazirconacyclobutene 1245, providing six-membered
metallocycle 1246 (Scheme 300).*! Formation of the met-
allocycle occurred at 105 °C, and upon further heating to
135 °C, it underwent a retro-[4 + 2] cycloaddition to afford
o,f-unsaturated imine 1248. However, the novel N-tert-
butanesulfinyl imidozirconocene 1247 was not observed by
"H NMR or as a precipitate from the reaction mixture. Due
to the instability of imine 133 above 115 °C, the authors
hypothesize that the sulfinyl group did not survive the

Ary Se
R. /N/ ~0

~

1240:

M=Al, Ga, In

Ar = Ph, 3,5-(CF3),-Ph
R = Me, Me3SiCH,

Figure 19. NSO heterocyclic complexes.
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Ph PH'Bh pnPh Cy'¢ Cy CyCy
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Figure 20. PNSO rhodium complexes.
Scheme 299. Synthesis of Complex 1243
. CHiC(OMe); @ KH, 1
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Scheme 300. Reaction of N-tert-Butanesulfinyl Imine 133

with Azazirconacyclobutene 1245
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= |
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|
1247

elevated temperatures required for the retro-[4 + 2]
cycloaddition.

20.2. Catalytic Ligands

20.2.1. Catalytic Ligands with Stoichiometric Metal
Reagents

Catalyst 1250b (eq 159), which combines a hydrogen-
bonding urea for electrophile activation along with the Lewis
basic fert-butanesulfinamide group for nucleophile activation,
was reported by the Jacobsen group for the indium-mediated
allylation of acyl hydrazones (Table 34).4924% Diastereomers
1250a and 1250b were prepared by treating amine 1249 with
tert-butanesulfinyl chloride and were separated by silica gel
chromatography (eq 159). It is proposed based on the X-ray
crystal structure of 1250b that an internal hydrogen bond
between the sulfinyl N—H and the urea oxygen may help to
rigidify the catalyst structure and increase the urea acidity.
The stereochemistry of the sulfinyl group was found to be
critical in the catalytic allylation reaction, as demonstrated
by the observation that 1250a provided allylation product
with 26% ee, compared to 1250b, which provided the desired
product with 91% ee under otherwise identical conditions.

In contrast to hydrazones 1251 derived from aryl and
heteroaryl aldehydes, which underwent allylation with high
selectivity (entries 1—9, Table 34), those derived from alkyl
aldehydes exhibited poor selectivity in the allylation reaction
(generally <50% ee). This limitation was partially overcome
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Orugagn Qi€ Qb€

4 iPrNEt

NH DMAP

(159)

O:I<NH THF, O:(NH O:I<NH

/ -78°Ctort /7 /

Ar Ar Ar
1249 1250a: 29% 1250b: 57%

Ar = 3,5-(CF3),Ph

by increasing the electron-withdrawing character of the
hydrazone N-acyl protecting group, as demonstrated by entry
10.

The use of substituted allyl bromides 1253 was also
investigated (Scheme 301). While high enantioselectivity was
achieved (=85% ee for each product), poor diastereo- and
regiocontrol were observed. The similar distribution of
products arising from E vs Z crotyl bromide suggests that
the allyl indium species may not be configurationally stable
under the reaction conditions.

Qin and co-workers explored the use of fert-butanesulfi-
namide-based ligands 1257—1259 (Figure 21) as catalysts
for the addition of diethylzinc to aldehydes.*** Synthesis of
optimal ligand 1257a was carried out by condensation of
tert-butanesulfinamide with salicylaldehyde, followed by
NaBH, reduction of the imine.

The use of 1257a as a catalyst for addition of diethylzinc
to aldehydes was highly enantioselective for aromatic and
heteroaromatic aldehyde substrates, yielding alcohols
1261a—f, while moderate selectivity was observed for the
addition to alkenyl and alkyl aldehydes to yield alcohols
1261¢g and h (Scheme 302). A transition state structure was
proposed to explain the observed stereochemistry of the
product (Figure 22). In this structure, coordination of the
phenolic oxygen, the nitrogen, the sulfinyl oxygen, and
the carbonyl oxygen to a single zinc ion is expected to
provide a highly ordered structure. Delivery of the ethyl
group from a second zinc species, which is coordinated to
the phenolic oxygen and the carbonyl oxygen, is stereospe-
cific, and the aldehyde facial selectivity is explained by
placing the aldehyde R group in the position further away
from the bulky fert-butanesulfinyl group.

20.2.2. Organocatalysts

The first sulfinamide organocatalyst was reported by Sun
and co-workers in 2006 for the enantioselective reduction
of N-aryl ketimines with trichlorosilane.'#? In initial studies,

Table 34. Allylation of Acyl Hydrazones
Os_Ar 1250b (10 mol%) Os_Ar
ﬁ/ I (1.35 - 1.75 equiv) Y

NN allyl bromide 2.0- 2.6 equiv) NP
|
R) toluene, -20 °C R)\/\
1251 1252
entry R Ar yield (%) ee (%)
1 Ph Ph 87 92
2 p-Cl-Ph Ph 83 92
3 2-furyl Ph 90 87
4 2-thienyl Ph 82 93
5 p-(CO,Me)-Ph Ph 92 76
6 0-Br-Ph Ph 78 93
7 o-Tol Ph 89 95
8 1-naphthyl Ph 89 95
9 p-MeO-Ph Ph 79 93
104 iPr 3,5-(CF;),-Ph 55 80

4 Reaction was run at —40 °C.




Synthesis and Applications of tert-Butanesulfinamide

Scheme 301. Additions of Crotyl Bromides to Acyl
Hydrazones
Os_Ph
Y 1250b (10 mol%)
_NH In% (1.75 equiv)
J Br/\/"\m,, toluene, -20 °C
Ph
1251a 1253 (2.63 equiv)
OY Ph

1254 1255 1256
71253, 70% yield  1.10 : 1.0 : 0.4
E-1253, 71% yield  1.57 : 1.0 : 0.38

it was found that ferz-butanesulfinamide (1) was capable of
catalyzing the desired transformation (Scheme 303) in 60%
yield and with 21% ee. Structure optimization led to the
design of catalysts 1265 (Figure 23), which incorporate a
proximally placed Bronsted acid in addition to the Lewis
basic sulfinyl moiety. This hydroxyl group was found to be
important for high enantioselectivity, and modulation of its

R © Os J<
s A
R N\’TK NH

R
OR! ©i 2
OR' HO HN-S

1257 1258 1259

5

R', RZ=H, Me R*=H, Ph
R3=H, Me, OMe, NO, R®=H, Me, tBu

Figure 21. Potential ligands for diethylzinc additions.

@NH
H

N A"
:O‘Zm /S_/
Et-zn.y 07
Et-
Ng
H

Figure 22. Proposed transition state.

Scheme 302. Addition of Diethylzinc to Aldehydes

@QHK

j\ + ez 12572 (10 moi%) oH
R H 2 toluene/n-hexane R/\/
1260 1261

OH OH OH
©/\/ C|/©/\/\O/©/\/
1261a 1261b 1261c
93% yield 90% yield 77% yield
96% ee 96% ee 94% ee
/ C,/\/
@/v L Q/V
1261d 1261e 1261f
71% yield 78% yield 58% yield
93% ee 94% ee 97% ee
OH OH
A
1261g 1261h
82% yield 70% yield

54% ee 70% ee
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Scheme 303. Initial Results for Imine Reduction

S NH,
Nl’Ph 1 (20 mol%) "
ph)\ HSICl; (2 equiv)  pp
1262 CHZCl, 0°C, 240 4263: 60% yield

21% ee

acidity by changing the aryl substitution pattern further
enhanced the performance of the catalyst, with the best
performance obtained (92% yield, 92% ee) by catalyst 1265c.

After optimization of reaction conditions, the scope of the
1265c-catalyzed enantioselective reduction of imines was

R1
g |I
N
TG TG
1264
R'=H, Ph 1265a: R® = 4-OMe,
R? = H, 2-OMe, 2-OAc, 1265b: R® = 5-tBu,
2-,3-, or4-OH 1265¢: R® = 5-F

Figure 23. Catalyst structure optimization.

Table 35. Organocatalytic Reduction of N-Aryl Imines
A 1265¢ (20 mol%)

_Ar CH,Cly, -20 °C, 24-48 h HN’Ar
JN|\ + HSICl or B
RIVORZ (208UV) 54971 (10 molos) R'R?
1266 2,6-lutidine (30 mol%) 1267
CH,Cly, -20 °C, 24 h
entry R! R? Ar conditions yield (%) ee (%)
1 Ph Me Ph A 92 92
B 91 96
2 4-CFs-Ph Me Ph A 93 92
B 95 95
3 4-NO,-Ph Me Ph A 94 90
B 90 93
4 4-Br-Ph Me Ph A 92 92
B 92 95
5 4-OMe-Ph  Me Ph A 98 93
B 83 95
6 2-Np Me Ph A 9% 90
B 71 94
7  6-OMe-2-Np Me Ph A 97 91
B 80 93
8§ Cy Me Ph A 78 74
B 84 75
9 iPr Me Ph A 78 79
B 87 82
10 Ph Me 4-Cl-Ph A 94 92
B 93 95
11 Ph Me 4-Me-Ph A 87 91
B 88 92
12 Ph Me 4-OMe-Ph A 97 91
B 92 92
13 Ph Me 2-OMe-Ph A 73 88
B 75 72
14 4-CF;-Ph Me 4-OMe-Ph A 80 90
B 90 83
15 2-Np Me 4-OMe-Ph A 86 88
B 86 91
16 Ph Et  4-OMe-Ph A 84 92
B 84 92
17 Ph Et Ph A 92 93
B 86 94
18 Ph nPr  Ph A 87 91
B 87 91
19 Ph cPr Ph B 70 93
20 Ph nBu Ph A 94 93
B 89 91
21 Ph iBu Ph A 82 86
B 82 93
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Figure 24. Proposed binding mode for reduction.

1269
j H H )< $=0 o0=§
1Ny N
s MR HN NH
0 0
1270: n = 2-6 o O
1271:n=5 “h
1272:n=2-6

Figure 25. Bis-sulfinyl catalysts for reduction of ketimines.

examined (Table 35, reaction conditions A). The imine
N-substituent was limited to aryl derivatives, although
varying electronic substitution (entries 10—13) was well
tolerated, including the use of the p-methoxyphenyl (PMP)
group (entries 12, 14—16). When the imine R! group was
aromatic and R? was aliphatic, high levels of enantioselec-
tivity were achieved for a variety of aryl groups (entries 1—7)
and alkyl groups (entries 17—20). Significantly, high enan-
tioselectivities were even achieved when R! and R? were
branched alkyl groups and methyl, respectively, albeit with
slightly lower selectivity (entries 8—9).

While a rationalization of the transition state leading to
enantioselectivity for catalyst 1265¢ was not proposed in the
initial report, a clear positive nonlinear effect with respect
to enantioselectivity was observed, suggesting that more than
one catalyst molecule is involved in the stereochemistry-
determining step.!*? Subsequent work by the same group
expanded further on this observation, with a dimeric binding
mode proposed to explain these results (Figure 24).4% This
model also is consistent with the observed importance of
the phenolic hydroxyl group, which could provide an
organized noncovalent tether between the two catalyst
molecules.

Based on this working hypothesis, bis-sulfinyl catalysts
1268—1272 (Figure 25) were designed to incorporate a
variety of different tethers.**> Catalyst 1271 was identified
from this set as an effective and highly enantioselective
catalyst for the reduction of ketimines, in most cases
providing superior results to those obtained with the original
sulfinyl catalyst (Table 35, conditions B versus A). It was
also found that addition of a substoichiometric amount of
3,5-1utidine had a beneficial effect on the enantioselectivity
of the reaction (96% ee with 0.3 equiv vs 91% without),
although stoichiometric amounts shut down the reaction.
Importantly, the enantiomeric purity of bis-sulfinyl catalyst
1271 was found to have a linear correlation with product
enantioselectivity, consistent with the expectation that a
single molecule of this bidentate catalyst is involved in the
stereodetermining step.

While catalysts 1265¢ and 1271 were broadly applicable
to the reduction of N-aryl ketimines, they were not successful

Robak et al.

Table 36. Enantioselective Reduction of Aromatic N-Alkyl
Ketimines

N A 1275 (10 mol%) - Ayt
. I HSiCl5
Ir,’/ N | X R2 (2.0equiv) P | X R?
k\\\ . & g\\\ . X
¥ R s \R1
1273 1274
H
N
Sy
1275
entry R! R? alkyl solvent yield (%) ee (%)
1 H Me Bn toluene 98 96
CCly 90 97
2 4-F Me Bn toluene 80 96
CCly 82 97
3 4-Cl1 Me Bn toluene 92 95
4 3-Cl Me Bn toluene 98 97
5 4-Br Me Bn toluene 80 96
6 3-Br Me Bn toluene 93 97
7 4-CF; Me Bn toluene 94 98
CCly 93 96
8 4-NO, Me Bn toluene 80 >99
CCly 98 94
9 4-Me Me Bn toluene 95 91
10  4-OMe Me Bn toluene 54 78
CCly 90 92
11 2-naphthyl Me Bn toluene 96 96
CCly 83 98
12 6-OMe- Me Bn toluene 70 82
2-naphthyl CCly 89 95
13 H Me allyl toluene 82 92
CCly 80 93
14 4-F Me allyl toluene 88 90
CCly 83 96
15 4-Cl Me allyl toluene 97 89
16  2-Cl Me allyl toluene 75 97
17  4-Br Me allyl toluene 83 93
18  4-CF; Me allyl toluene 65 97
19  4-NO, Me allyl toluene 97 96
20  4-Me Me allyl toluene 88 83
CCly 80 85
21 H Me nPr toluene 67 66
CCly 60 90
22 H Me iBu toluene 56 70
CCly 80 87
23 H Me 4-OMeBn toluene 85 93
CCly 83 95
24 H Et Bn toluene 80 89

for reactions with imines with aliphatic nitrogen substituents.
For highly enantioselective reductions of this substrate class,
Sun and co-workers recently reported sulfinamide catalyst
1275 (Table 36).“%° The substrate scope for this reaction
includes N-benzyl (entries 1—12, 24), N-allyl (entries
13—20), and saturated unbranched (entry 21) and 3-branched
N-alkyl substitution (entry 22) of aromatic ketimines.

In contrast to the organocatalysts discussed above, which
relied on the Lewis basic nature of the sulfinamide oxygen
for activation of substrates, Ellman and co-workers have

e X 8% ? 1
S. - <
Ssn N’R>r N” N SN
H H H H H H
N R
1276 1277 1278
X=0,8 X=0,8
R = Bu, tBu,Ph, R=H, OH, OTBS

3,5-(CF3),-Ph
Figure 26. Sulfinyl urea catalysts.
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Table 37. Organocatalytic Aza-Henry Reaction

o o
S.
>r N B Hy-Bo°
N,Boc OH T NO
0+ rmo 1278a(10mol%) _ R™ Y7
R 2 iPr,NE (0.5 equiv) R
1279 (5equiv)  MeCN, -40 °C, 22-28h 1280
major
entry R R' product yield (%) dr. ee (%)
1 CeHs Me 1280a 84 85:15 95
2 p-MeOC¢Hy Me  1280b 64 90:10 95
3 p-MeCgHy Me 1280c¢ 68 79:21 95
4 p-CF;CeHy Me  1280d 92 77:23 92
5 0-CIC¢Hy Me  1280e 88 80:10 94
6 2-naphthyl Me  1280f 80 84:16 93
7 Bu Me 1280g 80 92:8 96
8 i-Bu Me 1280h 76 93:7 96
9 i-Bu Bn 1280i 62 88:12 96
10 i-Bu H 1280j 64 95

Scheme 304. Addition of Thioacetic Acid to Nitroalkenes

o 1277 or 1283 (5 mol%) SAc
p N2+ [ ————— Ph/'\/No2

SH -78°C, CPME, 48 h

1281 (2 equiv) 1282
(¢] o
: A
Ay NQ
/N\ /N\
1277 1283
99% conv. 86% conv.
50% ee 90% ee

Scheme 305. Catalyst Screening for the Pictet—Spengler
Reaction

| |
’ G
%ﬂ 4

H.N 1288 (20 mol%) NH
1285 "2 MeCO,H (20 mol%)

+ 0 _—
toluene, rt O
H
al Cl

1286 (1.1 equiv) 1287
S S
X LA
FsC N Y FsC N” N Bn
H HN. 5 H H o

ent-1250b /x\ 1288

13% yield 48% yield
-79%ee 92% ee

Iz

disclosed the development of fert-butanesulfinyl urea cata-
lysts such as 1276—1278 (Figure 26).*7 In these catalysts,
the sulfinyl group serves both as a chiral directing group
and as an acidifying substituent on the urea, making it a
stronger hydrogen-bonding organocatalyst. The application
of optimized catalyst 1278a to the enantioselective aza-Henry
reaction is outlined in Table 37, including additions of several
different nitroalkanes to both aromatic and aliphatic N-Boc
aldimines.
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Recently, fert-butanesulfinyl urea catalyst 1277 was ap-
plied to the addition of thioacetic acid to nitroalkenes,
providing the product with 50% ee on initial screening
(Scheme 304). Optimization of the catalyst structure revealed
that the triisopropylphenylsulfinyl urea 1283 provides excel-
lent enantioselectivity for this transformation.**

Catalyst ent-1250b, developed for indium-mediated ally-
lation of hydrazones (vide supra) was screened in the
enantioselective one-pot Pictet—Spengler reaction (Scheme
305), providing the product with 79% ee.*® However,
catalyst ent-1250b provided only 13% yield, while catalyst
1288 provided the product in 48% yield. Further optimization
was therefore carried out with catalyst 1288, which lacks
the sulfinamide functionality.

21. Conclusion

The measure of success of any reagent, catalyst, or method
must ultimately be based on the extent to which it is used in
compound preparation. Many researchers from around the
world have contributed innovative and often practically
useful methods that have established ferf-butanesulfinamide
as an extremely versatile reagent for the robust and general
asymmetric synthesis of diverse classes of amine-containing
compounds. Moreover, as demonstrated by the many ap-
plications discussed in this review, a rapidly increasingly
number of researchers now extensively rely on tert-butane-
sulfinamide in endeavors that range from the total synthesis
of natural products, to the preparation of chemical tools for
catalysis, materials, and chemical biology research, and
particularly, to the development of pharmaceutical agents
and agrochemicals. The commercial availability of tert-
butanesulfinamide in large quantities at low cost, the robust-
ness and generality of many of its methods, and the
prominence of amine-containing compounds in drugs, agro-
chemicals, and naturally occurring materials ensures that ferz-
butanesulfinamide-based methods will continue to be some
of the most extensively used methods in synthesis.
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