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1. INTRODUTION

Reactions that utilize the addition of acti@eH nucleophiles to C=X bonds represent some of
the most fundamental cardararbon bond forming processes in organic chemistry. Of these
reactions, the well known alddl nitroaldol (Henry} and Mannich have been studied
extensively.The nitrcMannich (orazaHenry) reactionjnvolving the nucleophilic addition at
nitronate speciesto an imine electrophile is anothermember of this family of carbdwcarbon
bond forming reactions but is one thathas been studied to a far lesser extent (Figure 1).
Although this reaction has been known for over a ceftoegpl interest from the synthetic
community only began around thern of the centuryand it has sinceeceived considerable
attention. Thishasresuled in the rapid development of a wide range of novetho@ologies.

The interest in tb nitroMannich reactiorarises from the value of tHenitroamine products,



which possess vicinal nitrogen containing functionalities in differing oxidation states, ipgpvid
the opportunity for selective manipulation of either. Furthermore, the versatility of the nitro
group allows access to other importssttuctural motifs such as ZIdlamines (via nitro

reduction) moneamines (via reductive denitratioahdU-aminocarbonyls (via Nef reactioh).

OH O R"NH O
R R' R R'
S-hydroxyketone S-aminoketone
Aldol Mannich
(ref 1) (ref 3)
OX
~ "R'
j enolate J\IR"
R R
aldehyde imine
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®
/N\O
©
. Nitro-
I(-::?g nitronate Mannich
(this review)

OH

NO
R 2 R

NO,

S-nitroalcohol S-nitroamine

Figure 1. The Addition of Active Ci H Nucleophiles to C=X Bnds.

Significant interestin the nitreMannich reactionbegan with the introduction of the first
acyclic diastereoselectiveeactiors, reported in 1998.Prior to this, reports of nitrvlannich
reactions were limited to neselective, uncatalyzed examples. Howewance hen many
protocolshave been developed thavide access to a wide variety fiehitroamines with high

levels of stereoselectivity, including both organocatalyzed and 4oeti@lzed examples.



Furthermore, the utility of this reaction has recently begun to be demonstrated through its
successful application to target synthesis.

Although the nitreaMannich reaction has not previously been reviewed in its enfisstigcted
aspects of this reactidmve appeared in reviews on related subjéldiese include reviews on
multimetallic multifunctional catalysf'? asymmetric additions to =N bondsl3>
organocatalysi&® 20 N-acyl imines?! and the synthesis dfb-diamino acid$? There have also
been a number cdmallerreviews that havéocusedspecifically on asymmetric nitriMannich
reactions®?* The most recent of these was in 2009 and contains a good review of the
asymmetric methodology up to that poififheaim of this review is to present a comprehensive
survey of the nitréMannich literature spanning the 116 years from the initial report to the spring
of 2012.1t encompasssthe past history, more recent rapid developments over the past 14 years
and applications to synthesis. We try to show the key contributions from thee@ury that

haveled to many of the developments concerning asymmetric control in thee@tury.

2. EARLY DEVELOPMENTS

The early examples of nitfelannich reactiongonsisté mainly ofunselective nofwatalyzed
methods with the majority of reactions being performed on imines derived from formaldehyde.
Theseiminesweregeneratedn situ by dehydratiorof water from the hemiaminal products of the
reaction between formaldehyded an amingScheme L The iminium intermediate is then free
to react with a nitroate species in a nitrdlannich coufping to form ab-nitroamine productlt
was this chemistry that was used by the first groups who developed the earlyaniinah
reactions and many others prior to thé' 2éntury. There were, however, a number of examples

of nitro-Mannich reactions being performedtlwipreformed imines derivedrém substituted



aldehydes. It was these reactions that lay the foundations for the highly selective catalytic

methodologies that were later developed.

Scheme 1TheMechanism of Early Nitrdvlannich Reactions
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2.1. The First Reports

The first report of a nitrdannich reaction was by Louis Henry in 189Ble described the
reaction ofmethanolamind, derived from formaldehyde and piperidjnégth nitromethaneand
nitroethane to form the triand d-piperidines2 and 3 (Scheme 1 He alsosuccessfully
performed the reactiowith 3-nitro-2-butano] the product of aHenry reaction betvan
nitroethane and acetaldehyde. This substrate was used bdwawgas unable to obtai-
nitropropaneat the tme. No yields or procedures were givienthis first report Henry later
reported several other reactiomvalving other nitroalcohols (Scheme)2Yields were still not

reported but a rough experimental procedure was gh/&n.

Scheme 2The First Repded NitroMannich Reactions



Rz = -(CHy)s-

The next contribution came from Moussét 190127 Having recently synthesized

nitroisopentanehe investigated its properties through its application in both Henry and nitro
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Mannich reactions. &l demonstrated that nitroisopentane, and its products formed from Henry

reactions with formaldehyde and acetaldehyde, would undergohénmich reactions with

methanahminel when using the same procedures reported by H8alyeme B Although the

strudure of dipiperidine compound was supported by elemental analysis, componaisd 6

wer e
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bed as
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structures of these compounds are only postulated and were not supported analgtical

methods.

Scheme3. Nitro-Mannich Reactions Reported by Mousset
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In the early 28 century, aféer receiving a query from Dudegt al. regarding his original
structural assignment of nitroami@eHenry blished a reviged structure of the product of the
reaction between methaaohine 1 and nitranethane (Schemet).?® It was found that
nitromethane reacted with only two moleculed ofiot three as was originally suggestediorm
dipiperidine produc®. The orignal incorrect assignment was made due to similarities between
the elemental composition of the two compounds. This new assignment was also supported by
the reaction of nitromethane with dimethylaminometha®oivhich led to the formation of
nitrodiamine poduct9. These observations lead Henry to the theory timbmethane vil react
with only two molecule®f secondary amine and two molecules of formaldehyde, leaving one

free Q H Uto the nitro group in the product.

Schemed. Reassignment of the Prodwf Nitro-Mannich Reactions with Nitromethane

NR,
R MeNO,
N on = RN
R™ "4 ™NO,
1 (R=-(CHp)s") 7 (R =-(CHy)s-)
8 (R = Me) 9 (R = Me)



In the following articleof the same journal issu®udenet al. published the results of their
investigations into the nitrMannich reactiort? They further supported the wio performed by
Henryby independently synthesizing nitrodiamine prodiict 39% yield (Scheme)5Due to the
instability of 9 it was reduced using stannous chloride and HCI to give-frjaj@ine 10. This
was the first application of the nitfdannich rection to the synthesis of polyamin@$ey also
extended the work of Hentyy performing similar reactions with the aminomethanol derived
from aniline and formaldehyde, formimgtrodiaminell in excellent yield Limitations of this
early procedure wereidhlighted by the failure of the reaction to procesben using the
aminomethanol derived from methylamine and formaldehyde and also that derived from
ammonia and acetaldehydighe authors also investigated the reaction of the potassium salts of
dinitrometane with a variety of amines and aldehyieform dinitroamined 2. The yields were
reported as near quantitative for all examples gismng this method, theushors reported the

first examples of nitrdlannich reactions of imines derived from acethlgble and ammonia.

Schemeb. Nitro-Mannich Reactions Described by Dudsral.
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The next contribution did not come until almost 30 years later, when Cerf de Mauny published
a more detailed study of the original experimep¢gsformed by Henry?3? His aim was to
provide general procedures for the readiohnitromethane with one, two arnldree molecules
of aminomethanol. Although he was unsuccessful inghdeavaras under all the conditions he
tried the same productf @ double addition was formed, he did provide more detailed
experimental procedures and extend the scope of theMénmich reaction to higher order
nitroalkanes(Scheme B He was abldo form the nitroamine products in excellent yielg b
careful reguhtion of the temperature and contation of the reactions. édalso provided an
improved reduction protocol using aluminium amalgam to provide therdri-amine products

in good to excellent yield. Based on his observatiansl the original theory madoy Henry?2

1C



he concluded that a general rule could be applied to the reaction of nitroalkanes with

methanolamines. He stated that for a nitroalkane of general forrau&NO, the number of

molecules of methanolamine that it reacts with-ik. his rde contradicted some of the earlier

results obtained by Henry and Mousset, however, no attempts to replicate the early results of

these groups was made.

Scheme6. Nitro-Mannich Reactions Described by Cerf de Mauny
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R= Et, -(CH,)s-; R" = Et, heptyl

Cerf deMaunyds rul e was | at er-Mgnnich veacdionsnnvdivingt o

nitroethane by Zief and MasonScheme Y3 They found that the reaction of
morpholinylmethanol13 with nitroethane gave the double addition product,tadid with
nitromethae, whereas with nitropropane only a singlddition was observedhe predicted

product based on Cerf de Maunyods rul e.

11
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Schemer. Nitro-Mannich Reactions Described by Zief and Mason
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In 1944, Cerf de Mauny published nové nitro-Mannich reaction of nitroalcoh®l(Scheme
8).3* The nitreMannich reaction of nitrariol 14 with diethylamineproceeded via double retro
Henry/nitrecMannich sequence. Tidethylamine nitreMannich productl5 was thenconverted
to the correspondg arylamine products through reactowith a number ofanilines This
substitution reaction presumably proceeds viadauble retro-nitro-Manrnich/nitro-Mannich
sequence toofm the more stable arylamine produstmilar reactions were also performed on

the Henry prodct of nitromethane and-ieptana

Schemes8. Nitro-Mannich Reactionsf Nitroalcohols

12
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The nextcontributionscame independently from Senkus and Johnson in ¥946Senkus

demonstrated the reaction of aiety of nitroalkanes with formaldehyde and a ran§erimary

amines (Scheme 93° He also demonstrated that the same products could be formed in

comparable yields by the reaction of -tjBydroxy-2-nitropropaned 6 with primary amines, via

initial retro-Henry reaction, forming two molecules of formaldehyde and the nitroalkane,

followed by the standard nitfiglannich reaction. These reactions are similar to tlooggnally

reportedof Cerf de Mauny* However, he formation of double addition produdfg showed that

Cerf de Maunyods rul

e

does

not

apply

when

us

the nitroamines products could be readily converted to the corresponding polyamines by

hydrogenation over Raney nick&ychnovskyet al. later used tls chemistryfor the synthesis of
chiral nitroxides(Scheme 92 The reaction of §-1-phenylethylamine with formaldehyde and a
number of secondary amines proceeded with good yield. The products were hydrogenated over

RaNi to yield the diamine productsvhich were then converted to the respective chiral

nitroxides.

13
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Schemel. Nitro-Mannich Reactionsf Primary Alkylamines

Senkus (1946):
R? o} Na,CO;

PY + JU + RNH

R' “NO, H™ H

RZ}@NHR or RHN" X ONHR

R' NO, R' NO,
10-90% 17, 60-80%
(when R2=H)

R = Me, iPr, nBu, iBu, Bn
R' = Me, Et, Cl; RZ=H, Me

HOT X "™OH __» g™\, + M
R' NO,

H™H
16

RNH, RHN” X7 NHR

_—
R' NO,

Rychnovsky (1998):

=\ _NO;
Me NH, HCHO
Yoo e e T

R™ONO, Ph” Me t NH
R = Me, Ph Ph™ Me

60%

NH, (,3

RaNi R
> NH @ —
H, (34 bar) By NS0
Ph” Me
Ph/'\Me

85-92%
Johnson published his findingsom investigatons into the scope of the nitrMannich
reactions withsecondary alkylamines (Scheme)$#0The reaction proved to be general for a
range of secondary amines, providing the products in moderate to good yields. The products were
also reduced to the corresponding polyamines #9528 yield by hydrogenation oveRaNi.
Grillot and Bashford later usetb h n s o n 6 s during thedr dhvestigations intMannich

reactions of optically dive nitroalkanes?
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SchemelO. Nitro-Mannich Reactions of Secondary Alkylamines

R' NO, R NO,
24-76% 71%
(with EtNO,)

R'=H, Me, Et
R,oNH = Me,NH, "Bu,NH, (CH,),OH, piperidine,
2,4-pyrrolidine, morpholine

Lambert and Ras investigatedhte use of this chemistry for the selective mawdition of
aminomethanols to nitroethane, which tylig undergoes double additioifhey successfully
performedthe moneaddition reaction of diethgiminanethanol with nitroethane (Schemg).1°
This was accomplishetdy using equimolar quantitiesf each reagent and performing the
reactions over a short period of time at ambient temperature. Thanatroamine product8
could not be obtained in pure form as decomposition to nitrodiafireeccurred on storage.
Consequently, reduction of crud® was carried out by hydrogenation over RaNi to yield 1,2

diamine20in moderate yield.

Scheme 1. Selective MoneNitro-Mannich Reaction of Nitroethane

H,0 Me
Me” N0, + HO™ “NEt, —— Y UNE
rtah  NO2

(1 equiv) (1 equiv) 18
70%

storage RaNi, H,
atrt MeOH
M
EtzNYNEtz ejﬂNEtz

Me NO, NH,

19 20
47%

1t



Johnson alsoxtended the scope of the nithdannich reaction to include primary arylamiriés.
Unlike the reactionsf alkylamines, the reactions afylamines required the addition of a basic
catalyst to achieve acceptable yields (Scher@e The author used tetraalkyhmmonium
hydroxidesfor the formation of a variety of nitrMannich products. The products could be
formed in higher yield®y using the retréHerry/nitro-Mannichreaction of2-nitroethanol21. In
the same communication, Johnson also reported the fast@g of a nitreMannich reaction of
a diamine to form dinitrodiamine produ@2. The praucts were again reduced using

hydrogenatiomverRaNi to yield the polyamine products in-98% yield.

Schemel2. Nitro-Mannich Reactions of Primary Arylamines

Me3;BnNOH

Me ~ 9
/k . j\ + AriH (~ 1 mol%) MGX\NHAr
Me™ "NO, H™ "H MeOH, reflux ~ Me NO
5'8h 760/0
(Ar = Ph)
NOH
NO (Ho/\{; Me
HO 2 + ANH, ———— NHAr
Mé Me MeOH,50°C ~ Me NO,

3 days
21 y 37-99%

Ar = Ph, 2-, 3- and 4-MeCgH,, 2-, 3- and 4-CICqHs,
4-NOZCGH4, 2,4-M92C6H3,

NOH
(Ho ™
NO, 4
HO/>( + HZNONHZ — -
Mé Me MeOH, 50 °C
21 3 days

M M
B m D
Me Nof H me No,

22,81%

2.2. Heterocycle Synthesis

1€



These early nitréannich methodologies have been used by a number of groups for the
synthesis of a variety of heterocyclic producdenkus demonstratethat his nitreMannich
reactions of primarylkylamines could be used for the synthesis-oitso-hexahydropyrimidines
23 (Scheme 3).*' By using an additional equivalent of formaldelythe nitodiamine
intermediate®4 underwent cyclization viaondensation witfiormaldehyde to form the-Bitro-
hexahydrel,3-pyrimidines 23. This methodology was later expanded by Shakeb\wal. to
include the reaction of methyl nitroacet&&imilar reactions have also been reportecClghra

and Adolph®

Scheme B. Synthesis of 8Nitro-hexahydropyrimidines

~ H,O

R7°NO, + R'NH, + HCHO —
. _ 10°C,2h
(1 equiv) (2equiv) (3 equiv)
R R ! !
NH HN” RiNNR
E—
R N02 R N02

24 23
64%
(R=Me, R'='Pr)

R = Me, Et, "Pr, CH,OH
R' = Me, Bn, "Pr, 'Pr, Ph, tol

Hirst et al. showed that similar chemistry could be used for the synthesimitfostetrahydre
1,3-oxazines25 (Scheme 24).* They performed the reaction of nitropropama&monia and
excess formaldehyde ansolated a numbreof products including the major producinfro-
tetrahydrel,3-oxazine25, oxazine26 and eighhimembered rin@7. These products were isolated
from a complex mixture of other oligomers amdl investigationinto improving theselectivity
for each productvas reported.Senkus later reported an improved general procedure for the

synthesis of &itro-tetrahydrel,3-oxazines28 (Scheme 4).4> He demonstrated the synthesis

17



with a wide variety or primary alkylamines. The reaction could be performed by mixing the
amine, formaldehyde and the nitroalkane in water at room temperature, however, improved
yields were obtained when starting frommi&o-1,3-propanediol and with azeotropic removal of
water under DeaBtark conditions. The scope of the synthesis-pitfo-tetrahydrel,3-oxazines
using this method was subsequently extended,
use of a wide variety of primary nitroalkanes and primary amines. These investigations have been

discussed in a review by Eckstein and sk i

Scheme 4. Synthesiof 5-Nitro-tetrahydrel,3-oxazines

Hirst (1947):
H,O
Et” °NO, + NH; + HCHO
_ _ 90-95 °C
(1 equiv) (1equiv) (3 equiv) 1-9h

HN0  HO X N0 (o NEOtZ

w . Et Nozw . //N\}__

Et NO, Et NO, HO Et NO,
25 26 27
44% 16% 7%

Senkus (1950):

R~

N= O

H,0
Me” “NO, + RNH, + HCHO ———

i, 6h
(lequiv)  (1equiv) (3 equiv) Me NO,

34% 28

benzene
HO™ X ™OH | RNH, + HCHO 4,@“”)(

Me NO, 54%
(1 equiv) (1 equiv) (1 equiv)

/\O

R:V
2, M

e

o
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More recently, in 2001, Yarmukhamedamt al. reported the reactiorof 1,3-dinitro-2-
phenylpropane with formaldehyde and primary amines to form -diBitro-3,7-
diazabicyclo[3.3.1]Jnonane9 in excellent yield (Scheen15.4” The same group later reported
that a similar reactions could be performedoantroketones and-nitroesters to form a range of
cyclic compoundgScheme %).“ The products of the reactisrwith unsubstituted-nitroesters
were formed in excellent yields, however, substitution onothiéroesters resulted in reduced

reaction rates and substitution on th@troketone prevented any reaction taking place.

Schemel5. Y ar mu k h a me d & oftHsteraByglic Prodacts

1¢
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ONT Y NO, L+ RNH
Ph H”"H
(1 equiv) (7 equiv) (9 equiv)
R
CHCI5/EtOH N
(5:1) Ph
— > O,N NO,
20°C,4h
N
R 29

83% (R = Me)
75% (R = (CH,),0H)

0} o}
+ + MeNH2
MGMNOZ HJ'J\H
(1 equiv) (10 equiv) (5 equiv)
I\l/le
N O
MeOH/H,O O,N
reflux, 15 h N
A N-Me
Me NJ
/
21% Me
P L, =
+ + R“NH,
MeO)U\/ NO- H™ H
(1 equiv) (10 equiv) (5 equiv)
R'  CO,Me
MeOH or CHCl; R2
3 N NO,
reflux, 4 h k
FIQZ 65-98%

R'=H, Me; RZ = Me, 'Pr

In 2009, Teiet al.reported a high yielding synthesis ehiroperhydrel,4-diazepine80via a
double nitreMannich reaction betwedw,NGdibenzylethylenediamine3g), formaldehge and 2
nitroethanol (Scheme6lL*° The same group later demonstrated that further functionalization of
these products could be achieved via a {masdiated retrddenry/nitroMannich reaction to

form b-nitroamines32in moderate to good yield8.

2C



Scheme &. Synthesiof 6-Nitroperhydrel,4-diazepines

H N02 /Bn
NBn NO HCHO _ HO N
BaNT T o N2 \/‘t/NJ
H toluene \
31 EtOH, reflux Bn
6h 30

99%

R B
| n
R'R2NH, HCHO R2’N\/NO%N/
B — e
'BUOK, THF '\‘\7
50 °C, 15 h Bn

32
29-71%

R'R2NH = C4,H,5NH,, EtO,CCH,NH,, BocNH(CH,),NH,,
BnNH,, pyrrolidine, morpholine

2.3. Nitroalkene Synthesis

There are also a number of examples of AMiannich chemistry being used for the synthesis
of nitroalkenes, vialimination of the amine group from tieenitroamine productsBlomquist
and Shelley demonstrated thhts kind of nitroalkene synthesis was possible by pyrolysis of the
hydrochloride salts of nitrlannich product83 (Scheme T).5! Elimination of the amine group

afforded the nitroalkene produ@4in good yield.

Scheme . Synthesif Nitroalkenes by Pyrolysis of NitrMannich Products

H,0 Rl
R"ONO, + HO ONR, ——> NR;
rt,4h NO;
(1 equiv) (1 equiv) 33

41-83%

1) HCI, toluene R!

—_—
2) 100-175 °C NO;

70-130 mbar, 1 h 34
50-75%

R = Et, -(CHy)s-
R' = Me, Et, "Pr, "Bu

21



The subsequent use of such nitroalkene products was dentethdiyaSnyder and Hamifs.
They performed tandem elimination conjugate addition reactions with a variety of nucleophiles
including nitroalkanes and cyanoacetates (Sch#&sheThe products werehowever formed in
low yield. This work was later extended Bachman and Atwood who were able to perform
nitro-Mannich/elimination/conjugate addition sequences in a single reaction flask (ScBethe 1
Although the yields were poor, this kind of tandem reaction sequence demonstrates the
usefulness of the nitrMannich reaction and also represents an early form of organocatalysis.
The reaction was higher yielding for larger nitroalkanes and in several cases separation of the

diastereomers was possible, although these were isolated in approximately 1:1 ratios.

Schemel8. Tandem Nitroalken&ynthesidMichael Addition Reaction

Snyder and Hamlin:

Et heat |Et "PINO, Et NO,
VNRZ _heat —2>
NO, NO, H,0 NO, Me
R = Me, Et 100°C 34%
MeO,C.__CN
benzene
100 °C
Et COZMG
NO, CN

23%

Bachman and Atwood:

o Eto,NH (5 mol% R
R N0, + EtNH (5 mol%) NR,
H™ "H  CHCl,, reflux NO,
(2-3 equiv) (1 equiv)
R\]/ R7ONO, R NO,
—_— —_— >
N02 N02 R

4-29%

R = Me, Et, "Pr, ‘Bu, "hexyl
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2.4. Synthesis of Dinitroamines
Through variation of the stoichiometry of the starting materials in these earlyMatroich
reactionsthe formation of a varigtof different products was possible. For example, the use of
excess nitroalkane in the reacsomith primary amines canlead to the formation of
dinitroamines Similarly, the reactions with diamines, originally reported Jyhnsor?#’ can lead
to the fornmation of dinitrediaminesJ ones and Ur b a Es k i35thraughnthed di n |
reaction of 2nitropropane with formaldehyde and primafikytamines or ammonia (Scheme
19).54The yields with ammonia were, however, very low and no purified yields weseeddor

the reactions with primary alkyl amines.

Scheme 9. Synthesiof Dinitroamines

Me
(@) H,O

Me NO, + RNH, +
H™ "H 60-100 °C
1-3h

Me Me H Me Me
N
OoN NO,

35
5-10% (R = H)

R = H, Me, cyclohexyl

While investigating the  nitrdlannich  reactions  of -Ritropropane  with
bis(alkylamino)methane36 Butler synthesized a range of dird-diaminesfrom cyclic diamines
(Scheme 2p°° The reactionsf bis(alkylamino)methane36 required more forcing conditions
than those performed with aminomethanblg the producb-nitroamines37 were formed in
excellent yield. Althoughtheauthoronly reported a single yield for the dinitdiamine products

(89% for38) the yields for the remainingtroamine products were describecs fAgood o .
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Scheme 20Nitro-Mannich Reactionsef Bis(alkylamino)methanes

NO, 1-10% NaOH NO
I+ RNNR, ————% RN 2
Me Me . Me Me
36 dioxane
100 °C, 2-4 h 37

N N
ozNﬂe\_/M}NOZ
Me Me

0,
Me 38, 89%

N> \N PhN N}
M
Me Me Me

N NO
XN 2 \/\N NO,
\) Me Me Me M€ Me

Smiley extended the scope ottHinitro-diamine synthas by demonstrating theactionof a

range of diaminewvith nitrocyclohexan€Scheme 2).°6 The author also reported the formation

of dinitroamine 39 by using ammonia in the reactioithis demonstrated the first use of

nitrocyclohexane in a nitrMlannich reaction. The products were forniednoderate to excellent

yield and were subsequentBduced to their respective tetmine productsi good yield.

Scheme 2. Synthesis of DinitreDiamines
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] EtOH
T e
H™ H H reflux, 2 h

N N
88%
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Me Me
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O,N — NO, O,N — NO,
R0 e
73% 79%

N N >:
0, N/\é% NO, H
H 5 O,N NO,

32% 39, 59%

2.5. Reactions with PreFormed Imines

All of the nitro-Mannich reactions mentioned up until this point have involvedirthgitu
formation of iminesThe first nitreMannich reaction of a psrmed imine was performed by
Hurd and Strong in 1950. They successfully reacted nitromethane and nitroethane with
benzylidineaniline 40) by refluxing in ethanol, forming the correspondimgitroamines4l in
moderate yields (Scheme)2 These results were in contrast to the obsema made by Hass
and Riley who stated thdhe reactions of aromatic aldehydes with nitroalkanes and amines
resulted in the formation of nitroalkenes due toneiation of the amine after the initial nitro

Mannich reactiorn®

Scheme22. The First NitreMannich Reactions with Psieormed Imines
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Ph.
-Ph EtOH NH

NO, — R

refl
ux NO,

41
54% (R = H)
35% (R = Me)
No reaction with 'PrNO,

Dornow et al. later reported high yieldingiitro-Mannich reactios of nitroacetophenonand
nitroacetoneawvith a variety of methanolamines formed from secondaryas and formaldehyde
(Scheme 3).5%'69They also demonstrated that nitroacetopheramukenitroacetoneeact with pre
formed aryl imines in the presence afetic anhydride. By refking the reaction mixture
elimination of the alkyhcetamide occurred ttborm nitroalkens 42 in low to good vyields.
However, addition of pyridine to the reaction resulted in deacatigh which prevened
elimination and enabledsolation of b-nitroamine 43 in good yield. The same group later

extended the scope of these reactions to include arylidene nitroacdtones.

Scheme23. Nitro-Mannich Reactions of Nitroacetophenaral Nitroacetone

26



(0]
(0] R R O MeOH J\A R
+ N+ —_— 1 -
R1JK/N02 H HJJ\H R 'Tl

NO, R
68-85%

R,NH = piperidine, morpholine, Me,NH, Et,NH

N/R2 ACZO
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Et,O
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o)
R1J\/N02 +

Ar

A
o RN 0
RJH)\AF 42’ R1J\%Ar
Yo, (-AcNHR?) NO,

42
17-69%

.Me
o N Acy0, Et0 Q NHMeO
_ >
M _nNo, * 0 = Ph
Ph \ | then pyridine NO, | /

43
58%

R' = Ph, Me
R? = Me, Et, Bn
Ar = Ph, 4-MeO-CgHy, 4-CI-CgHj, 4-NO,-CgHy, 2-furyl

2.6. Conjugate Addition Nitro-Mannich Reactions

In 1963, Severiret al. demonstrated that NaBHeacs with metadinitrobenzeneg4 to form
the disodium salt dbis(nitronate)cyclohexenes (Scheme 2).5° These isolable dinitronate salts
could then undergaitro-Mannich reactios with formaldehydeand a variety baminesin the
presence of acetic acid. This reductive atannich reaction forme#,U-dinitroamines 46 with
piperidine andbicylic products47 with methylamine, which we formed in good yields for a
numberof substituted dinrobenzenesThe same group also demonstrated that similar reactions
could be performed using Grignard reagéntthe place of NaBk®3 This methodlogy has since
been extended to a variety of othenetadinitroaromatic, dinitrobicycloaromatic and

dinitroheteroaromatic ring%" ¢°
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Scheme24. Reductive Ntro-Mannich Reactions aheta-Dinitrobenzenes

6 R o) 2Na®
2 NaBH, NO,
_—
THF, EtOH

NO, NOY
44 45

MeNH,, HCHO HCHO
H,O, AcOH piperidine
H,O, AcOH

47 46
44-79% 45-68%
R =H, Me, CIl, CH=CHPh R = Me, Br, CH=CHPh

In 1965, the same group went on to demonstrate that, instead oizNaBlddition of acetone
to 2,4dinitrophenol could be promoted by sodium ethoxide to form the
bis(nitronate)cyclohexenord8 (Scheme 2)7° This underwent similar reactions to dinitronate
45, Reaction with formaldehyde and methylamine yieldegclic product49in 62% vyield. The
authors als@erformedthe reation with cyclohexanone instead of acetone to give the respective
product in 48% yieldThe alternative bridged tricycligroduct50 was obtained i65% yieldby

first reduction of the methyl ketone moiety48 with NaBHs. This nitraMannich chemistry ra

since been extended to the use of a variety of other primary alkylamines and acetophénene by

groupofShak hk 126 dy an

Scheme25. Conjugate Addition NitreMannich Reactions of Z;Dinitrophenol
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NO, NOY 2Na
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—_— COMe
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48
MeNH,, HCHO
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COMe Vo
NO, NOY
e MeNH,
o HCHO
H,0, AcOH
MeN
o)
NO
oH 72
Me

50
65%

There was also geport ofanother reductive nitrdlannich reaction by Walser and-emrkers
(Scheme 8).”® During their investigations into the synthesis of pharmacologically active
benzodiazepinegshe authors observed the unexpected formationb-aftroamine 51. The
reduction of nitroalkeneés2 with NaBH: generatednitroamine 53. This thenunderwent a
spontaneous intramolecular nikéannich reaction to forndl in 88% yield the structureof

which wasconfirmed by single crystal-Xay analysis.

Scheme26. UnexpectedrtramoleculaReductiveNitro-Mannich Reaction

ozN/\/\,;l F

NaBH,

B ——————

MeOH, CH,Cl,
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2.7. Reactions ofNitroesters

There were also a number of early reports of Altannich reactions of nitroesters. These were
first investigated byMuhlstaddt and Schulzevho demonstrated that reactions fBf o-and U
nitroesterss4 with formaldehyde and piperidine proviléhe representative nitroamino estebs
in moderate to good yieldScheme 2).”* They also demonstrated that thésgtroamines could
be used to form the corresponding nitroalkeneslinyirgation of piperidine hydrochloride under

pyrolysis conditions.

Scheme27. Nitro-Mannich Reactions of Nitroesters

O NO, O
RO)W\/N
n-1

H

e 3,0
N + + —
oo Ly
54

R = Me, Et

n=24
HCI (0} NO, 100-140 °C (0] NO,
— N — >
RO 1 HCI 102 mbar RO n-1
55
30-80% 67-85%

Inspired by the work of Dornowt al. on acetic anhydridenediatednitro-Mannich reactions
with preformed imines, Muhlstadt and Schulze extended their nitroalkene synthesis to include
those formed fronpre-formed aryl imines (Scheme8R’® They formed nitroalkene$6 derived
from a wide variety of aryl imines in low to good yields. They also demonstraadvtien
ammonium acetate was used instead of butylamine in the reaction of -gitrgbtitanoate the
products formed were-Bitropiperidin2-ones57. This wa the first reported example of a nitro

Mannich/lactamization cascade reaction. No diastereomaias (r) were reported, however,
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based on subsequent studies by &ial. it is likely that the products were formeudth high

transselectivity’®

Scheme 28. Nitro-Mannich Reactions of Nitroesters with Hrermed Imines and Nitro

Mannich/Lactamizatins

f ’BU Ac,0
NO N C2
RO 2+ J -
n Ar

R = Me, Et
n=1-3
O NO,"Bu 2 NO.
X
RO i N\Ac — RO n-1 A
Ar 56
12-70%
ArCHO
OEt
O,N NH4OAc, AcOH
0 reflux
(0]
Ar NH,
oF HN
t —_—
O2N Ar
(0]
57 NO,

15-58%

Ar = Ph, 4-MeCGH4, 4-MeOC6H4, 4-C|CGH4, 4-M62NC6H4,
4-Et,NCgHy, 4-NO,CgHy, 4-CNCgHy, 4-HOCgH,,
4-HOZCCGH4, 4-ACNCGH4, 2-fury|

Independently of Muhlistadt and Schulz, Jaet al. also developed thenitro-
Mannichlactamization reactioff He demonstrated an improved substrate scope and provided a
number of different gxerimental procedures (Sche 2). The reaction of a variety of aryl
aldehyds, ethyl 4nitrobutanoate andnamonium acetate gawenitropiperidin2-ones57 in low
to excellentyields. The products were confirmed to posgemss stereochemistry byH NMR.

The use of bezylammonium aetatewas also demonstrated, however, thave the desired

product in only 5% vyield. Thigeport by the group of Jairepresents the firséxamples of
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diastereoselective nitrblannich reactiog most probably aided by the formation of a

piperidinone ring

Scheme?9. Nitro-Mannich/Lactamization Reactions

O
0 OEt  NH,OAc HN
J . OzN/\/\n/ ;» b
Ar (0] EtOH, reflux Ar Y

18-98%

Ar = Ph, 1-naphthyl, 2-naphthyl, 3,4-(MeO),CgH3,
2,3-(MeQ),CgH3, 4-NO,CgH,4, 3-NO,CgHy, 3-indolyl

There were also two reports by the group of Desai which utilized the nitro
Mannich/lactamization methodology developed by the groupdidfistadt, Schulz and Jain for
the synthesis ofinalogues 0€CP-99994 £8), a potent gbstare P antagonist (Scheme)3078
Their aim was to develop a versatile synthesis 0f98894 B8) that would allow thesasy
generation of analogues, whdsielogical activities could then be asseds@hey demonstrated
that the nitreMannich/lactamization reactionsorked well for a range of heteroaryl and alkyl

aldehydes, cyclic ketones and substituted ethjtrbbutanoatessQ).

Scheme30. Synthesif Analogues of CFP9994 (58) Using NitroManrich/Lactamizations
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__~ Ph p

—
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R' = Ph, cyclohexyl, ‘Bu, 2-furyl, 2-thienyl, 3-pyridyl

R2, R%=H, Me
With ketones: 0} O
AcN.
N No, NO,
17% 24%

3. NON-CATAYLTIC REACTIONS

The next developmentin nitro-Mannich chemistry came when the first acyclic
diastereoselective reactions were reported in £30@ias after this tht interest in thiseacton
began to increassignificantly. New developments reported around the turn of the century
involved a number of diastereoselective +fwatalytic methods that involved the use of

stoichiometric amounts of base for the formation of reactive nitronateespeci

3.1 BaseMediated Reactions

The first acyclic diastereoselective nivannch reaction was reported #yndersonet al. in
1998% The authors formed lithium nitronates by deprotonation of a range of nitroalkanes with
"BuLi. Introductionof an imineand acetic aciggromoted the desired nitfdannich reactions. A
range ofN-paramethoxybenzyl (PMB)mines and nitroalkanes providddnitroamines60 in
high yield and, in certain cases, hignti-diastereoselectivity (Schemé)3Due to the instability

of b-nitroamines60 the group went on to synthesizhe corresponding tdamines6l by
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reduction of the nitro groupvith Smb. Remové of the amine protecting grouwith ceric
ammonium nitrate (CANjurnished the biprimary amine$2. The presence of acetic asighs
found to be crucial for the nitblannich reaction to occur. This is because the addition of a
nitronate anion to an iméis thermodynamically disfaved primarily due to the difference in
pKa values between the nitronateKg9) and the azanion product (Ka 35). This report
represented an important turning point for the development of theMi@nmich reaction as it
provided a method for the reliable formation d@&Fnitroamines with high levels of

diastereoselectivity and demonstrated that they could be converted easily-dianiiyZs.

Scheme 3. The FRrst Acyclic DiastereoselectivBlitro-Mannich Reactions

1) nBulLi, THF PMB..

NO, -78°C NH sml,
_ > ~ R —_—
R R?
2) PMBN=CHR? No,  THF/MeOH
3) ACOH, THF 60
78100 °C
PMB.
NH NH;
; CAN = R
R? i MeCN/H,0 RZ/\r
NH, 2 NH,
61 62
45-77% 76-100%
R'=Et, Me, Ph

R? = Ph, "pentyl, Cy, CH,OBn, (CH,)3Ph

The same group later reported an improvement to this-Mi&enich protocol by replacing the
N-PMB-imines with N-ortho-methoxylbenzyl QMB)-imines. Using the OMBprotected imines
led to improved yields and higher substrate scoperfthe reactior? In another reportthey
expanded the scope of this nifvkannich reaction with respect to the imine protecting group and
also demonstrated a convenient reduction of unskabigoamines using aluminium amalg&f.

In 2007, Andersonet al. reported the nitrdlannich reaction of iminegerived from

ethanolamines and propanolamines, the hydroxyl group of which could later be displaced under
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Mitsunobu conditions to form a varief nitrogen heterocycles including piperazines,- 1,4
diazepanes and aziridines (Schen®).8 The AcOHpromoted reaction of imine83 with the
lithium nitronate of initropropane yielded-nitroamines64 in good to excellent yields and
diastereoselectiviéis. Reduction of the nitro group using aluminium amalgam and LjAVHich
simultaneously causedeawage ofthe TMS group, followed by tosylation of the primary amine
yielded the 1,2liamines65. Under Mitsunobu conditions kdlamines65 underwent éxotet
cyclization to form piperazine86 (when n = 1) and 1;diazepanes (when n = 2) in good yield.
Addition of an equivalent of triethylamine hydrochloride was found to reverse the
regioseletivity of the reaction to favo3-exotet cyclizatiors, formingaziridines67 (when n = 1)

in good yields. Unfortunately the formation of the fonembeed ring analogue (when n = 2)
could not be achieved under the reaction conditions. Also, cyclization of secondary alcohols
(when R = Me) gave the aziridine produatsder both sets of reaction conditions. They explain
that the chage in regioselectivity to favaziridine formation is due to thedsIACI providing a
protonfor theformation of intermediaté8. The most nucleophilic nitrogen 68 thenreacts to
form aziridne 67. In the absence of the proton sourcerdgmation of the sulfonamide occurs

forming intermediat&9 and resultsn reactionof the nitrogen anion to form a piperazine ring.

Scheme 2. Piperazine and Aziridine Syntheses
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3.2  Reactions ofU-Amido Sulfones

In 1999, Petrinkt al. investigated the reaction of situ formedN-acyl imines70 with sodium
methanenitronate, formed by the reaction of nitromethaith sodium hydride (Scheme )33
Under the basic reaction conditiodsamidosulfons 71 eliminate phenylsulfinic acid to form
imines 70 which can then underguitro-Mannich reactioa The b-nitroamideproducts72 were
formed in excellent yield for a range of alkyl imines &ond a number ofN-acyl protecting
groups. The products were also succebsfabnvertedto the corresponding amino acid
derivatives via Nef reactions. The same group dBsmonstrated that the same method could be

used for the synthesis BfU-dipeptides by utilimg N-acylimines derived from amino acié%.
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Scheme 33Reactios o f -Antildosulfones with Sodium Methanenitronate

(|) R2NH,, PhSO,H NHR?
—_—.
R! MgSO,, CH,Cl,  R'” SO,Ph
71
88%
NaH, MeNO, ll\lR2 NHR?
_— e
NO
THF, rt R’ R’ 2
70 72

77-90%

R' = Et, cyclohexyl, (CH,),Ph, 5-Cl-pentyl,
5-NO,-pentyl, 3-NO,-heptyl, 4-BnO-butyl;
R? = Bz, Cbz

The same groupater extended this work to investigate the effect of imines mg&kchiral
centres on the diastereoselectivity of thiecaMannich reactions (Scheme)34 Optically active
N-acylimines73, formed from the corresponditigamidosulfoneswere reaci with the sodium
methanenitrona. Although theb-nitroamine produst 74 were formed in good vyields, the
diastereoselectivity of the reaction was found to be highly dependent on the steric influence of
the chiral centréJto the reaction centre. This was particularly evident in the acyclic pr@ddgt
which was formed wit low diastereoselectivity. Nonetheless, when sterically demanding cyclic
structures were in close proximity to the reaction centre the products were formed in excellent

yield and diastereoselectivity.

Scheme 34Nitro-Mannich Reactions of Imines Bearidly Chi r al Centr es
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In 2006, Petriniet al. publishedan extension to thesodium hydride mediated nitfdannich
reactions to include larger nitroalkanéscluding bothprimary and secondary (Scheme).85
The reactions inMved the use oN-formyl-imines generatedn situ from Uformamidoaryl
sulfones75. The use of thé-formyl-imines provided increased reactivity over the previously
used N-carbamoylimines to allow for short reaction times even when the reactions were
performed with sterically hindered tertiary nitroalkanes. The products were formed in excellent

yields and with higtanti diastereoselectivities for a range of argines and nitroalkanes.

Scheme 35Anti-Selective NitreMannich Reactions diFAmidosulfones
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In 2004, Kinoshitaet al.used similar chemistry in the synthesisii-dehydroamino acidg6
through a nitreMannich reaction and subsequent eliatian of nitrous acid (Scheme )38 They
performed nitreMannich reactns between a variety of dipeptiderived N-Boc andN-Cbz
imines, formedn situfrom the corresponding-amidosulfone§7, and a number of nitroalkanes.
The b-nitroamine product¥8 were formed in good to excellent yields, albeit with very low
levels ofdiastereoselectivity. Tlse nitro adducts were then treated witl8-diazabicycloundec
7-ene(DBU) to dfect elimination of nitrous acid and give the desiredlbfdehydroamino acids

76in good yields and-selectivity.

Scheme 36Synthesis of}b-Dehydoamino Acids
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3.3 Auxiliary Controlled Stereoselective Reactions

Other non-catalytic nitreMannich reactions reported since 1998 include several asymmetric
protocols that make use of imines bearing a chiral auxiliary. grbep of Ruano and Cid
demonstrated the first use of chifddsulfinyl imines in nitreMannich reactiongScheme 37)
They applied chiraN-p-tolylsulfinyl imines {9) in highly diastereoselective NaGiediated
nitro-Mannich reaction8’ The reactions wit nitromethane proved to be highly
diastereoselectiveof a range of alkyl and aryiines. The group also found that the use of
substoichiometric amounts of tetrabutylammonium fluoride (TBAF) in the place of NaOH
caused a drastic increase in the reactiate and provided the product in the opposite
diastereomeric form. However, the diastereoselectivities were much lower than those obtained
for the opposite diastereomer with NaQH the same article, the authors also demonstrated the
application of theimethodology to chiraN-sulfinyl ketimines (see Section 7.2 Jhey account
for the high diastereoseledtiy of the reaction with NaOH by proposing fdaordinated six
membered ring transition states. Transition state 80$3 favored due to the destabihg steric

interactions of the bulkp-tolyl group in TS81. They suggest that the increased reactivity in the
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reactions performed with TBAF results from a dual activation of both nitromethane and the
imine. This, they say, also prevents the formatiom®80, thereby accounting for the change in

diastereoselectivity of the reaction.

Scheme 37Auxiliary Controlled NitreMannich Reactions with Nitromethane
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In a later paper, the same group applied their #Ntamnich ©nditions to the raction of
nitroethane (Scheme B The products32 were formed in moderate to high yields for a range
of N-p-tolylsulfinyl-imines but with only poor diastereoselectivities. The low
diastereoselectivities wefeund to result from epimzation of the positiotJto the nitro group

under the reaction conditions. Imines derived from ketones failed to undergo any reaction with

nitroethane.

Scheme 38Auxiliary Controlled NitreMannich Reactions with Nitroethane
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An alternative chiral imine protecting group was reported bytlal. who used chiraN-
phosplinoyl imines 83 derived from 1,2diaminocyclohexane itithium hexamethyldisilazide
(LIHMDS)-mediated rtro-Mannich reactions (Scheme )39 The product were formed in
excellent yields and good diastereoselectivities for a range ofirainyes. Furthermore, the
auxiliary could be removed by treatment with excess agueous hydrogen bromide and the chiral
1,2-diaminocyclohexane recovered. The recovery ofcthieal auxiliary represents an advantage
of this methodover theuse of chiralN-sulfinyl imines, which suffer from destruction of the

chiral centre in the sulfoxide during removal.

Scheme 39Auxiliary Controlled NitreMannich Reactionsf N-Phosplmnoyl Imines
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In 2011, Liet al.reported the use of an improved chiral phospyliauxiliary for use in nitre
Mannich reactions, which enabled efficient purification of bheitroamine productgnd easy
deprotection and recovery ofettauxiliary for reuse (Scheme 40 The use ofN-phosghinoyl
imines 84 insteadof 83 enabled the easy preparation of alkyl imines and also ketimines, thereby
improving the scope of this auxitiacontrolled nitreMannich reaction. Under similar conditions
to those described in Scheme, 38 newN-phosphimyl imines 84 were transformed int®-

nitroaminesB5in excellent yi&ds and diastereoselectivities.

Scheme 40Auxiliary Controlled NitreMannich Reactionsf N-Phosinoyl Imines

Ph™" O‘Ph LiHMDS Ph™" O‘ Ph

P

N~ S0 + MeNO, —— = HN" O
| THF, -78 °C
: NO.
R (4 equiv) 6-8 h RT>T2
84 85
92-100%
96:4->99:1 dr

R= Ph, 4-NOZCGH4,2-FC6H4, 4-FCGH4, Z-Br06H4, 4-BrCGH4,
2-furyl, 2-MeCgH,, 4-MeCgH,, 4-MeOCgH,, ‘Bu

34. Reformatsky-Type Reactions
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In 2005, the group of Mahasneh published a Sn@diated nitreMannich reaction of
bromonitromethane with unprotected imir8&(Scheme 4)1°2 They propose a mechanism that
proceeds vianitial oxidative addition of bromonitromethane to the-&mtre to form alkyl tin
speciesB7, similar to a Reformatskiype reagent. This then undergoes nucleophilic addition to
the imine to formb-nitroamines88 upon acidic aqueous workup. The products were formed in

good yield for a range of aryhines.

Scheme 41Tin-Mediated Reformatskyype Nitro-Mannich Reactions

rlle SnCl;, NH,
(1.06 equiv)
N +# B N0, —— = NO,
R ELO, it R
(1 equiv) 0.5-10 h 88
86 76-90%

R = H, 4-NO,, 3-NO,, 4-Me, 2-Me, 2,4-Me,, 4-Et, 4-MeO

ArTNH
BI’\/N02 _— C|’CS|;n\/N02 —_—

SnClZ |: ?r
87

Br
I _Cl ®

; H;O NH,
e R

Ar
NO.
Ar 2 88

NO,

Another Reformatskyype nitreaMannich readbn was reported by the group of Rodriguez
Solla in 2012, which involved a Sgainediated reaction of bromonitr@tihane with a variety of
imines (Scheme 423 The reaction gave excellent yields of fix@itroamine product89 for a
range ofN-tosyl, PMR and Bocimines, including those derived from aryl and alkyl aldehydes.
Furthermore, they demonstrated thePMP-imines bearind)-chiral centres reacted to give the

products in moderate to good diastereoselectivities and with no epimerization

Scheme 42SamariumMediated Reformatskyype NitroMannich Reactions
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R’ Sml, (1.0 equiv) RY
)'N + Br_NO, _Smlz (1.0 equv) ™ H

R THF, it, 5 h R)\/Noz
(1.0 equiv) 89
56-96%
R = "heptyl, Bu, cyclohexyl, CH,Bn, Ph,
4-CNCgHj, 4-MeO-CgH,
R'=Ts, PMP, Boc

Hn-PMP

O,N o
- PMP WOTBS
O,N (o) 81% O o
"o 2.5:1dr X

R20
o _PMP
2 0 HN
RZ=Bn:90%,5:1dr 0_ .0
R? = Me: 86%, 4:1 dr <
76% O ©

2:1dr %/o

3.5,  Electrochemically Induced Nitro-Mannich Reactions

In 2007, the group of Rossi and Inesi reported dhly example of arelectrochemically
induced nitreMannich reactim (Scheme 43* The reactions of a vatie of N-tosyl andN-
phosphinoyl arylimines with nitromethane,-ditropropane and -Bitropropane were found to
proceed with good to excellent yield under catalystipporting electrolyteand basdree
conditions. The group also claims the reaction to be under selramtonditions but they use in
excess of 90 equivalents of nitroalkane with respect to imine, therefore the nitroalkane can be
regarded as the solvent. The reaction proceeds via initialragbetnical reduction of the
nitroalkane and subsequent addition of the imine to the electrochemical cell. The resulting nitro
Mannich reaction then occurs within five minutes at room temperature. The group did not report

any diastereoselectivity for thea@ion with Etnitropropane.

Scheme 43Electrochemically Induced NitrMannich Reactios
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1) e (0.1 F mol! PG
HN"

R1\( NO,  Wwith respect to imine) R
R® R?
R? 2) R3
PR pg NO,
rt, 5 min 66- 95%
R'=H, Me, Et
R2=H, Me

R3 = Ph, 4-MeOCgH,, 4-NO,CgHy, 4-CF3CgH,,
4-CICgHy4, 2-furyl, 2-naphthyl
PG = Ts, P(O)Ph,

4, INDIRECT METAL -CATAL YZED REACTIONS
4.1 Racemic Reactions

In 2000, thegroup of Anderson published the first indirect nitkdanrich reactior?® The
report detailed their preliminary results in the development of an asymmetricM@nmich
reaction,in which they planned to utiletrimethylsilyl (TMS)-nitronates90 in Lewis acid
catalyzd reactions. The use of Lewis acids in titeorMannich reaction of lithiumnitronates
only gave acceptable yields when stoichiometric quantities of Lewis acid were used. This was
suggested to be a result of the productazan binding too tightly to the Lewis acid. The use of
TMS-nitronates allved the use of catalytic quantities of Lewis acid, thereby providing the
opportunity to use a chiral ligand to induce asymmetry into the reaction. The group found
Sc(OTfk to be an effective Lewis acid foihe reaction of TMShitronates90 with a number of
alkyl and aryl imines (Scheme ¥4rhe use ofN-para-methoxypheny{PMP)-imines was found
to give increased diastereoselectivity and yield in several cases. In a later publication, the same
group expanded the substrate scope of this reaction and alsdepraimilaly successful

procedures catalgzrl by Cu(OTf) and Ti(OPr.”®

Scheme 44Lewis Acid CatalyzedReactiors of TMS-Nitronates
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l(Et N Sc(OTH); (4 mol%)

.
N | ;
Mso o8 o MeCN, 0 °C
90
R%
NH
IS S
NO,

R? = PMB: 68-90% (1:1-4:1 dr)
R? = PMP: 53-99% (6:5-9:1 dr)

R' = Ph, cyclohexyl, "pentyl, (CH,),Ph, 2-furyl
R? = PMP, PMB

This Sc(OTf}-catalyzd indirect nitreMannich reaction was subsequently used by iRital.
during their investigations into the synthesis of HIV protease inhib{fdcheme 45)° The
reaction was performed usiMdPMP-imine 91 with an U chiral centre which could control the
stereochemistryf the newly formedstereocentres. Althoughitrodiamine92 was formed in
good yield, the reaction was poorly selective witdraof only 60:40 in fave of the anti,syn

product92a.

Scheme 45Synthesis of HIV Protease Inhibitors Usindg.e@wis Acid Catalyzed Indirect Nitro

Mannich Reaction

Ph \-PMP
H | Sc(OTf); (5 mol%)
. Rl
o PhAH MeCN, 0 °C
N.e
TMSO ® 0 NBn,
91
PMP.
PMP\,;]H N
PR Ph T Ph Ph <
NBn,NO, NBnzNO,
92a 92b

92a + 92b =68%
92a:92b = 60:40

4.2 Asymmetric Reactions
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In the yearfollowing the initial report of a Lewis acid catalyzed indirect niannich
reaction the group of Jgrgensen published the first asymmetricMignanich reactions of TMS
nitronates with ethHglyoxylateeN-PMP-imine 93 (Scheme 4%°’ They usedCu(ll)-cis-DiPh-

BOX catalyst 94, to achieve excellent yields, enanti@nd diastereoselectivities. The
communication gives several examples to demonstrate the scope of the reaction with respect to
the TMSnitronate but appears to be limited to imines derived from ethylglyoxylate. They
account for the stereochemical induction by proposing a mechanism that involves binding of the
Uiminoester to the catalyst in a bidentate fashion followed by coordination of thenftNdBate

to the copper centre.

Scheme 46Asymmetric Lewis Acid Catalyzed Indirect Nitddannich Reactios

WR N-PMP 94 (20 mol%)
.
R | o0 ©
- PP
R
\é/kCOZEt -
NO,

R = Et: 94%, 25:1 dr, 95% ee
R = "pentyl: 99%, 39:1 dr, 83% ee

a
Ph C\u(II) Ph

(SbFg)z
94
OEt
Proposed j/
transition 'C“\N =
state: jf—\ L
Ph Ph F';MC,):\]/
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In 2005, Andersonet al reported an improvecisymmetric Ctcatalyzed indirect nitro
Mannichprocedure that used a lower catalyst loading and demonstrated a broad substrate scope
with respect to the imine us@€dThe use of Cu(IjBu-BOX catalyst95 promoted the nitro
Mannich eactions to form a range di-nitroamines in excellent yiedd diasteree and
enantioselectivities (Scheme)4They demonstrated that the use of imines capable of bidentate
coordination to the catalyst (suchMgOMB-imines) prevented the bidentate coordination of the
chiral ligand,thereby compromising the stereoinducing effect. The ugéRMP-imines (only
capable of monodentate binding to the catalyst) greatly enhanced the stereoselectivity of the

reaction.

Scheme 47Asymmetric Lewis Acid Catalyzed Indirect Nitddannich Reactns

PMP..
“/Et N-PMP 95 (10 mol%) NH
+ “__Et
N [ a0 °
TMSO @ 0° R) THF, -30°C R/\N‘/o
2
90 79-91%
1:1->15:1dr

70-94% ee

R = Ph, 4-CICgH,, 2-CICgH,, 4-CNCgH,,
2-CNCgHj, 2-furyl, cyclohexyl, "pentyl

TS

N/ oz
tBu Cu(ll) {Bu
(OTf),

95

5. DIRECT METAL -CATALY ZED REACTIONS
Although the indirect metatatalyzed nitreMannich reactions provide efficient access to
b-nitroamines in high yield and stereoselectivity, the requirement to prefarsilyknitronates

limits their synthetic utility. A more attractive method would allow the direct coupling of
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nitroalkanes with imines vian situ nitronate formation. Thereale to date been a considerable
number of reports of both racemic and asymmetric direct metal catalyzeeMaitrach
reactions, providing ready access to a range-mfroamines with high levels of diastereand

enantioselectivity.

5.1 Racemic Reactios

Qian et al. reportedthe first examples of racemic direct metal catalyzed rifiannich
reactions in 2001after the first report of an asymmetric direct metthlyzed process by
Shibasakiet al.in 1999 (see section 5.ZJhe reaction of nitromethaneith p-toluenesulfonyl
(Ts) imineswas effectivelycatalyed by Yb(OPr); (Scheme 48% The products were formed in

excellent yield for a range of anyhines.

Scheme 8. Ytterbium-Catalyzed Direct NitraVlannich Reactions

_Ts Yb(O'Pr), Ts.
N (5 mol%) W
N + MeNO, ——> X NO.
R THF, it R
= (5 equiv) 5h 7 81-100%

R = H, 2-MeO, 4-MeO, 4-Me,
4-Cl, 4-NO,

In 2008, the group of Bai and Pan publistied only example of a metal catalyzed nitro
Mannich reaction that is performed using water as the solvent (ScheAf@ A. reactiorof N-
phosphinoyl aryimineswith nitromethanevaseffectively catalyzed ypCd-proline complex96.
Even when dw catalyst loadings werusedb-nitroamines97 were formed in excellent yields.
The authors also demonstrated that @&complex96, which acts as a phase transfer catalyst,
could be easily recycled as it remained in the aqueous solvent when the r@aotiants wee

extracted into EDAc. Although the catalyst is enantiopure they do not report any
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enantioselectivies for the nitldannich reactions, they merely state that when the same Cd

complex is used to ceevaadofthegproddasisgeyr yr € aocwoi.o n s

Scheme 49Cd-Proline ComplexCataly2zd Direct NitreMannich Reactios

(0]

I 96 I
n-PPn2 (2 mol%) -T2
| + MeNO, ———»

R X H,0, rt R X
|_/ (5 equiv) 1.5-2h 1 P NO,

97
88-94%

R =H, 4-Me, 4-MeO, 3-ClI, 3-Br

In 2009, Wanget al. reported the use of heterobimetallic lantharad@de complex98 to
catalyz the reaction of a variety &-tosyl aryl imineswith nitromehane, nitoethane and 1
nitropropane (Scheme B®! When using nitromethane eéhb-nitroamine product99 were
formed in good yields (600%). However, when the reaction was performed with larger
nitroalkanes the vyields were significantly lower {42%) am very low levels of
diastereoselectivity were achieved. Also, the reaction failed to proceed when applied to alkyl

imines.

Scheme 50LanthanideAmide-Catalyzed NitreMannich Reactios
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Ts ) )
N [(Me3Si)oN]3Y (u-ChLi(THF)3 HN/Ts

Ji (98, 10 mol%)

R’ 1J\{R
R
+ THF, it, 3-5h fo
RCH,NO, 99
(5 equiv) 42-90%
52:48-59:41 dr
R = H, Me, Et

R" = Ph, 4-MeCgH,, 4-MeOCgH,, 2-MeOCgH,,
4-C|C6H4, 4-N02CGH4, 2-fury|

In 2010, Komuraet al. reported thenitro-Mannich reaction ofN-PMP aryl imines with
nitromethane promoted by heterogeneoudd-Y zeolite catalyst (Scheme B™? The b-
nitroamine productslO0 were isolated in moderate to good yields for a range of aryl and
heteroaryl imines. However, problems did arise due to the formation of the correspbnding
nitrostyrenesl0], via elimination ofp-anisidine, which in some cases wdormed as the major
product. They propose that the zeolite acts asemdBed acid causingctivation of the imine.

The catalyst could be easily recycled by filtration and showed a similar level of reactivity after
three recycles. Reactivation of theatgst by calcination at 550 °C under air flow restored its
activity. Similarly, the group of Mahasneh reported a silicargetliated nitreMannich reaction
between nitromethane and a variety of aldehydes and arylamines (Schelf¥rb&)products

102wereformed in good yield§Scheme 51)

Scheme 51Nitro-Mannich Reactions Promoted Bylica-BasedHeterogeneous Catalgst
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N-PMP H-Y zeolite

) +  MeNO,
Si0,:Al,0; = 5.6:1
R (solvent) (S 260 20039h )
_PMP
HN NO
No, tORTNTTZ <
2
R 101
100 9-51%
44-90%
R= Ph, 4-MeCGH4, 4-MeOCGH4, 4-C|CGH4,
4-NO,CgHy, 2-furyl, 2-thienyl
o Sio, HN,R1
J + RINH, + MeNO, —
R neat or THF R/K/ NO,
60-70 °C
2:3h 102

77-95%

R =H, Ph, 2-MeCgHy,, 4-EtCgH,4, 3-NO,CgHj, 4-HOCgH,,
4-MeOCgHjy, 2,4-Cl,CgH3, 1-naphthyl, 2-naphthyl
R1 = Ph, 4-BrC6H4, 4-NOZCGH4, 4-MeC6H4

In 2011, Kantarret al. reported the reaction of nitroalkanes wiNFtosyl imines catalyzed by
nanocrgtalline magnesium oxide (NAMgO) (Scheme 52)°* This heterogeneous catalyst
enabled the formation ob-nitroamines 103 in excellent yields for a number of aryl and
heteroaryl imines and simple nitroalkanes, although no diastereoselectivity was observed in the
reactions of nitroethane andnitropropane. The group also demonstrated that the catalyst could

be effectively recovered by centrifugation and reused three times with consistent activity.

Scheme 52Nitro-Mannich Reactions Catalyzed by Nanocrystalline Magnesium Oxide

HNTS
NTTS 1 NAP-MgO )
] + RICHNO, — 97 R
R ) DMF, rt, 5-20 min
(10 equiv) 103 NO:2
90-98%
1:1dr

R= Ph, 4-C|CGH4, 4-NOZCGH4, 4-MeOCBH4,
4-CF3C6H4, 2-fUry|
R" =H, Me, Et
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In the same article in which they reported th8mb-mediated Reformatskiype nitro
Mannich reactions, Rodrigué&nlla et al. also demonstrated that catalytic sodium iodide could
be used to promote the nithdannich reaction of bromonitromethane ki variety of imines
(Scheme 58% The producb-bromob-nitroaminesl04where formed in good to excellent yields
for N-tosyl, PMP and Boeimines derived from aryl and alkyl aldehydes, albeit with low to no
diastereoselectivity. The reaction was also demonstrated to be applicaRlN#>-imines

beaing U-chiral centres, with the products formed in moderate diastereoselectivities.

Scheme 53Sodium lodideCatalyzed NitreMannich Reactions

RL
R Nal (0.15 equiv) NH
P + B NOy ———— — 5 NO,
R THF, 1, 5 h
(1.0 equiv) 104 Br
60-99%
1:1dr

R = "heptyl, *Bu, cyclohexyl, CH,Bn, Ph,
4-CNCGH4, 4-MeO-C6H4
R'=Ts, PMP, Boc

PMP
HN/PMP NG
Os5N l0) OoN (o)
ey «OTBS
Br / Br
BnO %O)T S|
83% 72% X
2.5:1dr 1.5:1dr

5.2  Asymmetric Reactions

The first example of aasymmetric direct metalatdyzed nitreMannich reaction was reported
by Shibasaket al.in 19991% They used the Yb/K heterobimetallic complEd5, which contains
both Lewis acidic and Brgnsted basic sites, for the reaction between niteo@end a variety
of N-phosphinoyaryl imines (Scheme 5% The catalyst successfully promoted the

nitro-Mannich reaction in excellent enantioselectivities, howeter,catalyst failed to promote
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the reaction of higher homologues of nitromethane, such as nitroethane. Furthermore, for optimal

sdectivity the useof 60 mol% of the chiral ligand was required.

Scheme 54Direct Nitro-Mannich Reactions Catalyzed by Yb/K/Binaphthox@atalyst105

o 105 (20 mol%) 0
Yb/K/binaphthol = 1/1/3 s
JN’PPhZ + MeNO, HN P2
. toluene/THF NO
R (5equiv) .20 °C, 2.5-7 days R/'V 2

41-93%
83-91% ee

R = Ph, 4-CICgHy, 4-MeCgH,, 2-furyl, 2-thienyl

In 2001, the same group reported the use of Al/Li/binaphthex@Bu catalyst 106 to
promote the reaction of larger nitroalkanes Wiiphosphinoylaryl imines (Scheme 58%The
larger binding pocket 006 compared tdl05was proposed to be responsible for the increased
reactivity with larger nitroalkanes. THenitroamines were formed in excellent yield and good

diastereeand enantioselectivity.

Scheme55. Direct Nitro-Mannich Reactions Catalyzed by Al/Li/Binaphthoxid®'Bu Catalyst

106
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(0] Il
I 106 (20 mol%) -PPh;
N,Pphz + R1CH2N02 B H/’\'I\/R1
R)I (5equiv)  CHzCl2 -40°C R
48 h :
NO,
68-98%
3-7:1 dr
60-83% ee

R = Ph, 4-MeOCgH,, 4-MeCgH,, 4-CICgH,
R" = Me, Et, (CH,),0Bn

(0D
A HO~ . _HO
e

Li

In the same year, Jgrgenseret al. reported an improveent to their
Cu(I)-cis-DiPh-bis(oxazoline) (BOX) 94)-catalyz2d nitrecMannich readbns of TMSnitronates
(see Scheme 46)he use of TM&itronates was avoided through the use of catalytic amounts of
organic base in the reactioischeme56)1°” They usedCu(ll)-PhBOX catalyst 107 with
catalytic triethylamine to promote the direct nitvtannich between a variety of nitroalkanes and
Uiminoester93. The reaction gave moderate to good yields and stereoselectivities, however,

only imine93was compatible with the reaction conditions, therefore, limiting its substrate scope.

Scheme 56Direct Nitro-Mannich Reactions Catalyzed byBtard Cu(ll)-Ph-BOX 107

_PMP 107 (20 mol%)  PMP< .,
N EtsN (20 mol%) =

AN
R™ "NO, + | _— R
EtOZC) CH,Cl, Etozcﬁ/
93 O°Corrt NO,
50-81%
1-19:1 dr
74-99% ee

R = Me, Et, "pentyl, Bn, Ph

Cu II) Ph
(OTf),

107
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In 2004, Hyeoret al. reported a modified procedure to that reported by Jgrgestsdnwvhich
involved the use of the siliegrafted Cu(ll}BOX catalyst108 (Scheme 5)1°8 They aimed to
generate a ptocol that uses a catalyst immobilized on a solid support, thereby allowing the
expensive chiral BOX ligand to be recycled. They used their sTligdl)-BOX catalyst108
under the same conditions that were described by Jargehaktiowever, their hetegeneous
reactions failed to provide the same high yields and selectivities, with only modest yields and
moderate to good stereoselectivities. The catalyst could be easily recovered and after it was
recycled five times a comparable level of yiefdthe poductwas maintained for each of the
nitroalkanes investigated. However, considerable drops in diastrdaenantioselectivity were

observed upon each recycling of the catalyst.

Scheme 57Asymmetric SilicaCu-BOX-Catalyzed NitreMannich Reaction

PMP.

108 (20 mol%) NH
A~ N/PNIP Et3N (20 mol%) H R
R NO, + | —_—
2 J Chcprt . EOLT Y
EtO,C 2Cl, No
(1.5 equiv) 93 31-54% 2
1.5->20:1 dr

51-94% ee
R =H, Me, Et, "pentyl

?—o\ OEt
Si
/ _d O/w\\Ph
/ —OH\_\;O 6/~
Sio, _cu'(oTfy,
/ o), =N
? _O\S/_F O ~pn
|
/|—0 OFt 108
/o

In 2006, Qianet al. reported the enantioselective reaction betwéktosy imines and
nitromethane catalgd by binuclear zinc compleX09 (Scheme 58'%° The productb-
nitroamineswere formed in moderate to gogtklds andenantioselectivities for a range of aryl

imines.In the following year, Trosgt al. reported an improved procedure that utilized the same
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binuclear zinc compleX09 (Scheme 58):° They found that the nitrMannich reaction of a
variety of N-carbamatémines and nitroalkanes wadfectively catalyed by 109 providing b-
nitroamines in high levels of enantioselectivity. The scope of the reaction was also extended to
larger nitroalkangswhich gave the products in modest diastereoselaesviAlthough the
reactions of enolizable imines were not reported due to theabifis/, the group extended the
scope of the nitrdannich reaction to a variety &fb-unsaturated imines. The products of these
reactions were formed in lower yields than with dargines due to the instability of thigb-
unsaturated imines, but the atiaselectivities were uniformly high. Thauthorsproposed a
catalytic cycle that highlights the dual Lewis acid/Lewis basic functionality of cath0&t
including initialdeprotonation of nitromethane to foazinc nitronate intermediatéollowed by

binding of the imine and subsequent attack by the nitronate

Scheme 58Nitro-Mannich Reactions Catalyzed by Dinuclear Zinc Comple
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Qian: 109 (30 mol%)

T PhgP=0 (30 mol%) ;- TS
J + MeN02 )\/
A 6 0au 4AMS, it Ar NO:
equiv
q toluene, 48 h 45-84%
8-83% ee

Ar = Ph, 2-MeOCgHj, 4-MeOCgHj, 2-CF3CeHa,
2-MeCgH,, 2-CICgH,, 2-furyl, 1-naphthyl

Trost: o

o PN
NJ\ORZ RICHNG 109 (15-30 mol%)  HN~ “OR?
+ 2NU2 3
j THF, -20 °C to rt RJ\_/R
1 . Z
R (2 equiv) 14h NO,
44-82%
75-99% ee
2-3:1dr

R'=Ph, 4-MeOCgHy, 4-MeCgHy, 2-furyl, 2-thienyl,
Bu, CMe,CH,OTBS, PhCH=CH, Ph,C=CH,
4-MeOCgH,CH=CH, 2-furylCH=CH
R2 = Me, Bn, 'Bu
R3 = H, Me, CH,OTBS

Me
Ph__O:---zn—o_ _ph
th[ 2 | Eph

N (0] NZ

109

Me

Palomoet al. reported the use of a much simpler cooperative catalyst system icgnsist
N-methylephedrine1(10), diisopropylethylamine (DIPEAand Zn(OTf).1'! This catalyed the
reaction between nitromethane and a numbéd-Bbc-aryl-iminesto give the products in good
yields and with high enantioseledties (Scheme 59 However, he authors failed to report the
nitro-Mannich reaction with any nitroalkanegher than nitromethane ahéyh catalyst loadings
were required to achieve good selectivities. Furthermore, the use of the nitroalkane as the solvent

limits this method to the esof simplenitroalkanes.

Scheme 597n(OTf)./N-MethylephedrineCatalyzd NitroMannich Reaction
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N-BO° Zn(OTf), (30 mol%)
| 110 (45 mol%)

A + MeN02
R!—/ DIPEA (30 mol%)
(solvent) 4AMS, -20°C
15-16 h
Boc.

o NH
T R | \
H T
NMe, = NG

110 59-98%

87-99% ee

R = Me, OMe, Cl, CF3, NO,, CO,Me

In 2007, Fenget al.reported the enantioselective nifvtannich reaction oN-tosylaryl-imines
and nitromethane catalgd by a chiralN,N&dioxide 111-Cu(l) complex andDIPEA (Scheme
60).112 The optimizd conditions gave excellent yields and enantioselectivities for a range of aryl
and heteroaryl imines. However, the reaction failed to give satisfactory resulis-torsaturated
imines and alkyl imines. They propaka catalytic cyclicproceeding via compleg12 which
involves coordination of the imine to the Lewis acidic Ga@htre and a hydrogebonding
interaction between aitronate species and an amide graaf the catalystThis directs the
nitronate to theReface of the imingo give the observe@S)-enantiomerof the b-nitroamine

product

Scheme 60Chiral N,N&dioxide 111-Cu(l)-Catalyzed NitreMannich Reactions
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The mos successful direct metahtalyz2d nitreMannich reaction to date is an improved
procedure from the group of Shibas&kiThrough the use of heterobimetallic Su-Schiff
base complex13the group were able to perform highdynselective nitreMannichreactions
between a range &f-Boc-aryl and alkyliminesand nitroethane andditropropane (Schentl).
The synb-nitroamines were obtained in excellent yield and enamtil diastereoselectivities.
The excellensynselectivities obtained from this method are in stark contrast to all previously

reported methods, and most published since, which are generally baatfive for theanti-

diastereomer.

Scheme 61Heterobimetallic CeSm-Schiff Base {13) CatalyzedsynSelective NitreMannich

Reactios
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R

N
J

_Boc

+

R

NO,

113 (2.5-10 mol%)

THF, -40 °C
23-72h

Boc .

R

NH
R1

NO,

62-99%
>20:1 dr (syn)
83-98% ee

R = Ph, 1-naphthyl, 2-furyl, 3-MeCgH,, 4-MeCgHy,,
4-MeOCgHj, 4-CICgH,4, CHoBN
R" = Me, Et

=N_ N=
Cl]\
o/ Yo
Sm
o~ | ™0
OAr

113
(Ar = 4-tBu-phenol)

SN

In a later publication the same group reported the development of a second gemeatatyst
formed from the reaction of Schiff bagd4, Cu(OAcy, SmO(OPrxs and 4methoxyphenol
(Scheme 6R'4 This catalyst system demonstrated greater activity and an improved substrate
scope, especially with respect f6Boc alkyl imines. The auths also carried ouéxtensive
mechanistic studies arteterming the active catalyst to be a trimeric species. Cooperative dual
activation of both the nitroalkane and imine by Sm and Cu are crucial feyrtiselectivity. The
Smaryl oxide moiety in theatalyst acts as a Brgnsted base to generate@t&mate, while the
Cu(ll) acts as a Lewis acid to control the position of the-iBdoe. The group proposes the
reaction to proceed via sterically less hinder&dl, which would be favied overTS-2, to gve
the synproduct upon protonation with8u-phenol
Scheme 62Second Generati on

Cat al yst a myhSekcticepos ed

Nitro-Mannich Reactios
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Cu(OAc), (5-10 mol%)  Boc.
-Boc SmsO(O'Pr)3 (1-2 mol%) NH

)lN + R1/\N02 R/'\r R1
R 114 (5-10 mol%)

4-MeO-phenol (5-10 mol%) NO,
THF, -50 to -40 °C 54-99%

21-48 h 13->20:1 dr

11-99% ee

R = Ph, 4-MeCgH,, 3-MeCgHy, 2-MeCgH,, 4-MeOCgH,,
4-CICgHy4, 2-naphthyl, 2-furyl, 2-thienyl, (CH,),Bn,
iBu, "pentyl, cyclohexyl
R' = Me, Et, CH,0OBn, Bn, Me,

—N  N=
oD
OH

114 HO
R'CH,NO, R
deprotonation k\@ O(—)
ArO I\
- \
(- ArOH) o
Boc. Ar = 4-1Bu-CgH
OC~NH 6Ha i
R’ addition- . Nia
R protonation imine /m
NO, +ArOH activation | g~ >

TS-1 (favoured)

The same group also published a complimentanyi-selective nitreMannich using a
heterobimetallic catalyst derived from amitie5 (Scheme 633! Although this catalyst system
provided goodyields and diastereoselectivities, the enantioselectivities failed to match those of

their synselective protocol.

Scheme 63 Heterobimetallic Yb/K/Anide 115Catalyzed anti-Selective NitreMannich

Reactios
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) Boc.
-Boc Yb(O'Pr); (10 mol%) NH

N .
| + Me” “NO Me
R) 2 KHMDS (20 mol%) R/Y
115 (20 mol%) NO,

THF, -60 °C, 20-44 h 71-87%
2.4-22:1 dr (anti)
14-86% ee

R = Ph, 2-naphthyl, 3-MeCgH,, 4-MeCgHy, 4-MeOCgH,,
4-CICgHy, 4-CF3CgHy

iPr
T
F ’ 115o F

In 2009, Woggoret al. reported the use of supramolecular Cu(ll) comgd&s for the nitro
Mannich reactiosof N-Boc arylimineswith nitromethane (Scheme 646 The reaction of chiral
diamine ligands with Cu(OAg) generatedcomplexes that formed helical supramolecular
structures via hydrogen bonds between the pyridine nitrogen and bhgdup adjacent to the
phenolate. When appd to the nitreMannich of N-Boc imines with nitromethane theb-
nitroamine productsvere formed in good to excellent yields and enantioselectivities. The same

complex also gave excellent results when applied to Henry reactions-cdraayhlkytaldehyds

with nitromethane.

Scheme 64Nitro-Mannich Reactions Catalyzed by Supramolecular Cu(ll) Coniléx
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.Boc 116 (5 mol%) -Boc

JN +  MeNO, HN
EIOH,0°Ctort A~ _NO;
R 2-72h
(5 equiv) 62-99%

80-97% ee

R = Ph, 4-NO,CgHjy, 3-NO,CgHy4, 2-NO,CgHy4, 4-MeO,CCgHy,
4-CNCgHy4, 1-naphthyl, 3-pyridyl, 4-MeCgH,4, 2-MeCgH,,
4-CF3C6H4, 4-MeOC6H4, 3-MeOCGH4, 4-C|06H4,

X
P
N
;
AN
H’N//;,,:’-.

7N\ “Cu—=0

N N [N\

/’ 1167/

In 2012, the group of Blay and Pedro reported the enantioselectigat@lyzed nitreMannich
reactions ofN-(2-pyridyl)sulfonyl imines 117 with nitromethane (Scheme %3’ They used
chiral aminepyridine ligand118 in combination with Cu(OT$) and DIPEA to form theb-
nitroamine products in moderate to good yields and enantioselectivities. No examples of the use
of alkyl imines were given and no diastereoselective reactions with larger nitroalkanes were
reported. The authors went on to demonstrate that an advantéige N¥(2-pyridyl)sulfonyl
group is that it can be removed under milder conditions than Wtkalfonyl groups. They found

that treatment with magnesium in MeGHHF provided a good yield for this transformation.

Scheme 65Cu(ll)-Catalyzed NitreMannichReactiors of N-(2-Pyridyl)sulfonyl Imines
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X
118 (20 mol%) |

|
N~ Cu(OTf), (20 mol%) N~

+ MeN02
NSOz DIPEA (30 mol%) NSO
| _ 4A MS, Et,0,
R Gseauy)  HUE S A No,

50-88%
54-83% ee

R = Ph, 2-MeOCgH,, 3-MeOCgH,, 4-MeOCgH,, 2-MeCgH,
3-MeCGH4, 3-MeCGH4, 2-C|CGH4, 3-C|CBH4, 4-C|CGH4,
3-NO,CgHy, 4-NO,CgHy, 3-thienyl, 3-furyl

0
NH N=
H 118

6. ORGANOCATALYTIC REACTIONS

Small moleculeorganocatalyis ha emerged & anextremely powerful tool foasymmetric
synthesisandhas been successfully applied to a whole hb&li € bondforming processe¥ 2°
Consequently, a number of different organocatalysts have been developed for use-in nitro
Mannich reactionsThese include a variety of different chiral thioureasgriBted acids and phase
transfers catalysts that are atdecatalyze highly stereoselective reactions. There have also been

a number of examples of racemic nitviannich reactions using achiral organocatalysts.

6.1 Racemic Reactions

In 2004, the group of Bernardi and Ricci published a fMemnich reactiorof N-phosphinoyl
imines catalyzd by 1,1,3,3etranethylguanidine (TMG) (Scheme %668 The products were
formed in excellent yields and with excelleanti-diasereoselectivities. Their aim was to
develop a more environmentally friendly nixannich probcol, which was achieved by
performing the reactions under solvent free conditions and with only a slight excess of
nitroalkane. Furthermordéhe use of solvents was avoidddring workup by distilling off the

catalyst and excess nitroalkane from the cnedetion mixture to yield spectroscopically pure
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product. They were also able to perform a -poé nitroMannich/reduction/deprotection
sequence to yield the corresponding free-dignines in good vyieldin 2009, Zhouet al.
reported another TM@atalyze nitro-Mannich reaction. They demonstrated the first ushl-of
thiophosphoryl imines119 in organocatalygd nitrcMannich reactions with nitromethane
(Scheme 66)2°Thesereactiors wereefficiently catalyzd by TMG under solvertee conditions

to give the b-nitroamine products in excellent yield.

Scheme 66TMG-Catalyzed NitreMannich Reactions

I TMG (5 mol%)
_PPh
N2 + RZTONO, J R
| _ 1-170 h RIS
R (1.25 equiv)  (solvent free) =

NO,
90-96%
84:16->98:2 dr

R'=Ph, 4-CICgHy4, 4-MeOCgHy, 2-furyl, 2-thienyl, By
R? = H, Et, "pentyl, Bn

S

i TMG (10 mol%) e
_P(OEt
N (OEt) |, eNO, HN/P(OEtz)

)I neat, rt
’ NO
R™ 119 (10 equiv) 1.5-3.5h R)\/ 2
87-97%

R =Ph, 4-MeCsH4, 4-MeOCGH4, 3-MeOCGH4, 2-MeOCeH4,
2-C|C6H4, 2-CF3C6H4, 3-FC6H4, 2-fury|

In 2009, Hajraet al. reported the first example of a nikdannich reaction promoted by a
zwitterionic-type molten salt (Schen).11° They used imidazoleasedcatalyst120to catalyz
the diastereoselective threemponent reaction of a variety of benzaldehydes and anilines with
nitroethane and -hitropropane. The reactions weperformed under solvenand metal free
conditiors, at ambient temperature, and with all the substrates used in equimolar amounts
making this a relatively environmentally friendly ethod. Furthermore, the produék

nitroamineswere formed with very rare syndiastereoselectivity (confirmed by-pay crystal
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analysis)in high diastereoselectivityThe reaction gave excellent yields and good to excellent
syndiastereoselentities for a range of aryl aldehydes and agsirHowever, reactions with alkyl
aldehydes and amines were found to proceed sluggishly and none of the desired products could
be isolated. They adsinvestigated theecovery and reusability of catalys?0 andfound thatit

could be easily recovered andemonstrated similar activity, in termsf gield and

diastereoselectiwt after five recycles.

Scheme 67Zwitterionic Molten SaltL20-CatalyzedNitro-Mannich Reactions

CHO NH,
X
R1 ©/ * R2 O/ * R3CH2N02
= =

1 .
(1 equiv) (1 equiv) (1 equiv)
—R?
120 (10 mol%) HN X
neat, rt, 55-70 h N R®
1
R { = N02

75-92%
74:26->98:2 dr (syn)

R1 = Ph, 4-MeOCGH4, 4-MeCGH4, 4-FC6H4, 4-BrCGH4,
2-NO,CgHy, 3,4-(OCH,0)CgH3
R? = Ph, 4-MeCgH,, 4-MeOCgH,, 3-CICgH,, 4-CICgH,,
4-FCgHy, 4-EtO,CCgHy, 3-NO,CgH,
R3 = Me, Et

S
120

6.2  Asymmetric Reactions
6.2.1. Urea/Thiourea Catalysts

The first asymmetd organocatalyad nitroMannich reaction was reported by the group of
Takemoto in 20042 The group applied thiourea catalyi?1, previously developed for use in

asymmetric Michael additiorig? to the reaction of nitromethar@ad a range oN-phosphinoy
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aryl imines (Scheme 8). The reactions were high vyielding but only gave moderate
enantioselectivities. Only a single diastereoselective example was given by using nitroethane to

form the product in a modest 3t in favar of the anti-diastereomer.

Scheme 8. The First Asymmetric Organocatalytic Nitdannich Reaction

PhyP..

1
_PPh 121 (10 mol%) NH
2+ RTONO, R
J CH,Cl,, rt Ar
Ar (10 equiv) NO,
57-91%
3:1 dr (anti)

_7R0,
R = H, Me 63-76% ee

Ar = Ph, 4-MeCgH,, 4-CICgH,4, 2-naphthyl,
2-furyl, 2-pyridyl, 2-thienyl, CH=CHPh

ReRRG
S
In 2005, Jacobsert al demonstrated the use of thiourea catah®® as a very efficient
catalyst for the nitrévlannich reactia between nitroethane andBoc-aryl-imines (Scheme
69).123 Although the yields and stereoselectivities were comparable to those obtained using

Takemotobs protocol, the | ack of a basic func

equivalent ofa tertiary amine base for the reaction to reach completion.

Scheme69)J acobsends Thi oManaichRéaatibral yzed Nitro

6¢



B
\-Boc R 122 (10 mol%) NH

J + R!
R R2”NO, DIPEA Ar o
. (1.0-2.0 equiv) 2N R
(2.5-5.0 equiv) toluene, 4 A MS 79-99%
4°C 610
2-16:1dr

92-97% ee
R = aryl, heteroaryl
R'=H, Me, Et, TBSOCH,
R2=H, Me

‘Bu S

Me,N__ -~ J\
ISR

122 NHAc

Inspired by the excellent results obtained by other groups when NsBamg-aryl-imines
Takema o6s group | ater r e |rthioureacdtaly@ed mathodpyrusingNe me n t
Boc-imines(Scheme 70324 While still using catalysi121, changing fronN-phosphinoylimines
to N-Boc-imines enabled théormation ofb-nitroamines with much higher enantioselectivities.
They also demonstrated an improved scope of the reaction with respect to the nitroalkane used,
with good to excellent diastereoselectivities agbd for a range of functionadid nitroalkanes.
Their prgposed mechanism proceeds via ternary comfl2® consisting of the imine and
nitronate coordinated to the thiourea and tertiary amino group of cafd#lgsby hydrogen
bonding. The thiourea moiety functions both to activateNt&oc-imine and also to aidn the

deprotonation of the nitroalkane.

Scheme 70Thioureal21-Catalyzed NitreMannich Reactios of N-Boc-Imines
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(2-10 equiv)

121 (10 mol%)
CH,Cl,, 20 °C

Boc .
NH

R/'\./R1

NO,

71-94%
75:25-97:3 dr
83-99% ee

R= Ph, 4-CF3CGH4, 4-MeC6H4, 4-MeOC6H4, 1-naphthy|,
2-naphthyl, 2-furyl, 2-thienyl, 3-pyridyl
R'=H, Me, "Bu, Bn, CH,0Bn, (CH,),0Bn,
(CH,);0Bn, (CH,),0OH, (CH,),OTf

S
J\N‘ Q Ar< JSJ\NWQ

H NMe;  geprotonation

\\®,Oa S}
N

Ar<

O-----I-Z

Since the reports by Takemétb'?* and Jacobsé#® on the application of thiourdaased
organocatalystdo asymmetric nitréMannich reactions, there have been a large number of
publications from other groups demonstrating the use of thioureas bearing various chiral
scaffolds. These include catalysts deriadictures includingrom cinchona alkaloid%% 1%
chiral sulfonamide$?” glycoside$?® and steroid$2°

In 2006, Schauset al. published an asymmaetri nitro-Mannich reaction catalgd by
hydroquininebased thioured24 (Scheme 711125 The reaction of a varietyf methyl carbamate
aryl imines with nitromethane and nitroethane was accomplished in excellent yields and
diastereeand enantioselectivities. The authors atsmdelled the transition states leading to both
enantiomeric products and found a 1.6lkoal energy difference in favoof the observed-

facial attack of nitromethane.
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Scheme 71HydroquinineBased Thioured24-Catalyzed NitreMannich Reactions

0
0
)J\ 124 (10 mol%) HNJ\OMe
N~ “OMe + R'CH,NO, - TR
)l CH20|2, -10 C R/\r
R . 48 h
(10 equiv) NO,
R' = H: 60-98%

90-98% ee
R' = Me: 73-98%
90-97% ee, >91:9 dr

R = Ph, 3-MeCgHj,, 3-FCgH4, CH=CHPh,
2-furyl, 2-furyl-propenyl

MeO

In the month following the report kilie group ofSchaus, Ricoet al. published a similanitro-
Mannich reation catalyzd by quininebased thioured25 (Scheme 72?6 The group usedN-
Boc-aryl iminesin nitro-Mannich reactions with nitromethane to fobamitroamines in good to
excellent yields and enantioselectivities. The reactions were also shown to eehlgiy and

enantioselective with a variety of otHéracyl protecting groups, including Cbz and Fmoc.

Scheme 72QuinineBased Thioured25-Catalyzed NitreMannich Reactions
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.Boc 125 (20 mol%) Boc

JN +  MeNO, HN
R toluene R Me
(5 equiv) -40to-24 °C
20-72 h 50-95%
63-94% ee

R = Ph, 1-naphthyl, 2-naphthyl, 4-CICgH,, 2-BrCgHy,
4-MeOCgHy, 2-furyl, 2-thienyl

MeO

In 2007, Changet al. reported the use of ¢hchiral oxazolinghiourea catalystl26 in
asymmetric nitreMannich reactios of nitromethane with a number df-Boc-aryl imines
(Scheme 78° Theb-nitroamine produstwere formed in excellent yields and good to excellent
enantioselectivities. The authoadso reported the reactions of nitroethane and nitropropane,
which gave the products in excellent yield and enantioselectivity but only modest
diastereoselectivity. Thauthorsalso failed to report the relative stereochemistry of the major

diastereomers.

Scheme 730xazolineThioureal26-Catalyzed NitreMannich Reactions

_Boc
.Boc 126 (10 mol%) HN

JN +  RICH,NO,
R

R1

THF, rt, 24 h R

(10 equiv) NO,
68-97%

73-92% ee

2.5-3.2:1 dr

R = Ph, 2-MeCgH,, 4-MeCgH,, 3-MeOCgH,, 4-MeOCgH,,
4-CICgHy, 4-F3CCqHy, 4-NO,CgHg, 4-NO,CgHy

R' = H, Me, Et
CFs
NN CF
(o] 3
_n H H
126
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In the same year, Ellmaet al. reported tle use chiralN-sulfinyl-urea127 to catalyze the
reaction ofN-Boc-imines with a mmber of nitroalkanes (Scheme)##’ The products were
formed in good yields and diastereoselectivities and excellent enantioselectivities. The reaction
was also successfylberformed with a number of enolizable imines, the use of which had not

previously been demonstrated in hydrogpemding catalysis.

Scheme 74N-Sulfinyl-Ureal27-Catalyzed NitreMannich Reactions

Boc

N-Boe 127 (10 mol%) HN” 1
+ R'CH,NO, ~_R
R)| DIPEA (0.5 equiv) R/\(
(5 equiv) MeCN, -40 °C NO,
22-28 h 62-92%
92-96% ee
77:23-93:7 dr

R= Ph, 4-MeOC6H4, 4-MeCGH4, 4TCF3C6H4v
4-CICgHj,4, 2-naphthyl, "Bu, '‘Bu
R'=H, Me, Bn

In 2008, Zhouet al. reported the use of glycoshlased thioureal28 in the highly
enantioselective nitrannich reactioa of N-Boc aryl imines with nitromethane (Scheme
75).128 The b-nitroamine products were formed in excellent yields and enantioselectivities for a
range of arylimines. The catalyst also provided high enantioselectivity for -hMaanich
reactions with nitroethane. Goa@uhti-diastereoselectivity was achieved with thenzaldehyde
derived imine but when substituted airylines were utilized the diastereoselectivities were very

low.

Scheme 75GlycosytBased Thioureda28-Catalyzed NitreMannich Reactions
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.Boc 128 (15 mol%) HN’BOC

+ MeNO,
_ CH,Cl,, -78 °C /K/NOZ
R (10 equiv) 39-68 h R
84-95%

83->99% ee

N
|

R = Ph, 4-MeOCgH,, 4-MeCgHy, 4-CICgH,, 2-CICgH,,
4-CF3CgHy, 3-CF3CgH,, 2-CF3CgHy,
2-furyl, 1-naphthyl

OAc
NMe,

AC%NTS(N\O
In the same year, Wulff reped the use of BINABased bighiourea catalysi29in the nitro
Mannich reaction ofN-Boc aryl imines with a mmber of nitroalkanes (Scheme)?& The
productb-nitroamineswere formed in moderate yields and moderate to good enantioselectivities.
The yield and endioselectivities obtained in the reactions with nitroethane and nitropropane
were similar to lhose obtained with nitromethane bilte diastereoseleegtties were only
moderate, with a maximumr of 80:20 in fave of theanti diastereomer. Due to the lack of a
basic functionality in the catalyst the addition of stibichiometric triethylamine was required to
achieve acceplbde yields The authors proped a mechanism that involves simultaneous
hydrogenrbonding interactions between the two thiourea groups and the imine and nitronate

species.

Scheme 76BINAP-Based Bisthioureal29-Catalyzed NitreMannich Reactions
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.Boc 129 (20 mol%) HN
N + RCHNO, — — 7§ RJVRZ
R . EtsN (40 mol%) =
(10 equiv) toluene, -35 °C NO,
15-36 h 40-65%

65-91% ee
up to 80:20 dr

R1 = Ph, 4-C|C6H4, 3-C|C6H4, 2-C|C6H4, 4-BrCBH4, 4-MeOC6H4,
2-MeOCgHjy, 4-MeCgHj,, 1-naphthyl, 3-pyridyl
R?=H, Me, Et

One of the most efficient organocatalytic nitfdannich protoca reported to date was

CF3

QCF
e

Iz ZT
Iz ZT

S
J
b

S

presented by C. Wanet al in 200832 They used chiral thioure&30 to catalyze the nitro
Mannich reaction between a rangeNsBoc-imines and a mimber of nitroalkanes (Scime 77.

Near quantitative yields were obtained in the majority of cases, accompanied by exceptional
stereoselectivities. The conditions were also found to have a high tolerance for alkyl imines,
demonstrated by the use of tieBocimine derived fromisobutyraldehyde which gave
comparable ields and selectivities to aryimines. Although a relatively large excess of
nitroalkane is required, the high yields and stereoselectivities obtained make this methodology
the most effectiventi-selective organocatdlg direct nitro-Mannich reaction reported so far. It

is complementary to the highlysynselective heterobimetallic &ESmSchiff base

complexcatalyzd reactiosreported by Shibasakt al.(see 8hemas 61 and 6p13114

Scheme 77Wa n g 6 s TL30-CatalyzdeNitroMannich Reactios
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.Boc 130 (10 mol%) NH

N
J) + RNO, R/K/W
R 5 oo MeCN, 4 A MS :
(Bequiv)  55ec, 10-15h NO,
85-99%
96-99% ee
93:7-99:1 dr

R = Ph, 4-MeCgHj, 2-MeOCgH,, 4-MeOCgH,, 4-CICqH,,
2-CICgHy, 4-FCgHy, 4-CF5CqHy, 1-naphthyl, 2-naphthyl,
2-furyl, 3-pyridyl, ‘Bu
R'=H, Me, Et, Bn

SO BIY§
~_Ph

NN

NMe, HN. oF

S

130 0, ’

In 2009, R. Wanget al. published the only report of a direct asymmefiagrselective
organocatalytic nitrdvlannich reactiort?® They used the rosiderived thioureal3l in the
reaction ofitromethane and nitroethane with aryl and heterdgfgbc-imines formedn situ by
treatment ofU-amidosulfonesvith K.COs (Scheme 78 They found that the use of a biphasic
(water/dichloromethane) solvent system was crucial for achieving high enantioselectivity. The
group also demonstrated that the-di@minocyclohexane group in the catalyst wesponsible
for the stereochemical control as switching to tReghantiomer provided efficient reversal of
stereoselectivity in the nitrblannich reactios. Excellent yields and enantioselectivitiegre
obtainedin the reaction of nitromethane with aryhnd heteroaryl imines. However, the yields
dropped dramatically when the reaction was performed with the imine derived from cyclohexane
carboxaldehyde. Several examples of reactions with nitroetivene reported to givdiigh
selectivity for thesyndiasereomers. The authors, however, failed to elaborate on this remarkably
high synselectivity and offered no explanation for the observed diastereoselechvityvate
communication to us by the authors has revealed that the representations of th@dasters
in the paper are wrong and that the real structures are in faattittiastereoisomers (corrected

structures appear in Scheme 78).
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Scheme 8. SynSelective Thioure&atalyzed NitreMannich Reactios

Boc

~Boc 131 (15 mol%) NH
HN - N
+ Rl/\NO2 N R R
R” ~S0,Ph . KaCO3 (1.0 €quiv)
(3.0equiv) " CH,CI,/H,0 NO,
0°C,48h 80-93%

78:22-98:2 dr (syn)
81-98% ee

R = Ph, 1-naphthyl, 2-naphthyl, 2-CICgH,4, 3-CICgH,, 4-CICgH,,
4-FC6H4, 2-FC6H4, 2-MEOC6H4, 3—MeOC6H4, 2—fury|
R'=H, Me

“INTN

131
Nme,H H

As was mationedin Section 6.1Zhouet al.reported the first use &-thiophosphoryl imines
119 in TMG-cataly2d nitreMannich reactions with nitromethansee¢ Scheme 66%° In the
same article the authors also reported an asymmetric variant of this reabgoreattion of a
variety of N-thiophosphoryl imined19was efficiently catalyed by thioured 21 to give theb-
nitroamine products in good to excellent yields and enantioselecti@ibeme 79)The authors
observed that they obtained the opposite enantiomeric prodBrt$o (those obtained by
Takemotoet al. (S in thdar reactiors of N-phosphinoyl iminesatalyzed by thiouredl21 (see
Scheme68).1?! This indicates the important effect tiprotecting groupcan have on the
stereochemical outcome of nithdannich reactions. Th&-configuration is the same as that
reported by Takemotet all?for thar nitro-Mannich reactios of N-Boc-imines (see Scheme
70). As a result, Zhowet al. proposed a similar TS for their reactions witkthiophosphoryl

imines119.
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Scheme 79Asymmetric Organocatalyzed Nitddannich Reactions dfl-Thiophosphoryl Imines

S

S
I 121 (15 mol%) o
_P(OEt .
N (OEty) MeNO, pn-P(OEt)

j CHCl3, 25 °C
g NO,
R™ 119 (10 equiv)  5-6-5days R/'V
78-94%

77-87% ee

R= Ph, 4-M606H4, 4-MeOC6H4, 3-MeOC6H4, 2-M9006H4,
2-CICgHy, 2-CF4CqHy, 3-FCqHa, 2-furyl

CF3

oUSel

Nme, T H o4

6.2.2. Bransted Acid Catalysts

Less than a week after the initial report by Takenedtal!?! in 2004,the group ofJohnston
published the use of an alternative organocstaty asymmetricnitro-Mannich reactioa!3?
They implementedhie use of chiral proton cataly$82 for the enantio and diastereoselective
nitro-Mannich reactios of N-Boc-aryl-imines with nitromethane and nitroethane (Schemg. 80
They speculate that the kasnidine ligand sequesters the proton from solvent interagiti
thereby preventing achiral solvecdordinated Brgnsted acid catalysis, to create a chiral proton
coordination complex capable of inducing enantioselectivity. The method, however, suffered
from long reaction times and only demonstrated limited sulbss@pe as it requilehe use of
electronpoor aryl imines to achieve high enantioselectivities. Furthermore, the use of the

nitroalkane as the solvent limits the applicability of this method to cmrelex nitroalkanes.

SchemeB0. Enantioselective Chal ProtonCatalyzed NitreMannich Reactios
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Boc .

N-BoC Y 132 (10 mol%) NH
| + R7ONO, ~_R
Ar) 20°C, 5days AT T
(solvent) NO,
50-69%
7-19:1 dr

59-95% ee

Ar = Ph, 4-NOZCGH4, 3-N02C6H4, 2-N0206H4,
4-CF50CgH,, 4-CICgH,, 4-CF3CgHy,
R=H, Me

® oty
H=—<H
HN  NH

7N N Y
— 132

Johnstonet al. later reported the use of kasnidine catalystl33 which demonstrated
improved efficiency in nitreMannich reactiongScheme 81134 The reactions with the new
catalyst system gave higher yields and stereoselectivities over a wide ra@@ohryl imines
and several nitroalkanes. The reactions were complete in 24 hours using just 1.5 equivalents of
nitroalkane demonstratinga drastic improvement over theirepious reportwhich required 5
days and usethe nitroalkane as the solveit. They rationaliz that the increased Brgnsted
basicity of133 compared tdhe free base df32is responsible for the increased reactivity of the
catalyst. They also uncovereah interesting effect caused by the amount of TfOH used in the
reaction and found that a 2:3 ratio df33TfOH provided the optimum vyield and

stereoselectivity.

SchemeBl. Chiral ProtorCatalyzed NitreMannich Reactios
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N-BoC (133),(HOTH)5 (10 mol%) NH
j + RNO, R R
toluene, -20 °C, 24 h NO,

61-100%
7-35:1 dr
71-95% ee

(1.5 equiv)

R = 4-CICgH,, 4-MeOCgHy, 3,4-(Me0),CgHs, 2-naphthyl,

4-MeCgHy, 2-MeCgHy, 1-naphthyl, 4-FCgHy, 4-MeO,CCgHy,

2-naphthyl, 2-furyl, 2-thienyl, 3-thienyl, PhSCgH,, allylOCgH,
R' = Me, Et, "Pr, 'Pr, Me, CH,CgH14

N ONH
CN 7 " NN NG
2_; 133

The group of Johnston further extended the scope of thei-Marmich methodology to
include the reaction of aryl nitromethariE®4 (Scheme 8p a relatively unexplored substrate in
nitro-Mannich chemistry®> Due to the challenges associated with thibstate, which in
previous examples generally resulted in low stereoseleftidffthe development of bisamidine
135was required to provide the high levels of stereoselectivity.bifieroamine products were
formed in excellent yields, enantioselgittes andanti-diastereoselectivitiefor a range of aryl
nitromethaned.34 and N-Boc arylimines. The reaction of electron deficient aryl nitromethanes
(R? = 4-NO2CgHa), however, resudtd in lower levels of stereoselectivity due to the acidity of the
product rendering it susceptildie epimerization at the nitreubstituted carbon. Nonetheless, this
represents a useful method for the synthessedtilbene diamines, which the authartdized

in the synthesis of)-nutlin-3 (see Sectiof4).

SchemeB2. BisamidineCatalyzed NitreMannich Reactions of Aryl Nitromethanes
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~Boc 135 (5 mol% NH
JN + R2/\N02 w» R‘I)\/RZ
R toluene, -78 °C =
134 18-26 h NO;
(1.1 equiv) 70-99%
2-131:1 dr

76-93% ee

R' = 4-CICgH,, 4-allylOCgH,, 4-MeOCgHy, 4-MeCgHg, 4-FCqHa,
4-CF3CgHy, 4-PhCgHy, 2-naphthyl
R? = Ph, 4-CICgH,, 3-BrCqH,, 2-naphthyl,
4-MeOCGH4, 4-N0206H4

$ 2

H

N N
\

N

H H
E:N / N/ N N(:‘
135
MeO OMeMeO OMe

In 2008, Ruepinget al. described the first direct orgacatalytic Brgnsted acidatalyzed nitro
Mannich reaction of+iminoesterg3® They were able to use the BIN@lerived phosphoric acid
136to catalye the reaction of a variety of nitroalkanes Wi#PMP-U-iminoester137to form a
range ofb-nitro-U-amino acid ester$38 (Scheme 88 The yields were good to excellent and the
products were obtained in higmantio and diastereoselectivities favar of the anti-product.
The protocol offers very good nitroalkane scope, however, the large excess required (10 equiv)
limits the practicaitity of this method if more complex nitroalkanes were required. Furthermore,
the procedure suffers from long reaction times and has only been applied to the reaction of a
single imine. The authors proposed that the catalyst has a bifunctional role mitdgtvates
Uiminoester137 by protonation and also accelerates the nitroalkane/nitronic acid equilibrium.
The reaction then proceeds via T39 with the catalyst is acting both as a Brgnsted acid and a

Lewis base.

Scheme 8. Chiral Phosphoric AcikCatalyzed NitreMannich Reactios
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PMP

_PMP HN”

N 136 (10 mol%)
| + RTONO, —— R
° M COzMe
MeO,C benzene, 30 °C lilO
137 (10 equiv) 12-166 h 2
138
57-93%
2-13:1dr

84-92% ee

R= Me, Et, "pentyl, CH2Ph, CH2(4-BFC6H4), CH2(4-MeOCGH4),
CH2(2-thieny|), (CH2)3Ph, 4-MeCBH4

SiPh; ArO\F/’ -
(1) §on,
0,20 \ 0
H

/
-P<

(0] OH |  H- o0~

/=
L o
SiPh MeO,C R

136 139

6.2.3. Phase Transfer Catalysts

The groups of Palomo and Hererra independently reported the use of chiehiwea phase
transfercatalyst(PTC) 140in the nitreMannich reaction ot}amidosulfones with nitroalkanes
(Scheme 84337138 Both groups gave near identical conditions, with the exception of the
inorganic base used for tivesitu formation of theN-Boc-imines from thdJ-amidosulfones. The
b-nitroamine productsvere formedin excelent yields and enantioselectivities. The method is
particularly usefufor imines derived from enolable aldehydes as the formation of M&oc-
imines in situ avoids the need to isolate these unstable substrates. Hetremh also
demonstrated that ¢hmethod was not restricted to Boitected substrates and could be
extended to other carbamoyl protecting groups such as Cbz. However, they failed to give any
examples of reactions involving higher order nitroalkanes, whereas Pabrab reported

reactons with nitroethane giving moderate to hagfti-diastereselectivities

SchemeB4. Phase Transfer Catalyzed Niktannich Reactions
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Boc.

Hn-BC N 140 (12 mol%) NH 1
PR + R TNO, )\/R

R Ts CsOH.H,0 R™ Y
(5.0 equiv) (1.3 equiv) NO,

toluene
° 72-88%

50°C, 44 h 3-13:1dr
78-98% ee

R= Ph, 4-MEOCBH4, 4-C|OC6H4, 4-CF3CGH4, 3-N0206H4,
2-furyl, 1-naphthyl, CH,Bn, cyclohexyl, "Pr, "hexyl, ‘Bu, ‘Pr, Et
R'=H, Me

Hererra:

- Boc 140 (10 mol%)  BOC~y,

+ MeNO
2 KOH (5.0 equiv) R/'\/Noz
(5.0 equiv) toluene, -45 °C

40-64 h 70-98%
75-98% ee
R = Ph, 2-BrCgH,, 4-MeOCgH,, 1-naphthyl, 2-furyl,
CH,Bn, cyclohexyl, 'Pr, Et, Me

R Ts

OMe

Palomoet al.went on to expand the scope of this reaction with respect to bothkatmea and
U-amidosulfones(Scheme 85'3° The nitreMannich reactions of a range of functionalized
nitroalkanes gave the correspondigitroamines in excellent yields and stereoselectivities. The
reaction of 2nitropropane was also demonstrated to proceed in gmdd, albeit with low
enantioselectivitiesThe authorsalso reported a detailed mechanistic study of this-hkaonich
reaction. Through the use of computationathods to calculate the energmfsthe possible
transition states they proposed that thechanism proceeds ViES 141 A hydrogenbonding
network creates a stable complex resulting in high enantioselectivity. This consists of a hydrogen
bond between the i® of the catalyst and the nitronate anion, which was confirmed by the
drastically lowereactivity of catalysts bearing protected alcohols, and three additional hydrogen
bonds between the carbamate of the imine and a numbé&iHolb@hds of the catalyst. Binding of

the imine in this orientation, with ttiert-butyl group orientated away fromh e cat al yst 0 s
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results in nucleophilic attack of the nitronate from $iéace of the imine. The authors did not
offer any explanation for the higlanti-diastereoselectivity obtained with higher order

nitroalkanes.

SchemeB5. Phase Transfer Cdyaed NitroMannich Reactions and Proposes T

Boc.
_Boc 140 (12 mol%) NH
HN A~ 1
L + R TNO, R
RT CsOH.H,0 R™ ™
S (5.0 equiv) (1.3 equiv) NO,
toluerﬁ r-150 C 72-88%
3-13:1 dr

78-98% ee

R = Ph, 4-MeOCgHy, 4-CIOCgH,, 4-MeCgH,, 3-MeCgH,
3-NO,CgHy4, 2-furyl, CH,Bn, Et, ‘Bu, 'Pr, cyclohexyl
R" = Me, Et, "Bu, CH,=CH(CH,),, (Et0),CH,
Et0,CCH,, 4,4-dimethyl-2,6-dioxanyl

0 = QOyN
’ O‘—N*\\)\/ 3

-
141 fBu/O

In 2012, Heet al. reported the use of a similar PTC for the reactiok+amidosiifoneswith
nitroalkanes (Schent&6).14° The N-benzotriazolecinchonabased chiral ammoniumlsd42was
used to catalyze the reactions of a wide ranga situformed aryl, heteroaryl and alkid-Boc-
imines with nitromethane and nitroethane. The products were formed in good yields and
diastereoselectivities and excellent enantioselectivitiesrdstingly, by changing thig-benzyl
group in 140 to an N-benzotriazole group complete reversal of enantioselectivity ofbthe
nitroamine products was observed, even when using the same chiral source quinine.
Consequentlythis catalyst system is compiengy to that developed by the graipf Palomo

and Herrera3"139
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Scheme86. Nitro-Mannich Reactionsatalyzed by PTQ42

Boc.

_Boc 142 (10 mol%) NH
HRl + RONO, —— > - R
2
R™ “SO,Ph . CsOH-H,0 R/\r
(5.0 equiv) (1.3 equiv) NO,

toluene:H,O (9:1) 55-94%
-60 to -40 °C 83-99% ee
24-50 h 2-99:1 dr

R= Ph, 4-C|C6H4, 2-C|CGH4, 4-FC6H4, 4-MBC6H4, 2-MeOCeH4,
4-MeOCGH4, 4-BFCBH4, 4-N0206H4, 4-CF3C6H4, 1-naphthyl,
2-furyl, CH,Bn, CH=CHPh, cyclohexyl, ‘Bu, 'Pr, "Pr, Et, Me

R'=H, Me
OMe
S
Cl” oH
@ T
_ N

N-y

N

@ 142
In 2009, Nagasawa reported the use of an alternativbibisreaPTCin highly stereoselective

nitro-Mannich reactions (Scheme )37 They used guanidinkased bighioureal43to catalyze

the reaction of a variety ®-Boc aryland alkylimineswith a number of nitroalkanes. Tlaati-

b-nitroamine productsvere formed in excellent yielddiasteree and enantioselectivities. This

methodology demonstrates one of the broadest substrate scopes with redpductalkyl

imines that has been reported to date. This is likely to be a ddsthie short reaction times

minimizing the amount of imine degradation that can occur. The same catalyst was later used by

the group of Peng and Han in the niMannich reactions of a variety of functionalized

nitroalkanes withN-Boc-imines formedin situ from the reaction ofl-amidosulfones with

K2CQs.142 The reactions could be carried out with fewer equivalents of nitroalkane (2.0 equiv)

and the products were formed in good yields and excellent enantioselectivities but with lower

diastereoselectivities to those reported lagasawa?**
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Scheme 87Bis-Thiourea Phase Transfer Catalyzed NMannich Reactions

B HN,Boc
-Boc 143 (5 mol%)
JN + R2ZCH,NO, R1/'\/R2
R Cs,CO;3 (25-50 mol%) E
(10 equiv)  THF,-25t0-10 °C NO,
0.5-2h 81-96%
90-99% ee
90:10-99:1 dr
R’ = cyclohexyl, cyclopentyl, ‘Pr, "hexyl
Ph, 4-MeCgH,, 4-CICgH,
R2=H, Me, Et, CH,OTBS
o (e
3 ~ 3
TONNOY
S Bn Bn S
CFs 143 CFs

In 2012, Dixon et al. reported the use of a new family of cinchoniunrbéhd donor
bifunctional phase transfer catalysts in asymmettio#ilannich reactions (Scheme)883They
used quinidiniurrurea catalysi44to perform highly enantioselective reactions between a range
of aryl, heteroaryl and alkyN-Bocimines, generatedn situ from Uamidosulfones and
nitroalkanes. The produdi-nitroamines were formed in good to excellent yields ant-

diastereoselectivities.

Scheme 8. Bifunctional Quinidinium-UreaCatalyzed NitreMannich Reactions
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144 (5 mol%)  Boc.

Boc h NH
“NH KOH (5 equiv)
L + ON_R? RPN
R'” ~s0,Ph TBME, -20°C =
5 oo 12 h NO,
(5 equiv) 63-100%
84-95% ee
6-24:1 dr

R1 = Ph, 4-MeCGH4, 4-MeOCGH4, 4-FC6H4, 4-CF3CGH4,
2-naphthyl, 3-pyridyl, {Bu, cyclohexyl, ‘Bu
R2 = H, Me, Et, CH,CH=CH,

&)
o OMe
DN
Z 0D

Ph
HN |\

N
HN S0

144
FsC CF3

6.2.4. Bransted Base Catalysts

In 2009, Michaelet al. reported the use of monand bisguanidine catalyst$45aand 145
for the enantioselective nitfdannich reactions ofN-Boc aryl imines with nitromethane,
nitroethame and Initropropane (Scheme BY*4 The grop observed a reversal in
enantioselectivity when switching between mauanidine 145a and bisguanidine 14%
catalysts. However, the enantioselectestivere moderate at best, wittoncguanidinel45b
providing racemic products for half of the analoguegestigated. Low to good yields were
achieved and the reactions with larger nitroalkanes gave moderate to exaaitent

diastereoselectivities.

SchemeB9. Chiral GuanidineCatalyzed NitreMannich Reactions
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.Boc 145a (10 mol%)

N
J + RN 0,
R or
(solvent) 145b (10 mol%
-20°C,24h
Boc.
OC~NH Boc\':“_|
R/'\:/R1 or o /?\/FU -
NO, NO,
(with 145a) (with 145b)
8-90% 23-85%
0-62% ee 8-77% ee
4-20:1 dr 41 dr

R= Ph, 4-MeOCGH4, 2-C|CGH4, 3-C|C6H4, 2-N0206H4!
4-NO,CgHy, 2-naphthyl, 2-furyl
R'=H, Me, Et

f H H H
BU\EN>=NH Ph\[NFN/\/N#Nj:\Ph
Bu” N 1454 PR s N Ph

In 2011, Ractvalski et al.reported the use of an alternatwi@ral sulfoxideorganocatalyst for
the highly enantioselective nitfdannich reactioaof nitromethane with a number RfBoc-aryl
imines (Scheme 964 The group used tridentate ligahd6along with cathytic triethylamine to
promote the reaction. Thé&-nitroamine productswere formed in excellent yields and

enantioselectivities. However, a very limited substrate scope was presented and no insight into

the mechanism of the reaction was given.

Scheme 90Chiral SulfoxideCatalyzed NitreMannich Reactions

.Boc _Boc
|N 146 (20 mol%) HN
+ MeNO, NO,
~ Et3N (40 mol%)
R (10 equiv) toluene R
35°C,8h 91-97%
86-96% ee

R =H, Me, OMe, NO,, Br

H
HO (_)9 N .
L
D
146
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1. REACTIONS OF KETIMINES

As a result of thie lower electrophilicies compared to aldimines there has been far fewer
reported examples of nitldannich reactions involug ketimines. There have, however, been a
number of reports that show promising results with these difficult substrates. Methods now
include both metal catalyzed and organaly@ed protocols that providé-nitroamines
containing a quaternary chiral centre excellent levels of enantioseleaty. The following

section will detail the advances that have been made in this area.

7.1. Racemic Reactions

In 2007, Teradat al. reported the first organocatabgk nitro-Mannich reactions of kenines
(Scheme 91146 The authorsdemonstratechiat hie rection of N-phosphinoylketimines147 with
nitromethane could be catalyzed by TMG to give fth@troamine products in excellent yields.
The group also performed angle diastereoselective example with nitroethane to give the
product in excellent yield but only moderate. The relative stereochemistry of the major
diastereomer was not given. The reaction was #&smd to be efficiently catalyd by
phosphazené48to give the products in comparable yields to those achieved with TMG. The
reaction of chiraN-sulfinyl ketimines was also effectively cataba by TMG and phosphazene
148 although TMG failed to provide any diastereoselectivity and phosphazenly gave a

moderatadr.

Scheme 91Nitro-Mannich Reactions with-PhosphinoylKetimines
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(0] 1
TMG (10mol%) ~ PhaP.

1
NP2 L veNo, H
| or 1/}\/NOZ
R1J\R2 (solventy 148 (10 mol%) R
147 rt, 11-36 h R

R' =Ph, 4-CICgH,, 4-MeCgHy4,4-MeOCgH,, 1-naphthyl, CH,Bn
R? = Me, Et, 'Pr, "Pr, 4-CICgH,4

Bu

Il
MezN_FI’_NMez
NMe; 148

In their previously mentiogd report on nitreMannich reactions oN-thiophosphoyl imines
(see Schemes 66 and 79hou and coworkers alggave a single example of the use ofNn
thiophosploryl ketimine (Scheme 9p*?° The producth-nitroamine wadormed in substantially

lower, but still acceptable, yield than those formed from aldimines.

Scheme 92Nitro-Mannich Reactions witN-ThiophosphoryKetimines

S B
TMG (10 mol%) PPh
_PPh -PPh;
N 2+ MeNO, HN
P neat, rt, 48 h /}\/Noz
Ph™ Me (10 equiv) Ph” Ve

In 2008, Fenget al. reported the inorganibasecatalyzed nitreMannich reaction ofN-tosyl
ketimineswith nitromethane (Scheme P87 The reaction was effectively catalyzed by sodium
carbonate to give the-nitroamine products in moderate to excellent yields for a range of aryl,

heteroaryl and &yl imines.

Scheme 93Nitro-Mannich Reactions withN-Tosyl Ketimines
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NS Na,COs (5 mol%) 'S NH

)|\ + MeNO, NO
THF, rt, 24-96 h R 2
R Me Me

10 equiv
( ) 37-99%

R = Ph, 2-CF3CgHy, 4-CF3CgHy, 3-CICgH,4, 4-CICgHy,,
4-BrCGH4, 3-MeOCGH4, 4-M9006H4, 4-MeC5H4,
1-naphthyl, 2-furyl, 2-thienyl,
cyclohexyl, CH,Bn

7.2.  Auxiliary Controlled Reactions

In the report by the groupf Ruano and Cid onitro-Mannich reactions of chirdll-sulfinyl
imines79 (see Schema&7) the authors also demonstrated the application of their methodology to
chiral N-sulfinyl ketimines 149 (Scheme 9487 The NaOHmediated nitreMannich reactios
with a number of ketimines weteemonstrated to proceed with moderate to good yields and with
excellent diastereoselectivities. However, their lower reactidgmpared to aldimines
necessitated the addition of an equivalent of YB(@to increase the reaction rate and provide
the products in acceptable yields. The group also found that théiF-fiieediated protocol
providel the desired products in good yields and in the opposite diasteredanerjalbeit with

low dr.

Scheme 94Auxiliary Controlled NitreMannich Reactions with Ketimines
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o® o®
é@ MeNO NaOH (5 equiv) O
-~ + e Pl
J\ll\ Ar 2 4AMS, rt Ar N/tl Me
R “Me (solvent) 48-72h R NO,
149 32-60%
85:15-96:4 dr
o° o°
o TBAF (0.2 equiv) &®
N A + MeNO, oan Ar” 7 NH Me
R1J\Me (solvent) R1>\/N02
149 76-79%
62:38-64:36 dr
R'='Pr, Ph
Ar = p-tolyl

In the same report byilet al. in which they demonstrated the usecbiral N-phosghinoyl
imines84 (see Scheme 40heauthorsalso reported a single example okaction of achiral N-
phosphinoylketimine (Scheme 95! The reaction ofN-phosphinyl ketiminel50 generated th
b-nitroamine product in excellent yield and diastereoselectiviimnonstrang that their

methodologystill performs well withthese less reactive substrates.

Scheme 95Auxiliary Controlled NitreaMannich Reactions dfl-PhosphinoyKetimines

Ph“"O\Ph LiIHMDS, THF Ph“"&Ph

24 RS

Nighe} + MeNO, HN M\o
| -78°C, 68 h - Me
: NO
Ph “Me (4 equiv) P~ N0
150 94%
>99:1 dr

In 2011, Liuet al.reported the KCOs-catalyzed nitreMannich reaction ot)b-unsaturatedN-
tert-butanesulfinyl ketimine451 with nitromethane (Scheme 862 The b-nitroamine products
were formed in good to excellent yields andd®aate to excellent diastereoseleties. The
authors found that the presence of the strongly elegtittrdrawing perfluoroalkyl group was
crucial for the success of this reaction. This was apparent from the reaction of difluoromethyl
analogue (R = H)which gave significantly lower yields and diastereoselectivities; and the non

fluorinated analogue, which failed to undergo any reaction. Surprisingly, the reaction of
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heptafluoropropyl analogue (R = &F~CFs) resulted in a 1;addition reaction, with nd,2-
addition product observed. This methodology represents the first examal@itroMannich
reaction of perfluorinated imines and also the first investigation into the ud€-terft-

butanesulfinyl ketimines

Scheme 96Nitro-Mannich Reactions dilb-Unsaturated\-tert-Butanesulfinyl Ketimines

\‘/ K,COs >L o
(20 mol%) .

N’S\\o + MeNO,

|
HN NO.
Rcm)\/\ R? (solvent) RFzC Z R?

151 54-95%
72:28->95:5

R=H,F,Cl
R' = Ph, 4-MeCgH,, 4-CICgH,,
1-naphthyl, "octyl

7.3. Catalytic Enantioselective Reactions

In 2008, Fenget al. reported the first catalytic enantioselective nittannich reactions of
ketimines!*® These involved the use chiral N,N&dioxide 152-Cu(l) complex catalyssystem
which effectively catalyed the reactiamof a number ofN-tosykketimineswith nitromethane
(Scheme 9) Theb-nitroamine products were formed in low to moderate yields and with good to
excellent enantioselectivities for a range of &stimines aswvell as several alkyetimines. The
reaction of larger nitroalkanes, such as nitroethane and nitropropane, westtampted but
these only resulted in trace amounts of the desired products. One drawback of this methodology
is the very long reaction times, which were necessary due to the poor reactikigkefimines.
Nonetheless, this protocol still representaraportant development in nitidlannich chemistry

as the catalytic enantioselective reaction of ketimines had not previously been reported.
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Scheme 97The First Catalytic Enantioselective Nitkdannich Reactions dfetimines

CuOTf (20 mol%) Ts
NS 152 (20 mol%) HN
+ MeNo, — L no
R1JJ\R2 PhOEt, 4AMS  R' LV z
(co-solvent) 0 °C, 10 days R

30-83%
71-96% ee

R' = Ph, 2-FCgHy, 4-FCgH,4, 4-CICgH,, 3-CICgH,, 4-BrCgH.,
4-MeCgHy, 4-MeOCgH,4, 3-MeOCgHy, 2-MeOCgHy,,
2-naphthyl, 2-furyl, 2-thienyl,

CH,Bn, cyclohexyl
R? = Me, Et

NN

= % 4

0= o od o

NH HN
Br 152 Bn

In 2011, W. Wanget al. reported the first organocatalytic enantioselective +iemnich
reactiors of ketimines Scheme 9B8'°° They used thioured53 to catalyze theeactiors of a
number of cyclic trifluoromethyl ketiminesl54 and nitroalkanes for he synthesis of
trifluoromethyl dihydroquinazolinone$55 The reactions with nitromethane gave the products
155 in excellent yields and enantioselectivities. The products of the reactions with larger
nitroalkanesrequired lower temperatures ¢btain highyields and enantioselectivities but only
showed modest levels of diastereoselectivillypressively, hiourea153 could be used with
loadings as low as 1 mol% and still retain high actividgwever, he authordound that the
reaction was limited to trifluoromethyl ketimines as no reaction occurred when the
trifluoromethyl group was replaced with a methyl or phenyl group, resulting from the low

reactivity of these substrates.

Scheme 98The First Organocatalytic Enantioselective Nilannich Reactionsfdetimines
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AN R2CH,NO
R T /& + 2NO;
N O .
I (2 equiv)
154 PMB
R2
.
FaG"NO, 153 (1 mol%)
LY NH -~
R'—— /g toluene, 0 °C or rt
= N 4-36 h
155 PMB
89-97%
92-98% ee
2-3:1 dr

R'=H, 6-Cl, 6-Br, 6-I, 6-F, 6-PMB, 5-MeO, 6-MeO
R? = H, Me, Et

CF,
H\
Q/Eé H\ N
NJ N—

153

8. REACTIONS OF UNITROESTERS

The use ofUnitroesters in nitreMannich reactions has also been studied by a number of
different groups. The interest in these substrates arises from the importatheeUafitro-b-
aminoester products, which can be conveniently converted into the correspbifdétigmino
acid derivatives.

Jargenseret al. demonstrate that their Cu(ll}BOX-catalyzd nitreMannich methodology
(see Scheme 58) could be applied to the syntiesof Unitro-b-aminoacid derivatived56
bearing quaternary chiral centf@$This involved the reaction of@itropropanoic acidert-butyl
ester with ethyl glyoxylate imin@3 (Scheme 9P Using the conditions that proved successful for
the reaction oprimary nitroalkanes with imin83 (Cu(ll)-BOX 107 and triethylamine) resulted
in good enantioselectivity but poor diastereoselectivity. They then investigated the effect of a

series of cinchona alkaloids as substitutes for triethylamine. The use afeg{if¥) as a ce
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catalyst resulted in a drastic improvement in diastereoselectivity. They state that the chiral Lewis
acid is responsible for the high enantioselectivity whereas the cinchona alkaloid controls the
diastereoselectivity. Therefore, a combioat of both is essential to achieve highly

stereoselective reactions.

Scheme99. Nitro-Mannich Reaction of-Aitropropanoic Acidert-Butyl Ester

107 (5 mol%)
Me lN'PMP EtsN or 157 (5 mol%)
+
BuO,C”~ "NO, EtOZCJ CH,Cl,, rt, 48 h
(1.5 equiv)
PMP_
NH
COBU — ]
EtOZC)vg 2=
Me N02

156

With 157: 85% yield
14:1 dr, 98% ee
With Et3N: >90% conversion
2:1dr, 80% ee

In 2007,Johnstoret al. reported the use of a anothms-amidine catalysin the nitreMannich
reaction ofN-Boc arylimineswith secondary-nitroestersl58 (Scheme 10052 Although the
reaction was effectively catalyzed btherbis-amidinecatalyststo obtain both high enantiand
diastereoselectiviés the use of the unsymmetanthraceneontaining bis-amidine 159 was
required. Due tahe high basicity of the protddto the nitro group in thé-nitroamine products,
reduction of the nitro group was required to avoid epimerization. Uheliamino acid
derivatives160 were formed in excellent yields, enantand diastereoselectiviesrfa range of

arylimines.
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Scheme DO. Bis-Amidine Catalyzed Reaction of Secondakiitroesters

1) 159 (5 mol%)

~Boc toluene, -78 °C

N
j +  0,N” >CO,Bu
R 2) NaBH,, CoCl,

158
(1.1 equiv) MeOH

Boc.

NH
R/k_/coszu
160
70-88% (2 steps)
5-11:1 dr
87-95% ee

R = 4-CICgH,, 3-CICgHg4, 4-FCgH,, 4-AcOCgH4, 4-CF3CgH,,
4-MeCgH,, 3-PhOCgHy4, 4-MeO,CCqH,, 2-naphthyl

~‘® ot

H \''H
HoN N—H

159

In the following year, Johnstoet al. reported another niteMannich reaction ofknitroesters
with N-Boc-imines for the selctive synthesis ofynU-nitro-b-amino acid estersl61 (Scheme
101).153 The authors found that bamidine catalys162 catalyzd the reaction of a variety b
Boc aryliminesand tertiaryU-nitroestersl63to give theU nitro-b-aminoacid esterd61in good
yields, excellent enantioselectivities and good to excefigntliastereoselectivities. Due to the
lower reactivity of the tertiar{}nitroestersl63 over secondarytnitroestersl58the use of the
more active methoxgubstituted catalyst62 was regiired to achieve good levels of conversion.
Furthermore, they found that the use of the bulky arylesters (Ar-P&(&H4) enabled a drastic
increase in the diastereoselectivity of the reactions. Although they demonstrated a good substrate
scope, the radion of N-Boc alkyl imines failed to give any of the desired products due to

decomposition of these imines under their reaction conditions.
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Scheme 101Bis-Amidine-Catalyzed Reactions of TertiadNitroesters

N-Boc R2 162 (5 mol%)
| + E——
R1) O,N™ "COLAr toluene
163 -78t0 -20 °C,
(1.1 equiv) 48 h to 3.5 days
Boc.
°°>NH
R1 S COZAI'
RZ NO,
161
73-88%
5->20:1 dr

94-99% ee

R1 = 4-C|CGH4, 4-MeSCGH4, 4-Ph806H4, 4-MeCGH4,
4-MeOCgHy,, 2-naphthyl, 2-furyl
R? = Me, Et, "Pr, "Bu
Ar = 2,6-Pr,CgHs

Shibasakiet al. have also published a highly enantioselective fdemnich protocol for the
reaction ofN-Boc-imineswith U-nitroestersl64 (Scheme 102154 They found that their G&m
Schiff base compleX13, which had successfully cataga nitrcMannich reactions of simple
nitroalkanegsee Scheme 61} '4resulted in poor stereoselectivity. They instead found that the
homodinuclear NtSchiff base complexl65 was a very efficient catalyst th@nabledthe
formation of anti-Urnitro-b-amino acid esters 166 in excellent vyields diasteree and
enantioselectivities. The reactmgave uniformly high yields and selectivities for a range of aryl,
heteroaryl and alkyl imines, although the reactions of enolizable alkyl imines neede

performed at lower temperatur@is anti-selective synthesis d@Fnitro-b-aminoacid esterd 66
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provides a compl e ment aamidinedG-tatalyzddsyntresislobynlh st o n 6 s

nitro-b-aminoacid esterd61

Scheme 102Homobimetallic Ni-Schiff Base Complexatalyzd NitroMannich Reactios of

Tertiary U-Nitroesters

165 Boc .

NBOC COBU (1,10 moi%) NH
R R1/S/COZ’BU
R NO,  THF,4AMS 16
164 -40°Ctort R 2
(1.1 equiv) 12-36 h 166

67-96%
86:14->97:3 dr (anti)
91->99% ee

R' = Ph, 4-MeOCgH,, 4-MeCgH,, 4-CICgHy, 4-FCgH,,
3-thienyl, CH,Bn, "Bu, ‘Bu
R2 = Me, Et, "Pr, Bn

=N "N=
Q NI >>3
O\ /o
»
O/ I\O

In 2008, Cheret al. reported the highly enantioselective reactiorteniary U-nitroesters with
N-Boc-aryl imines catalyzed by thioured67 (Scheme 10B'™° The reaction proceeded with
moderate to good yields to give a rangdJafitro-b-amino acid ester moderate to goodnti

diastereoselectivities and with excellent enantioselectivities. The authors alsedeqmore

preliminary workinto the elucidation of the mechanism of the reaction.

Scheme 03. ThioureaCatalyzed NitreMannich Reactions of TertiakyNitroesters
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Boc.
N-Boe NO, 167 (10 mol%) NH

Jj * 5 CO,Me
R R CO;Me m-xylene, 4A MS /\(

(1.5 equiv) -20°C,72h R' NO,
38-86%

91-96% ee

4-17:1 dr

R = Ph, 4-CF3CgHy,, 3-CICgH,, 2-CICgH,4, 4-MeCgHy,,
3-MeCgHy, 2-furyl, 2-thienyl
R' = Me, Bn, 'Pr

CF3

Ph S /@\
Ph:ka)J\N CF4
ng HoH
O 167

There have also been a number of reports of féemnich reactions di-nitroestergoromoted
by phase transfer catalysts. In 2008, €wal. reported thaiseof chiral ammonium betaing&68
to catalye the reaction betweed nitroestes and N-Boc aryl imines (Scheme 10456 The
productb-nitroamines were formed in excellent yield andreiwselectivities for a range of aryl
and alkyl imines. Although theyndiastereoselectivities failed to compete with those reported by
Johnstonet al!®3 the level of enantiocontrol was excellent for both ther and anti-
diastereomersThe same group @nt on to report that simplified catalys$9 could be used to
catalyze the same reactions (Scheme ¥04jery similar results to those obtained with catalyst
168 were achieved with théknitro-b-amino acid esters being formed in excellent yields,
enantioselectivities and with moderatgndiastereoselectivities. However, no exampleNof

Boc-alkyl imines were given with the reactions catalyzed 69.

Scheme D4. Phase Transferafalyzd NitroMa nni ¢ h Re-Nitoestesns of U
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1680r 169  Boc.
-Boc  cO,BU (1 mol%) NH
N : t
1, -C05Bu

J +
R R2” "NO, toluene 3
0°C,3-24h R?2 NO,
With 168: 91->99%
97-99% ee (syn)
2-5:1 dr (syn)
With 169: 90-99%
90-96% ee
2-6:1 dr (syn)

R1 = 4-C|C6H4, 4-BI'C6H4, 4-MeOCeH4, 4-MeOZCC6H4,
2-MeCgHy, 2-furyl, 1 naphthyl CH,Bn, (CH,);Me

(1.1 equiv) (1.0 equiv)

= Me, Et
OO cl Cl QO O Ar
Me— N\Me
Seeeh e TSy
Cl
169
(Ar tBUC6H4

In 2009, the group of Puglisi and Benaglia reported the use of protonated thiourea t@éalyst
in the reaction of a variety dfi-protected imines wittiknitroesters (Scheme 1)0%8 Although
this catalyst gave a good yield and enantioselectivity for the reactidBot-phenylimine with
ethyl 2nitropropionate (81%, 81% ¢, all other protecting groups and imine substituents
resulted in only moderate yields and enantioselaigs/i Furthermore, the reactions only

displayed very poor, if any, diastereoselectivity (no diastereomeric ratios were reported for the

majority of examples).

Scheme D5. Nitro-Mannich Reactions di-Nitroesters Catalyzed by Protonated Thiouk@a
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R

NR R2 170 (10 mol%) 1N
I —————— g1~ COaE
R1 02N COZEt CH20|2 ’//
0°C,24h O,N R?
(1.05 equiv) 48-81%
27-81% ee

R = Cbz, CO,Me, COPh, Boc, PMP
R' =Ph, 4-MeOCgHjy, 4-CICgH,, COLEL
R2 = Me, Et

A3V
/N - W
Bn TO(\H N H ©

_N? OAc
170 Me @ Me

In 2011, the group of Huang and Dong reported the use of thihibisea catalystl43
developed by Nagasave al,'*! in asymmetric nitréMannich reactions oN-Boc ary imines
with Unitroesters(Scheme 106'%° The products were formed in moderate to good yields,

enantioselectivities amghti-diastereoselectivigis.

Scheme D6. Bis-ThioureaCatalyzed NitreMannich Reactions di-Nitroesters

.Boc
.Boc NO, 143 (5 mol%) HN

JN v CO,Et
R R "COzEt K,CO; (1 equiv) -
~ THF,-20°C,12h O,N R2
(1 5 equw) 42-80%
62-88% ee
3.3-7.6:1 dr

R1 = Ph, 2-C|06H4, 3-BrC5H4, 4-FCGH4, 4-MeCGH4,
1-naphthyl, 2-furyl, 2-thienyl
R?= Me, Bn, 'Pr

=
3 ~ 3
TYNNOT
S Bn Bn S
CF3 143 CF3

0. REACTIONS OF U-NITROPHOSPHONATES
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In 2008, Johnstoret al. reported the first stereoselective nivtannich reactions ol
nitrophosphonates171 with N-Boc aryl imines for the synthesis ofanti-U-nitro-b-
aminophosphonatek72 (Schene 107.26° The use of a stécally large phosphonate estéR =
OCHPr) was found to be essential to achieve simultaneously high enaatid
diasteeoselection in the reactions. Bimidine catalystl32 was used to formanti-U-nitro-b-
aminophosphonatesl72 in good yelds and moderate to excellent diastereand
enantioselectivities. The authors also demonstrated that the products could be easily converted to

the correspondingnti-Ub-diaminophosphonic acids.

Scheme D7. The First NitreMannich Reactions dNitrophosphonates

Boc .
_Boc Q 132 (10 mol%) NH O
N Me. PR
J + \r 2 R PR,
R CICH,CH,CI
NO, 4 AMS, -20 °C O,N Me
171 7 days 172
(1.0 equiv) 46-86%
2-15:1 dr

67-99% ee

R' = Ph, 4-CICgH,, 3,4-(Me0),CgHs, 4-MeOCgH,4, 4-PhOCgH,,
4-allyloxyCgH,, 4-MeCgH,4, 4-MeO-3-MeCgH3, 4-MeO-3-BrCgHs,
4-MeSCgHy,, 4-PhSCgHy4, 4-PhCgHy, 2-naphthyl, 4-AcOCgH,
R = OCHPr,

T)SOTf
(H

H

HoN  N-H
N

8\1

—H Ng\ /2
132
In 2010, Gajda et al. reported a racemic nitlBlannich reaction of diethyl

nitromethanephosphonate 173 (Scheme 108)! The authors demonstrated that

tetrabutylammonium bromide (TBAB) was an effective PTC fbe reaction of diethyl

nitromethanephgphonate 173 with N-carbamoyl imines formeih situ from U-amidosulfones.
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They used TBAB in combination with ;KOs for the synthesis of a range synUnitro-b-
aminophosphonate$74, which couldbe isolaed in good yields (788%) However, due to
rapid epimeriation during purification the diastereoselectestiwere low. To overcome this
problem reduction to the corresponding correspongiytgUb-diaminophosphonates75 was
performed. The reduction products were formed in moderate yields for a range of aryl and alkyl
imines. Although the diastereoselectivitiezere excellent for the aryl imines, the alkyl imines
suffered from much lower selectivities. The authors also attempted thévatmoich reaction of
larger homologues of diethyl nitromethanephosphobatethese were found to be unreactive
under their eaction conditionsIn the same articleGajda reported the second example of an
asymmetric nitreMannich reaction ofU-nitrophosphonatesThe authos reported a single
example of an asymmetrieaction catalyzed bthioureal25 (Scheme 108). TheynU-nitro-b-
aminophosphonatel75 was formed in excellent conversiobut with only moderate

enantioselectivity and low diasemrselectivity.

Scheme 08 TBAB- and ThioureaCatalyzed NitreMannich Reactions of Diethyl

Nitromethanephosphonate
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R2
N’ : RZ
| (1.03 equiv) TBAB (10 mol%) NH O
T Ts ——————> i~ POE,
KoCOs5 (5 equiv) :

i toluene, rt, 26 h NO,
O,N___P(OEt), 174
173 57:43-100:0 dr
125 (20 mol%) ~NaBH,
K,CO3 (5 equiv) NiCl,+6H,0
toluene, -20 °C MeOH
8 days R2.
(R" = Ph, R® = Boc) NH O
r17 > P(OED,
Boc.. N
OC~NH 0 NH,
: 175
P(OEt
P>y T (OF2 43-75%
NO, 58:42-100:0 dr
174 R' = Ph, 4-MeOCgH,,
94% conv. 4-CICgH,, 2-furyl, Me, Et

FsC CF
58:42 dr 3 3 2 _
67% ee ©/ R®=Boc, Cbz

MeO

10. CONJUGATE ADDITION NITRO -MANNICH REACTIONS

In Section2.6 a number of earlgxamples of conjugate atidn/nitro-Mannich reactions were
discussed. These reactions invalvéhe conjugte addition of either hydride orcarbon
nucleophiles to nitroalkenes form nitronate species thatibsequently react in nitldannich
reactions.Since these early reportisete havebeen a variety of novel conjugate additiatrb-
Mannich reactios developed to providaccess to a variety of different products, including
piperidines, pyrrolidines, cyclobutanes and acyblcitroamines.The benefit of these tandem
procesesis that theyenable greater levels of structural diversity to be achieved in fewer

synthetic steps and from simpler starting materials.

10.1. Organocatalytic Reactions of Carbon Nucleophiles
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Conjugate addition/nitrdlannich/hemiaminalization cascade réaas have been
demonstrated to provide eaagcess to highly enantioenriched substituted piperidinesfirBhe
examples of such reactiomsere reported indepdertly by the groups oKu,'6? Hayasht®3 and
Barbas 11164 These groups used similar chemidioy the synthesis o& 3-nitropiperidines via
the asymmetric organocataga conjugate addition of aldehydes to nitroalkenes and subsequent
reaction of the resulting nitroalkane with an imine in a Aflannichreaction. Theé-nitroamine
products the undergo a hemiaminigation reactionto form the piperidine products (Schemes
109 to 11). Xu et al. utilized two organocatalystgrolinol 176 to catalyz the conjugate
addition and thioureal77 to catalyze the nitrdlannich/hemiaminaliation, in a ongot
threecomponent cascade reaction sequef@gheme 109)%2 Hemiaminals178 were formed
with excellent enantioand diastereoselectiies but only moderate yiekl The reaction also

failed to give acceptable results when it was applied to atkyles.

Scheme D9. OnePot ThreeComponenConjugate Addition/NitreMannich Reactions

- 176 5 mol%
2\/0 O Rz/\/ 2 ﬂ

RS 177 (15 mol%)
(2 equiv) (2 equiv) (1 equiv) toluene, 12°C
28-54 h
OH
1
R N _Ts
178a . .
47-711% R? ‘R®
98->99% ee NO,

R' = "pentyl, Me, Et, Bn
R? = Ph, 4-MeCgH,, 3-CICgHy, 2-BrCgH,, 2-furyl
R3 = Ph, 3-FCgH,, 4-MeCgH,, 4-CNCgH,, 2-furyl

CF3

Ph Me,N s

Y AL
OSiEts iPr” N7 N CF
176 H H 3

177



Hayashiet al. usedprolinol 179to catalye the conjugate addition reacti(®cheme 110%63In
order to affect the d#red nitreMannich/hemiainalization reaction asolvent swap to
1,4-dioxane, beforentroduction ofthe imine and catalytic KCOs, was required. Thauthors
also demonstrated that the hemiamins® could be substituted with allyltrimethylsilane or
trimethylsilylcyanide, furnisimg piperidines181 in good yields and excellent enantiand
diastereoselectivities. The drawback of this method is that it requires two solvent swaps to

achieve good yields and selectivities.

Scheme 10. ProlinolCatalyzed Conjugate Addition/NitreMannichyHemiaminalization

Reactions

Rl
179 (5 mol%
R1\/CHO + RZ/\/NO2 ( i \<
R2"

toluene, rt
(1.2 equiv) (1.0 equiv) evaporation
NO,
R3_N. 4
~oNNs . OH . R
(1.2 equiv) N’NS R*TMS N’NS
K>,CO3 (20 mol%) RZ\\“‘ "1//R3 TiCly, CH,Cl, sz“ "///Rs
1,4-dioxane, rt -78 to -40 °C
evaporation NO, NO,
180 181
66-88%
93-99% ee
Ph R'= Me, Et, "Pr
N ph R?=Ph, 4-MeOCgH,, 4-BrCgHj, 2-furyl
H  Otms R3 = Ph, 4-MeOCgHy, 4-BrCgHy
179 R*=allyl, CN

Barbas lllet al. used primary amireontaining thiourea catalyéB82to promote the conjugate
addition of silyloxy acetaldehyd@83 (Scheme 1113%* Although no solvent swaps were
required, the addition of TMG and acetic acid wasequired to achieve good yields of
hemiaminalsl84. The products were formed in excellent enantiosei¢ies and with moderate

to excellent diastereoselectivities. The relative stereochemistry of the medisecbund to be
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highly dependent on the nitroalkene substituent as with several analogues, especially electron
deficient analogues, the&£epimerl84b was isolated as the major product. This was beli¢ved

be due to an epimeafion process after the initifdrmation of184a.

Scheme 11 ThioureaCatalyzed Conjugate Addition/NitreMannichHemiaminalization

Reactions

Several other examples of conjugate addition/AMiemnich/hemiaminalization reactions were
reported by Yadaet al. (Scheme 11p!65166 They extended the scope of this reaction to the
conjugate addition of cyclohexanone and -tyg&lohexanedioneUsing prolinol based catalyst
179 they formed a range otis-decahydroquinolines185 from cyclohexanoné® and
octahyroquinolines186 from 1,3cyclohexanedion&® The products were formed in good to

excellent yields and with excellent diasterand enantioselectivities.



