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This short perspective reports on the synthesis and applications of a class of chiral amino carbonyl
compounds, masked oxo-sulfinamides where the amine is protected with an N-sulfinyl moiety and the
carbonyl group is protected as the ketal or 1,3-dithiane. These polyfunctionalized chiral building blocks
are prepared by addition of organometallic reagents to masked oxo-sulfinimines (N-sulfinyl imines) or the
addition of oxo-organometallic reagents and lithio-1,3-dithianes to sulfinimines. Because unmasking of
the amino and carbonyl groups results in cyclic imines, these chiral building blocks are particularly useful
for the asymmetric synthesis of functionalized nitrogen heterocycles, including prolines, pipecolic acids,
pyrrolidines, homotropinones, tropinones, and tropane alkaloids such as cocaine and C-1 cocaine

analogues.

1. Introduction

Polyfunctionalized or densely functionalized chiral building
blocks, defined as molecules having at least one stereogenic
center and more than one chemically differentiated functional
group, have played significant roles in the asymmetric synthesis
of structurally complex biologically and pharmacologically
active molecules. Examples include amino acids, carbohydrates,
hydroxy acids, and terpenes. Since they are often obtained from
the “chiral pool”, access to both enantiomers is limited, and
extensive manipulation and protecting group chemistry is often
necessary to transform them into the target molecule. Designing
chiral molecules that have the necessary functionality and pro-
tecting groups built in for further elaboration can circumvent
these limitations."

Sulfinimine (N-sulfinyl imine)-derived chiral building blocks
have been introduced to access structurally diverse polyfunctio-
nalized nitrogen heterocycles, key structural units found in a
broad range of natural products, drugs and drug candidates.? The
1,2-addition of organometallic reagents to the C=N bond of
enantiopure sulfinimines (N-sulfinyl imines), first reported by
Davis et al."** and subsequently by Ellman et al.,* is currently
the best and most reliable method for the asymmetric synthesis
of amines and amine derivatives.” The sulfinyl auxiliary not only
activates the C=N bond for nucleophilic addition but exerts
powerful and predictable stereodirecting effects resulting in high
diastereomeric ratios in the sulfinamide product. Epimerization
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of newly created carbon stereocenters is prevented because the
sulfinyl auxiliary stabilizes anions at nitrogen. In addition, this
auxiliary is an excellent amine-protecting group and is easily
removed under mild acid conditions.

Enantiopure amino carbonyl compounds are examples of
important polyfunctionalized chiral building blocks for the
asymmetric synthesis of natural products, nitrogen heterocycles,
and pharmaceuticals.®” However, suitable protecting groups are
necessary to prevent racemization and undesired self-conden-
sation reactions. For this purpose enantiopure N-sulfinyl
o-amino 1,3-dithianes 1 were introduced to synthesize the notor-
iously unstable o-amino aldehydes and ketones (Fig. 1). These
compounds have been employed in the asymmetric synthesis of
functionalized pyrrolidines, including (—)-3-hydroxy-3-methyl
proline® and (—)-2,3-rans-3,4-cis-dihydroxyproline,”® and the
2,3-disubstituted piperidine (+)-L-733,060.” Optically enriched
B-amino-o-keto amides which can be elaborated into peptide
structures and deprotected under oxidative conditions without
racemization have also utilized this methodology.'®

One of the best methods to synthesize B-amino ketones is the
addition of Grignard and lithium reagents to enantiopure
B-amino Weinreb amides 2 (Fig. 1).!' These amides are prepared
by addition of Weinreb amide enolates to sulfinimines. Enantio-
pure B-amino carbonyl compounds are found as structural units
of natural products and are valuable for the synthesis of nitrogen
heterocycles.'>  o-Amino, B-amino, y-amino and 8-amino
ketones are also available from enantiopure N-sulfinyl masked
oxo-sulfinamides 3, which are derived from masked oxo-sulfini-
mines 4. These compounds are particularly useful for the asym-
metric synthesis of nitrogen heterocycles because unmasking of
the oxo and amino groups results in cyclization to imines, which
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on reduction give pyrrolidines and piperidine derivatives. The
focus of this perspective is the synthesis of masked oxo-sulfina-
mides 3 and their applications in the asymmetric synthesis of
amine derivatives and functionalized nitrogen heterocycles.

2. Synthesis and applications of enantiopure
masked oxo-sulfinamides

2.1 Synthesis of masked oxo-sulfinamides

Chiral non-racemic masked oxo-sulfinamides, stable amino car-
bonyl compounds, can be prepared by 1,2-nucleophilic addition
of organometallic reagents to the C—N double bond of enantio-
pure sulfinimines. These additions can be classified in two ways
(Fig. 2): (i) diastereoselective addition of nucleophiles including
cyanide,' metal phosphonates,'® ester enolates,'” and Weinreb
amide enolates'® to masked oxo-sulfinimines 4; and (i1) diastereo-
selective addition of masked oxo organometallic reagents to
sulfinimines 5.%'” The requisite chiral sulfinimines 4 and 5 are
prepared by the condensation of enantiopure (R)- and (S)-sulfina-
mides (RS(O)NH,), many of which are commercially available,
with carbonyl compounds. The asymmetric synthesis and appli-
cations of sulfinimines as amine building blocks have been
reviewed by Davis et al.,"*¥*>" Ellman et al.,’>** Morton and
Stockman,> Senanayake,> and others.>”

2.2  Asymmetric synthesis of proline and pipecolic acid
derivatives

A strategy for the preparation of cyclic o-amino acids is cycliza-
tion/reduction of oxo o-amino acids. Lubell ez al.'® and Rapo-
port et al.'® utilized this approach for the synthesis of cis-5-
substituted prolines 11 and cis-6-substituted pipecolate acid
derivatives 12. However, this method is limited because most
oxo o-amino acids are derived from proteinogenic amino acids,
the syntheses are lengthy, and access to both enantiomers is pro-
blematic. A more efficient method for the asymmetric synthesis
of oxo o-amino acids was introduced by Davis and co-workers
involving masked oxo-sulfinimine (S5)-6 and the sulfinimine-
derived asymmetric Strecker synthesis (Scheme 1).'* Here treat-
ment of (5)-6 with Et,AICN:i-PrOH afford the corresponding
cyano masked oxo-sulfinamide (Ss,S)-7 in good yield and good
to excellent diastereoselectivity (74-95% de). Hydrolysis of the
diastereomerically pure sulfinamides (Ss,5)-7 with 6 N HCI
accomplishes four operations in a single pot (Scheme 1).
Hydrolysis removes the N-sulfinyl auxiliary with concomitant
conversion of the nitrile to the acid. The ketal is unmasked to
give the intermediate oxo o-amino acids 8 which cyclizes to
iminium ions 9. Hydrogenolysis (H,/Pd) of iminium ions 9 leads
to the cyclic o-amino acids, prolines 10 and 11 and pipecolic
acids 12 in good to excellent yields (48-85%) and excellent
stereoselectivity (95-98% de or ee) (Scheme 1).
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2.3 Asymmetric synthesis of cyclic a-amino phosphonates

In a similar manner, cyclic o-amino phosphonic acids were pre-
pared by the diastereoselective addition of lithium diethylpho-
sphite (2 equiv.) to sulfinimines (S)-13 in good to excellent de

(Scheme 2).'* Hydrolysis of the o-amino phosphonates (Sg,R)-
14 using 3 N aqueous HCI in THF gives the amino carbonyl
intermediates that cyclize to the cyclic imino phosphonates 15 in
69-82% yields. Reduction with Adam’s catalyst (PtO,) in
ethanol afforded the corresponding cyclic a-amino phosphonates
16 to 18 in 49-87% yields without loss of enantiopurity.

Davis and co-workers also reported the synthesis of cyclic
quaternary o-amino phosphonates using masked oxo ketimines
such as (5)-19 (Scheme 3)."* Because the oxo ketimine (S)-19
are formed as inseparable F,Z mixtures, modest selectivity, 50%
ee, was observed for o-amino phosphonates 22.

2.4 Asymmetric synthesis of 2-substituted pyrrolidines

In a related study Brinner and Ellman reported the diastereo-
selective  synthesis of 2-substituted pyrrolidines (R)-27
(Scheme 4).'7 In this method the sulfinamide (Rs,R)-25 was pre-
pared by addition of masked oxo Grignard reagent 24, prepared
from 2-(2-bromoethyl)-1,3-dioxane, to tert-butanesulfinimines
(R)-23 with moderate diastereoselectivity. On treatment with
TFA-H,O followed by addition of Et3SiH to reduce the inter-
mediate dehydropyrrolidine 26, 2-substituted pyrrolidines (R)-27
were prepared in good to excellent yields.

2.5 Asymmetric synthesis of f-amino acids and p-lactams

B-Amino acids are important in the synthesis of B-peptides and
B-lactams and are readily prepared by the diastercoselective
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addition of metal enolates to sulfinimines.>° In their synthesis
of B-lactams, Fujisawa and co-workers prepared B-amino ester
(8)-29 by addition of the preformed enolate of tert-butyl acetate
to sulfinimine (5)-28 (Scheme 5).15 In this study the authors
observed an interesting switchover of the diastereofacial selectiv-
ity by changing the metal ion from lithium to titanium
(Scheme 5). Hydrolysis of ester (Ss,S)-29 with TFA followed by
cyclization of B-amino acid 30 with PPh;-(PyS), afforded
B-lactam 31. It is noteworthy that under these hydrolysis con-
ditions the ketal remained intact.

2.6 Asymmetric synthesis of a-amino carbonyl compounds

Enantiopure o-amino aldehydes and ketones are key chiral build-
ing blocks in the asymmetric synthesis of o-amino acids,
o-amino alcohols, 1,2-diamines, allylic amines and many natural
products.®*!' In order to be useful, suitable N-protecting groups
are necessary to prevent racemization and self-condensation. Fur-
thermore, since most enantiopure o-amino carbonyl compounds
are derived from N-protected o-amino acids access to both enan-
tiomers is limited. N-Sulfinyl o-amino-1,3-dithianes (Ss,5)-34,
masked oxo-sulfinamides, offer a general solution to both of
these problems and are readily prepared by the diastereoselective
addition of lithio-1,3-dithianes 33 to sulfinimines (S)-32
(Table 1).%°

Acid hydrolysis or treatment with the Dess—Martin periodi-
nane (DMP) reagent selectively removes the N-sulfinyl group in
34e (R = Ph) and 34f (R = i-Pr) affording the enantiopure free
amines 35 in good yield, leaving the keto group protected as the
thioketal (Scheme 6).* While traditional thioketal hydrolysis
methods would also remove the N-sulfinyl group, the Stork

Table 1  Synthesis of N-sulfinyl o-amino-1,3-dithianes (Ss,S)-34%°

UE/SSAI,W

o Li 33 2
NSSpTolyl  2)aq. NHCI pTol"NH
B ——— R
R
RO H 78 °C, THF /?g
(S)-32 (Ss,S)-34
34 R R % de % yield
a Ph H 82 73
b i-Pr H 72 70
c t-Bu H 96 72
d p-CF;Ph H 80 75
e Ph Me 92 76
f i-Pr Me >97 84

reagent, bis(trifluoroacetoxy)iodobenzene [PhI(O,CCF;),], was
found to selectively give the stable N-sulfinyl a-amino methyl
ketone (Ss,S)-36.% Hydrolysis of thioketals 34 with 1,3-dibromo-
5,5-dimethylhydantoin (DBDMH) produces N-tosyl a-amino
aldehydes (5)-37 and ketones (Scheme 6).”“Y The crude alde-
hydes 37 were transformed into N-tosyl o-amino acids 38 by a
Pinnick-type oxidation without epimerization in >95% enantio-
selectivity.” These transformations of N-sulfinyl o-amino-1,3-
dithianes 34 illustrates the many opportunities for functional
group manipulation not previously available for N-protected
o-amino carbonyl compounds.

An example of the utility of N-sulfinyl o-amino 1,3-dithianes
is the asymmetric synthesis of (25,3R)-3-hydroxy-3-
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methylproline (46), a key component of the polyoxypeptins, a
19-member cyclic hexadepsipepatide antibiotic.® Here the ben-
zaldehyde derived sulfinimine (R)-39 was treated with dilithio
species 40 and on treatment with Ts-Cl cyclized to pyrrolidine
(Rs,R)-41 in 91% de and 70% yield, all in one pot (Scheme 7).
The N-sulfinyl was replaced with a tosyl group and hydrolysis of
(R)-42 with PhI(O,CCFj), afforded the 3-oxo pyrrolidine 43 in
78% yield. Reaction of ketone 43 with excess methylmagnesium
bromide afforded tertiary alcohol (2R,3R)-44 as a single isomer
in 85% yield. The C-2 phenyl group in 44 was oxidized with
RuCl3/NalOy to give the acid and formation of the methyl ester
gave hydroxy pyrrolidine (25,3R)-45 which was transformed in
two steps to the target proline (25,3R)-46 (Scheme 7).

2.7 Asymmetric synthesis of 1,3-amino alcohols

1,3-Amino alcohols are key structural components of pharma-
ceutically active molecules such as HIV protease inhibitors®
and serotonin reuptake inhibitor antidepressants.>> A number of
natural products, including the sedum alkaloids, contain this

moiety.>* 1,3-Amino alcohols are also useful as chiral ligands
and auxiliaries in asymmetric synthesis.>> However, despite the
importance of these amino alcohols there are few general
methods for their preparation.

Ellman and co-workers devised a method for the asymmetric
synthesis of both syn- and anti-1,3-amino alcohols from sulfini-
mine-derived B-hydroxy N-sulfinyl imines that were reduced to
give either the syn- or anti-1,3-amino alcohol in high de.?® In
one example hydroxy imine 48 was prepared by addition of the
metalloenamine derived from oxo-sulfinimine (R)-47, to butyral-
dehyde (Scheme 8). Reduction of 48 with catecholborane
afforded sulfinamide syn-49 in 72% yield and 93 :7 dr. With
LiBHEt; 48 gave the anti-sulfinamide 50 in 75% yield and
91:9 dr. These amino alcohols were transformed into alkaloids
(—)-8-epihalosaline (51) and (—)-halosaline (52) in 73% and
81% yield, respectively, by treatment of amino alcohols 49 and
50 with TFA in the presence of PtO,/H, (1 atm).

A more general method for the asymmetric synthesis of
acyclic syn- and anti-1,3-amino alcohols was recently introduced
by Davis et al. and involves the stereoselective reduction of
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N-sulfinyl B-amino ketones.'® The B-amino ketones are readily
prepared by the addition of methyl ketone enolates to sulfini-
mines®’ or Grignard reagents to sulfinimine-derived B-amino
Weinreb amides.!' This methodology was highlighted in a
formal asymmetric synthesis of two piperidine alkaloids,
(—)-pinidinol (62b) and (+)-epipinidinol (63b) from a common
masked oxo-sulfinamide 56 (Scheme 9).'® Addition of enantio-
pure sulfinimine (R)-53 to the preformed potassium Weinreb
amide enolate 54 at —78 °C afforded N-sulfinyl B-amino
Weinreb amide (Rs,3R)-55 in 74% yield and 22:1 dr. With
excess methylmagnesium bromide 55 gave B-amino ketone ketal
(Rs,4R)-56 in 96% yield, which is the key intermediate in the
synthesis of alkaloids 62b and 63b (Scheme 9).

Reduction of B-amino ketone (Rs,R)-56 with LiBEt;H gave
the anti-1,3-amino alcohol (—)-57 in 90% yield. By changing

the reducing agent to Li(#~-OBu);AIH in combination with LiCl
the syn-1,3-amino alcohol 59 was obtained. The hydroxy groups
were protected as the fert-butyldiphenylsilyl ethers to give 58
and 60 and hydrolysis gave the cyclic imine 61 in good yield.
Hydrogenation of 61 with 10% Pd—C at 60 psi H, gave 62a and
is a formal synthesis of pinidinol (-)-62b (Scheme 9).

2.8 Asymmetric synthesis of substituted tropinones and
homotropinones

An important method for the asymmetric synthesis of stereo-
defined piperidines is the acid-catalyzed intramolecular Mannich
cyclization reaction of an N-sulfinyl B-amino ketone and an alde-
hyde.?® In 2009, Davis and co-workers extended this method-
ology to the asymmetric synthesis of substituted tropinones
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using N-sulfinyl B-amino ketone ketals.”” In this synthesis, the
objective was that hydrolysis of the ketone ketal would result in
cyclization to give a dehydropyrrolidine ketone that under the
acid conditions would undergo an intramolecular Mannich reac-
tion to give the tropinone (Fig. 3).

N-Sulfinyl §-amino B-ketoester ketal (Ss,S)-65 was prepared in
69% vyield by treating masked oxo-sulfinimine (S5)-64 with an
excess of the sodium enolate of methyl acetate (Scheme 10).%°
However, hydrolysis with HCI-MeOH failed to give the tropi-
none, but resulted in dehydropyrrolidine (S)-66 in 80% yield.
When (5)-66 was treated with (Boc),O, to generate the more
reactive intermediate acyl iminium ion, the intramolecular

Mannich reaction resulted in a 70 : 30 mixture of inseparable C-2
epimeric tropinones (1R,2R,55)-67 in 90% yield.

Davis and Edupuganti reported an application of masked oxo-
sulfinamides, N-sulfinyl B-amino ketone ketals, in the asym-
metric synthesis of the homotropinones (—)-euphococcinine (73)
and (—)-adaline (74) (Scheme 11).>° These alkaloids are found
in the secretions of the Coccinellid beetles (lady bugs) and are
powerful deterrents to both spiders and ants. The requisite
N-sulfinyl B-amino ketone ketals (Ss,S)-71 were prepared in
good yield by addition of MeMgBr to B-amino Weinreb amides
(Ss,8)-70, which were prepared by the diastereoselective addition
of the lithium or potassium enolate of 69 to sulfinimine (S)-68
(Scheme 11).

On treatment with 3 N aqueous HCI in MeOH-THF B-amino

g H ketone ketal (Ss,5)-70a (R = Me) did not produce homotropi-
Z'7NH 0 H* Mm R2 N none (—)-73, but afforded the corresponding piperideine ketone
. Ny . . .
RB(\/\)K/RS ~ RUON — %R‘ (S)-72 in 86% yield.*® However, heating ketone (S)-72 at 75 °C
O\_/O R2 H R o with 10 equiv. of the buffer solution NH4OAc : AcOH in ethanol
for 36 h initiated the Mannich cyclization affording (—)-eupho-
N-iufznyl Blgatmlino tropinone coccinine (73) in 93% yield (Scheme 11). Significantly, when
elone Ketal . .
the B-amino ketone ketal (Ss,S)-71 was heated with NH4OAc :
Fig. 3 Intramolecular Mannich cyclization to form tropinones. AcOH for 36 h at 75 °C (—)-euphococcinine (73) was obtained
%
NaHMDS/MeCO,Me .S, HCI-H,O/MeOH,
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in 90% yield. Under similar conditions, but for 3.5 days, (Ss,S)-
71 (R = n-CsHy;) gave (—)-adaline (74) in 85% yield. This four-
step intramolecular Mannich cyclization reaction of N-sulfinyl
B-amino ketone ketals (Ss,S)-71 represents the most efficient
method reported to date for the asymmetric synthesis of substi-
tuted homotropinone alkaloids.

2.9 Asymmetric total synthesis of cocaine and cocaine C-1
analogues

The relatively few enantioselective syntheses of (R)-(—)-cocaine
(75) and cocaine analogues is due to the fact that the C-2 and
C-3 substituents require a cis-relationship for biological activity
(Fig. 4).>" Furthermore, of cocaine’s eight stereoisomers only the
(R)-isomer (—)-(75) is a powerful stimulant and addictive. As a
consequence most nonracemic cocaine analogs are derived from
(R)-(—)-75 and are modifications of the C-2 and C-3
substituents.>”

In 2010 Davis, Theddu and Edupuganti described an enantio-
selective method, employing a masked oxo-sulfinamide, for the
synthesis of (S)-(+)-cocaine (83) the enantiomer of (R)-(—)-75.%
This procedure is related to Tufariello’s racemic cocaine syn-
thesis where a stereospecific [3 + 2] nitrone cycloaddition

‘N 4 COMe
2
5 4\ 0. _Ph
7 g
6 3 0

(R)-(-)-Cocaine (75)

Fig. 4 (R)-(—)-Cocaine (75).

reaction was used to control the stereochemistry at C-2 and C-3
in 75.>* Here masked oxo-sulfinamide B-amino ester (Rs,R)-76
was reduced and the aldehyde treated with trimethylphosphonoa-
cetate in a Horner—Wadsworth—-Emmons olefination reaction to
give ketal sulfinamide (RsR)-78 in excellent yield (Scheme 12).
Hydrolysis of 78 resulted in dehydropyrrolidine (R)-79 and che-
moselective oxidation with urea hydrogen peroxide (UHP) cata-
lyzed by methyltrioxorhenium (MTO) afforded intermediate
nitrone 80. On heating, the nitrone underwent an intramolecular
[3 + 2] cycloaddition to a tricyclic isoxazolidine, which on treat-
ment with MeSOsMe gave isoxazolidine mesylate salt 81. The
salt was transformed in two steps, in excellent yield, to
(S)-(+)-cocaine (83).>

The first examples of cocaine analogues to have substituents,
Me, Et, n-Pr, n-CsHy,, Ph, at the cocaine C-1 or bridgehead pos-
ition were prepared in a similar manner.>'* Dehydropyrroli-
dines (S5)-84, prepared by hydrolysis of the corresponding
N-sulfinyl amino ketals, were selectively oxidized to nitrones 85
and on heating with the Lewis acid Al(O-z-Bu); at 110 °C for
96 h gave the corresponding tricyclic isoxazolidines 86 in mod-
erate yields. In three-steps the isoxazolidines were transformed
into the C-1 cocaine analogues (1R,2R,35,5S5)-87. In the absence
of the Lewis acid the nitrones 85 (R = Et, n-Pr, n-CsH;;, Ph)
gave oxaziridine intermediates 88 that rearranged under the reac-
tion conditions to lactams (S)-89 (Scheme 13).31:3

2.10 Asymmetric synthesis of other biologically significant
molecules

The pyrrolizidine alkaloid SC-53116, a serotonin 5-HT, receptor
agonist, was prepared by Schenkel and Ellman from oxo-

0 o]
8. S
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2) MeSO3Me, CH,Cly, reflux 24 h Me.\ MeOH, rt, 48 h MenH CO,Me
+ s
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10/
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(1R,25,3S,6R)-81 (1S,2S,3R,5R)-82
Me
PhC(0)-Cl, pyridine “N. CO,Me
t, 16 h
93% O\n, Ph
(o)

(S)-(+)-cocaine (83)

Scheme 12
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sulfinamide (RS,S,S)-91.3 5 On treatment with LIHMDS in THF
at —48 °C, sulfinimine (R)-90, underwent an intramolecular self-
condensation reaction to give (Rs,S,5)-91 in 55% yield as a
91:5:4:0 mixture of isomers (Scheme 14). Reduction of nitrile
(Rs,S,S)-92, obtained on microwave irradiation of sulfinamide
91, gave amine 93 which was transformed into amide 94. The
bis-ketal amide (Rs,S,5)-94 was transformed in three-steps to
pyrrolizidine SC-53116 (Scheme 14).

In efforts directed at developing a more general synthesis of
histone deacetylase inhibitors (HDACH) for analog development,
Kinzel and co-workers utilized masked oxo-sulfinamide bro-
mothiophene (Rs,S)-96 as a key intermediate.’® Diastereoselec-
tive addition of 2-lithiobromothiophene to sulfinimine (R)-95
afforded sulfinamide (Rs,S)-96 which was cross-coupled with

2-naphthyl boronic acid using the Suzuki-Miyaura reaction afford-
ing sulfinamide (Rs,S)-97 in 91% yield (Scheme 15). Hydrolysis
and amide formation with (5-methoxy-2-methyl-1H indol-3yl)
acetic acid gave the HDACI analog (5)-98 in 72% yield.

3. Summary and conclusions

Enantiopure amino aldehydes and ketones continue to play key
roles in the synthesis of biologically important natural products
and pharmaceuticals, but require suitable carbonyl and/or amine
protecting groups to be synthetically useful. Masked oxo-sulfin-
amides where the amino and carbonyl groups are both protected
have emerged as important chiral building blocks for the asym-
metric synthesis of diverse amine derivatives. These sulfinimine-
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