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Chapter |

Background

1.1. Asymmetric Brgnsted Acid Catalysis

The start of the Zicentury has brought with it an explosion of growtlihe area
of purely organic catalysts, which have emerged #srd class of powerful asymmetric
catalysts, in addition to enzymes and syntheticamesmplexes.Organocatalysis has
been defined as acceleration of chemical reacbyrmurely organic and metal-free small
molecules in a substoichiometric quantity.Small organic molecule catalysts are
generally stable to oxygen and moisture and aendfased on nontoxic compounds.

In this area, asymmetric Brgnsted acid catalysis bacome the subject of
increasing interest among chemists and has grgdi@tome a powerful tool for
building complex molecular skeletohdhe most studied chiral Brgnsted acid catalysts

have been ureas/thioureas, chiral diols, phosplacrds and cinchona alkaloids.

1.1.1. Thiourea Derivatives

Curran and co-workers initially discovered thattie presence of an electron-

poor diaryl ured, the stereoselectivity of the radical allylatidisalfoxides was altered.

!List, B.; Yang, J. WScience2006 313 1584. MacMillan, D. W. CNature2008 455, 304.

2 For reviews on organocatalysis, see: Dalko, PMbjsan, L.Angew. Chem. Int. E®001, 40, 3726.
Dalko, P. I.; Moisan, LAngew. Chem. Int. EQ004 43, 5138. ¢) Seayad, J.; List, Brg. Biomol. Chem.
2005 3, 719; d) Berkessel, A.; Groger, H. (EdsAsymmetric Organocatalysi§Viley-VCH, Weinheim,
2005 Jaroch, S.; Weinmann, H.; Zeitler, BhemMedCher007, 2, 1261. Pellissier, HTetrahedror2007,
63, 9267. Dondoni, A.; Massi, AAngew. Chem. Int. E@008 47, 4638.

% For recent reviews on asymmetric Brgnsted acidlysis, see: Bolm, C.; Rantanen, T.; Schifferszani,
L. Angew. Chem. Int. EQOO0S5 44, 1758. Akiyama, T.; Itoh, J.; Fuchibe, Kdv. Synth. Catak006 348
999. Taylor, M. S.; Jacobsen, E. Ahgew. Chem. Int. EQ006 45, 1520. Doyle, A. G.; Jacobsen, E. N.
Chem. Rev2007, 107, 5713. Akiyama, TChem. Rev2007, 107, 5744. Yu, X. H.; Wang, WChem. Asian
J. 2008 3, 516. Palomo, C.; Oiarbide, M.; Lopez, Ghem. Soc. Re2009 38, 632.

“ Curran, D. P.; Kuo, L. Hl. Org. Chem1994 59, 3259.
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They also found that the same catalyst was ableacielerate a dipolar Claisen

rearrangement.

Figure 1. Thiourea

CF, CF,

jj\
CgH170,C” i "N~ N7 i ~CO,CeH
gr17vV2 H H 287

Brensted acid
1

Jacobsen and co-workers first brought the ureafteederivatives to asymmetric
synthesis in 1998. From a parallel synthetic lipr&a was discovered to catalyze the
enantioselective hydrocyanation of a broad variefyimine substrates with high
enantioselectivity (Scheme 1, eq®iSubsequently, Jacobsen’s thiourea catalysts came t
be utilized in the asymmetric Mannich-type reactainsilylketene acetal wittN-Boc-
aldimines (Scheme 1, eq 2)he hydrophosphonylation of imines with bis(2-ofitenzyl)
phosphite (Scheme 1, eq®3nd the aza-Baylis-Hillman reaction léfnosyl imines with

methyl acrylate (Scheme 1, eq®48)ll with high enantioselectivities.

® Curran, D. P.; Kuo, L. HTetrahedron Lett1995 36, 6647.

® Sigman, M. S.; Jacobsen, E.N.Am. Chem. So&998 120, 4901. Vachal, P.; Jacobsen, E.QNg. Lett.
200Q 2, 867. Sigman, M. S.; Vachal, P.; Jacobsen, EAmgew. Chem. Int. EQ00Q 39, 1279. Vachal, P.;
Jacobsen, E. Nl. Am. Chem. So2002 124, 10012.

"Wenzel, A. G.; Jacobsen, E. N.Am. Chem. So2002 124, 12964.

8 Joly, G. D.; Jacobsen, E. Bl. Am. Chem. So2004 126, 4102.

® Raheem, I. T.; Jacobsen, E.Atlv. Synth. CataR005 347, 1701.
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Scheme 1Thiourea Catalyzed Asymmetric Reactions Reporteddrpbsen

I
Me Bu S Q 2a: R,=Bn, R,=CO,/Bu
J\ = 2b: Ry=Bn, R,=Bu

N ~ —
R \([DI/\H N N 2¢: Ry=Me, R,=CO,'Bu
HO R?
Bu
Strecker
N/R2 1. 21332/:1,6% FchC\N,R2
/U\ HeN 2. TFAA /E\ o
R H R! CN
77-96% ee
Mannich

-

Boc Boc
N )’1‘35 5 mol% 2b SNH OO @
T owene A
R)LH oPr toluene R ofpr

86-98% ee

nz

hydrophosphonylation

NO, NO,

i i
_Bn O’P\ O/P\/R
N ol H 10 mol% 2¢ d H
L —_— NHBn  (3)
R H toluene, 23 °C
NO, NO,

81-98% ee
aza-Baylis-Hillman
N
N oo DABCO HNT
e 0,
N 2! 10 mol% 2¢ COMe @
/”\ | xylene, 4 °C Ar
Ar H
87-99% ee

The scope of thiourea catalysis was also extendetie enantioselective acyl-
Pictet-Spengler reaction. With the modified thiauoatalysB, indole4 was converted to

tetrahydroB-carboline5 in good yields with high enantioselectivity (Scheg)™°

1 Taylor, M. S.; Jacobsen, E. Bl. Am. Chem. So2004 126, 10558.
3



Scheme 2

AcCl, 2,6-lutidine Bu

X A Bu S
R | 5-10 mol% 3 R | e Ao L
[ —_— | P W
N NAc B N N
N f E0 Z N ! \ﬂ/\H H
& R 0 Mew_N\__Ph
3 \@/

5
86-95% ee

More recently, Jacobsen and co-workers used pricuaige thiourea cataly6tin
the direct conjugate addition eofa-disubstituted aldehydes to nitroalkenes, achieving
excellent enantioselectivities while forming a reneld quaternary center (Scheme 3, eq
5).1 The same catalyst was also applied in the enaigictive conjugate addition of

ketones to nitroalkenes (Scheme 3, etf6).

Scheme 3
0 20 mol% 6 0 R?
500 mol% H,O
H R! Rz/\/NOZ ° Mp > )g/l\/Noz (5)
CHClp, 23°C  H™ %
Me RY 'Me I\I/Ie Bu )SI\
92-99% ee N A~ “
Bn” \n/\N N
" H H
0 NH,
o o R 6
NO 10-20 mol% 6
I N TR0, NO: (6)
R! toluene, rt R

2
86-99% ee

D

Takemoto and co-workers developed novel bifunctioi@ourea catalyst7,
bearing a tertiary amine moiety, with which theytasbed high enantioselectivity and

good yields in both the Michael addition of mal@sato nitroolefins (Scheme 4, ed%7)

| alonde, M. P.; Chen, Y.; Jacobsen, EAxgew. Chem. Int. EQ00§ 45, 6366.

2 Huang, H.; Jacobsen, E. Bl.Am. Chem. So2006 128, 7170.

13 Okino, T.; Hoashi, Y.; Takemoto, YI. Am. Chem. So2003 125 12672. Okino, T.; Hoashi, Y.;
Furukawa, T.; Xu, X. N.; Takemoto, ¥. Am. Chem. So2005 127, 119.
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and the Michael addition of malonitrile top-unsaturated imides (Scheme 4, ed“8).
They proposed the catalyst had a bifunctional ratgivating both the electrophile via
hydrogen boding with the thiourea, and the nucldepha assisted deprotonation using
the dimethyl amine (Figure 2). They also used thmes catalyst in the aza-Henry

reaction, which will be further discussed in thetrgection.

Scheme 4
10mol % 7 EtO,C._ _CO,Et
mol 7
XN g0, coet ———— @
toluene, rt R NO; CF,
81-93% ee S
F3C N NY

CH5(CN),

o o H
/\)J\ 10mol % 7 (NC)ZHC>$/U\ 7 NMe,
R N (8)

toluene rt

84-92% ee
Figure 2. The Transition-state Model of Michael Addition Ugihiourea Catalyst

CF;

FaC

Another bifunctional thiourea organocatal@tbased on the BINAM scaffold,
was developed by Wang and co-workers to promotetizatioselective Morita-Baylis-
Hillman reaction of cyclohexenone with aldehydesydpicing allylic alcohol building

blocks in high yields and high enantioselectiviti§sheme 5, eq 9%.The same catalyst

4 Hoashi, Y.; Okino, T.; Takemoto, YAngew. Chem. Int. E@005 44, 4032.
Wwang, J.; Li, H.; Yu, X. H.; Zu, L. S.; Wang, \@rg. Lett.2005 7, 4293.

5



can efficiently catalyze the Michael addition okeliones to nitroalkenes, delivering high

enantioselectivity with as low as 1 mol% catalgstding (Scheme 5, eq 18).

Scheme 5

"o
I

CF3

(0] (6]
R (©) j\
0, Q
H H

0 10 mol% 8
_—
R)I\H CHsCN, 0°C
Me

0 0 i i N CF,
1 mol% 8 \
)j\/u\ Ar/\/Noz - > Me Me (10) Me
Me Me Et;0, t NO
2
Ar

8

~

88-97% ee

Since then, various thiourea catalysts have beealgged by several groups to
achieve a wide range of enantioselective reactiochyding acylcyanation of iminég,a
three-component acyl-Strecker reactiB®etasis-type reaction of quinolin€sransfer
hydrogenation of nitroolefin& Pictet-Spengler-type cyclizations of hydroxylacsh
formal imine-allene [3+2] cycloadditiorf$,enolate addition to oxocarbenium idfis,
Claisen rearrangement$, formal [3+2] cycloaddition of azomethine vylides thi

nitroalkene&’ and aldol additions af-isothiocyanato imides to aldehyd@s.

®Wwang, J.; Li, H.; Duan, W. H.; Zu, L. S.; Wang, ®tg. Lett.2005 7, 4713.

'pan, S. C.; Zhou, J.; List, Bngew. Chem. Int. E@007, 46, 2971.

8 pan, S. C.; List, BOrg. Lett.2007, 9, 1149.

% Yamaoka, Y.; Miyabe, H.; Takemoto, ¥. Am. Chem. So2007, 129, 6686.

2 Martin, N. J. A.; Ozores, L.; List, Bl. Am. Chem. So€007, 129 8976. Martin, N. J. A.; Cheng, X.;
List, B. J. Am. Chem. So2008 130, 13862.

2 Raheem, |. T.; Thiara, P. S.; Peterson, E. Aoldsen, E. NJ. Am. Chem. So2007, 129, 13404.
% Fang, Y. Q.; Jacobsen, E. N.Am. Chem. So2008 130, 5660.

% Reisman, S. E.; Doyle, A. G.; Jacobsen, EJ.NAm. Chem. So2008 130, 7198.

% Uyeda, C.; Jacobsen, E. N.Am. Chem. So2008 130, 9228.

5 Xie, J. W.; Yoshida, K.; Takasu, K.; Takemoto, T¥etrahedron Lett2008 49, 6910.

21, L.; Klauber, E. G.; Seidel, Ol. Am. Chem. So2008 130, 12248.
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The natural product cinchona alkaloids (Figure ayenrecently been widely
applied in organocatalysfs. While they are commonly used as chiral Lewis base
catalysts, some modified cinchona alkaloids inccapog a thiourea moiety have been

developed, which act as bifunctional organocataf{st

Figure 3. Cinchona Alkaloids

R4=H, Ry=vinyl, cinchonidine (CD) R4=H, Ry=vinyl, cinchonine (CN)
R4=H, R,=Et, dihydrocinchonidine (CD-1) = R4=H, R,=Et, dihydrocinchonine (CN-1)
R1=OMe, R,=vinyl, quinine (QN) R41=OMe, R,=vinyl, quinidine (QD)

R,=OMe, R,=Et, dihydroquinine (QN-1) R1=OMe, R,=Et, dihydroquinidine (QD-1)

Sobés and co-workers first reported a cinchona eiétddased thiourea cataly$td)
which was used in the enantioselective Michael temdiof nitromethane to chalcones
(Scheme 6, eq 113° Connon and co-workers utilized the same catalystain
enantioselective Michael addition of malonate tmoailkenes (Scheme 6, eq £2Bince
then,9a, or the similar catalydb, was utilized universally in the conjugate addhtmf a

wide range of nucleophilic enol species to enonesitooalkenes (Scheme 6, eq £3).

%" Kacprzak, K.; Gawronski, JBynthesis2001, 961. Tian, S. K.; Chen, Y. G.; Hang, J. F.; Tahg,
McDaid, P.; Deng, LAcc. Chem. Re2004 37, 621.

2Eor a review, see: Connon, SChem. Commur2008 2499.

#'vakulya, B.; Varga, S.; Csampai, A.; SoosOFg. Lett.2005 7, 1967.

30 McCooey, S. H.; Connon, S.Angew. Chem. Int. EQ005 44, 6367.

3Lye, J. X.; Dixon, D. J.; Hynes, P. Shem. Commur2005 4481. Wang, J.; Li, H.; Zu, L. S.; Jiang, W.;
Xie, H. X.; Duan, W. H.; Wang, Wl. Am. Chem. So2006 128 12652.

7



The methodology was further applied in the sterectige synthesis of functionalized

nitrocyclopropanes (Scheme 6, eq 4).

Scheme 6

9a: R=Et
9b: R=vinyl

o ON

o

10 mol% 9a, CHzNO,
X N > N (11)
| —R toluene, rt | —R!
R! F 4

89-96% ee

10 mol% 9a MeO,C -CO:Me

MeO,C__CO,Me Ar/\/Noz - . (12)
toluene, rt ¥ _NO;
Ar
75-99% ee
X v E 9a or 9b X Y
~ AT . E (13)
solvent A
X=Y=CO,R, COR,CN  E=COR, NO, r
X=CO,R, Y=COR, NO, up to 98% ee
1) 2 mol% 9a
CH,Cl, MeO,C_ ,CO,Me
NO 2) filter K/NO
MeO,C._COMe , N2 )fiter ) 2 (14)
3) HMPA, DBU S
Cl Ar
high dr

moderate ee

The cinchona alkaloid-based thiourea catal9$l) (has also been applied to the
Mannich reaction of malonates witt+tBoc imines (Scheme 7, eq 18)and as well as
intramolecular oxa-Michael addition of a phenoptketoester alkylidenes (Scheme 7, eq
16)3* A subsequent acid-catalyzed decarboxylation was ttonducted in the same pot

to provide flavanone derivatives. The strategy Wwather extended to a Knoevenagel

32 McCooey, S. H.; McCabe, T.; Connon, SJ.JOrg. Chem2006 71, 7494.

% Song, J.; Wang, Y.; Deng, lI. Am. Chem. So2006 128 6048. Song, J.; Shih, H. W.; Deng, Qrg.
Lett. 2007, 9, 603.

% Biddle, M. M.; Lin, M.; Scheidt, K. AJ. Am. Chem. So2007, 129, 3830.

8



condensation/Michael addition/decarboxylation segaan the presence 8b to achieve

a one-pot synthesis of the natural product flindetsyomanonel() in good yield and

high ee (Scheme 7, eq 17).

Scheme 7

_Boc

X

R H

HN
20 mol% 9b

acetone, -60 °C
CO,R

OH O Ph
=
CO,/Bu

20 mol% 9b

toluene, 22 °C
(97%)

COR' .
[

@f‘jlcoztm
0" ""Pn

Boc
COR (15)

CO.R'

(o}

(16)

80% ee
>20:1 dr

1. 5 mol% piperidine
5 mol% AcOH
20 mol% 9b, 4 AMS
toluene, 23 °C

2.TsOH, 80 °C
(77%)

OH o

e}
@)H HJj
f)
CO,'Bu Ph

CO,'Bu (17)

o pn

10
80% ee

Rouden and co-workers reported using a similarhmna alkaloid-based thiourea

(11 in a stoichiometric amount to effect an enantedése decarboxylative protonation

of aminomalonate&?2, affordinga-aminoesterd.3in an enantioenriched form (Scheme 8,

eq 18)3° The same catalyst was also used for asymmetrijugate addition of

nitroalkanes to vinyl sulfon&4 (Scheme 8, eq 18§.The resulting adducts5 could be

further converted ta-alkylated chiral amines6.

% Amere, M.; Lasne, M. C.; Rouden,Qrg. Lett.2007, 9, 2621.
% Zhu, Q.; Lu, Y. X.Org. Lett.2009 11, 1721.



Scheme 8

R COH R OMe
re, k€02 100 mol% 11 R, e —
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1.1.2. Chiral diols

Chiral diols and biphenols such as BINOL and TADDRdve long been used in
metal complexes for asymmetric catalysis. It wasumdil 2003 that chiral diols found
their application in general acid catalysis, wheam@l and co-workers reported that
(RR)-1-naphthyl TADDOL (7) catalyzed hetero-Diels-Alder reactions of amieoeis
with a variety of aliphatic and aromatic aldehydBse cycloadduct enol ethers3j were
further transformed to dihydropyron&8 when treated with AcCl (Scheme 9, eq %0).
Later, the same group extended this mode of casatgsthe all-carbon Diels-Alder
reaction of Rawal's diene with substituted acradeio afford20 (Scheme 9, eq 2%5.
Later, they reported an enantioselective and diesselective Mukaiyama aldol reaction
using the slightly modified cataly&tl (Scheme 9, eq 23§.Most recently, TADDOL21
was used in the asymmetric Mukaiyama aldol reactietweenN,O-ketene acetal and

acetyl phosphonat®.

3"Huang, Y.; Unni, A. K.; Thadani, A. N.; Rawal, WM. Nature2003 424, 146.

% Thadani, A. N.; Stankovic, A. R.; Rawal, V. Ptoc. Natl. Acad. Sci. US2004 101, 5846.
3 McGilvra, J. D.; Unni, A. K.; Modi, K.; Rawal, \H. Angew. Chem. Int. E@006 45, 6130.
“0Gondi, V. B.; Hagihara, K.; Rawal, V. Angew. Chem. Int. E@009 48, 776.
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Scheme 9
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—_—
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89-99% ee
97:3-99:1 dr

(20)

@

(22)

Also by using catalysii7, Yamamoto and co-workers achieved tianitroso

aldol reaction of enamines in 77-91% ee (Schemed @3). Interesting chemoselectivity

was observed that the glycolic acid derivat®2 could also catalyze the reaction but

instead afforded th@®-nitroso aldol products with high enantioselectiischeme 10, eq

24) 1

“I Momiyama, N.; Yamamoto, H. Am. Chem. So2005 127, 1080.
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Scheme 10
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H 30 mol% 22 ~NHPh (24) o
~Ph Et,O, -78 °C OH
92% ee 2
77% yield

The enantioselective hetero-Diels-Alder reactiotmieen Brassard’'s diene and
aldehydes was achieved when TADD®ht17 was used as the catalyst (Scheme 11, eq
25). The utility of the methodology was demonstlaby a one-step synthesis of the
natural product §-(+)-dihydrokawain 23), in 50% isolated yield and with 69% ee

(Scheme 11, eq 263.

Scheme 11

MeO. MeO. oR
R H
20 mol% ent-17
</0Me Yy o \Q (25)
0 toluene, -60 °C Ar Ar

OTMS

0]

_919 Me_ O, OH
68-91% ee >< Ar=1-Np
Me™ o OH
MeO. MeO aw~_-Ph
Ph H' 20 mol% ent-17 | 26 Ar A
X _OMe _— (0] (26) ent-17
0 toluene, -60 °C
OTMS (0]
23
69% ee
50% yield

McDougal and Schaus utilized the axial chiralityadcteristic of BINOL

derivatives and designed a novel cataB4t applying it to the Morita-Baylis-Hillman

“2Du, H. F.; Zhao, D. B.; Ding, K. LlChem. Eur. J2004 10, 5964.
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reaction of cyclohexenone with aldehydes in gooeldg and high enantioselectivity
(Scheme 12J3 The asymmetric aza-Morita-Baylis-Hillman reactiorms achieved by
Sasai and co-workers using a novel bifunctional ®BINderivative 25 (Scheme 13§?
The pyridyl moiety plays the role of a Lewis bagel ahe diol moiety acts as the
Brgnsted acid. A similar bifunctional cataly% was also developed by the same group

to achieve the same gdal.

Scheme 12

Ar
o 10 mol% 24 ‘O
a PEt OH
)J\ — Ar=3,5-(CF3),CgHs
R” NH TTHF 0°C ‘ O oH

67-96% ee Ar

24

ry
CoCe CC
OH oH'
s9s s9s
25 26

Ts
(0] 0 HNT

NTTS 10mol% 25 :
R | R2J\H toluene/c-CsHgOCH3 R‘)H(\Rz
-15°C

87-95% ee

Scheme 13

nz

Recently, Wu and Chong developed BINOL derivadfa, which catalyzed the

highly enantioselective conjugate alkenylation teacof enones with borates (Scheme

*3McDougal, N. T.; Schaus, S. £.Am. Chem. So2003 125, 12094.

4 Matsui, K.; Takizawa, S.; Sasai, B.Am. Chem. So2005 127, 3680. Matsui, K.; Tanaka, K.; Horii, A.;
Takizawa, S.; Sasai, Hetrahedron: Asymmet3006 17, 578.

%> Matsui, K.; Takizawa, S.; Sasai, Bynlet2006 761.
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14, eq 27f° Schaus and co-workers demonstrated that similBORI derivatives27b
could deliver high levels of enantioselectivity toe allylboration of ketones (Scheme 14,
eq 28)%" and27cfor the allylboration of acyl imines (Scheme 14,29)* They further
extended the strategy to an asymmetric Petasidioraasing VAPOL catalys28

(Scheme 15§°

Scheme 14
CeHia
o} QMe 20 mol% (R)-27a = )
B
RJ\/\RZ CsH13/\/ “oMe 40 °C, PhCHg, 3A MS
R! R? X
82-98% ee OO
o oPr 15 mol% (S)-27b R2 OH OH (R)-27a: X=I
2N /\/EI’\ 35 °C, PhCHy PhCF5 1/'</\ (28) OH (S)-27b: X=Br
R” TR Z o'Pr ’ srhths R (S)-27¢: X=Ph
>90% ee
(¢] 0 X
P§ oPr 15 mol% (S)-27¢ S
N Ph é > HN Ph (29)
)j\ A"~y -35°C, PhCH,, 3AMS :
R” H RN
>90% ee
Scheme 15
opr R _R® O 15 mol% (S)-28 RN
! N > N (S)-VAPOL
R1/\/ ~oipr H H CO,Et -35°C, PhCHj;, 3AMS R‘/\)\COQEt 28
78-96% ee

“Wu, T. R.; Chong, J. Ml. Am. Chem. So2007, 129, 4908.

*"Lou, S.; Moquist, P. N.; Schaus, S.JEAm. Chem. So2006 128 12660.
8 Lou, S.; Moquist, P. N.; Schaus, S.JEAm. Chem. So2007, 129, 15398.
“9Lou, S.; Schaus, S. H. Am. Chem. So2008 130, 6922.
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1.1.3. Phosphoric Acids

In 2004, the research groups of Akiyahand Teradd independently developed
a new class of chiral Brgnsted acid catalysts basggzhosphoric acid, which initiated the
rapid development of this aréa.The phosphoric acid catalysts are proposed to be
bifunctional, featuring the BINOL backbone with thlkosphoric acid hydroxyl group as

the Brgnsted acid and the phosphoryl moiety as ¢wes base (Figure 4).

Figure 4. Chiral Phosphoric Acid Catalysts

R
OO o Q0 <A Lewisbase

o\

O O oH <3 Brensted acid
R

29a: R=4-NO,CgH,

29b: R=3,5-(CF3),CgH3
29c: R=2,4,6-('Pr);CgH,
29d: R=4-f-naphthyl-CgH,4
29e: R=3,5-dimesitylphenyl
29f: R=9-anthryl

29¢: R=SiPh;

Using their chiral phosphoric acid catalysts, Aknga and co-workers achieved
the asymmetric Mannich-type reaction of ketenel sibetal with aldimine (Scheme 16,
eq 30)>° the hydrophosphonylation of aldimines with diallpflosphite (Scheme 16, eq
31)>* the aza-Diels-Alder reaction of aldimines with 8ard’s dien¥ or Danishefsky’s

diene (Scheme 16, eq 32)the inverse electron-demand aza-Diels-Alder reactf

0 Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, Kngew. Chem. Int. EQ004 43, 1566.

*L Uraguchi, D.; Terada, Ml. Am. Chem. So2004 126, 5356.

2 For recents reviews on chiral phosphoric acidalysis, see: Connon, S.Angew. Chem. Int. EQ006
45, 3909. Terada, MChem. Commur2008 4097.

3 Akiyama, T.; Morita, H.; Itoh, J.; Fuchibe, Krg. Lett.2005 7, 2583.

**Itoh, J.; Fuchibe, K.; Akiyama, Angew. Chem. Int. EQ006 45, 4796.

% Akiyama, T.; Tamura, Y.; Itoh, J.; Morita, H.; Fhibe, K.Synlett2006 141.
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azabutadiene with electron-rich alkenes (Schemeei|633)>° and the Friedel-Crafts

alkylation of indoles with nitroalkenes (Scheme &6,34)>’

Scheme 16Chiral Phosphoric Acid-Catalyzed Asymmetric Reawdi®eported by Akiyama

Ho HO
j@ oTMs :@
10 mol% 29a HN
N Z “OMe H (30)
toluene, -78 °C = CO.M
AL Vo R
Me
>6:1dr
81-96% ee
oM OMe
e
oP
/©/ I 10 mol% 29b HNJ@/
N H—Pwgp, ——————> : (31
1l xylene, rt A
/”\ 0 R” “P(OPr),
R H 1}
(0]
52-90% ee
HO. OH
0, L s (X
5 mol% 29¢
N Me S - Me N (32)
)J\ P toluene, -78 °C
A SH oTMS Ar 0
76-91% ee
OR
A~ (i 10 mol% 29f (33)
z
N= Ar N toluene N A
OH H
OH
>20:1 dr
88-97% ee
R? NO,
R ) 10 mol% 29g RIS /
NO N (34)
\\ \ RN benzene/DCE N\ / \
N 3AMS, -35°C N

H
88-94% ee

Using similar chiral phosphoric acid catalysts, ade& and co-workers reported
the asymmetric Mannich reaction of 1,3-diketonedNiBoc aldimines (Scheme 17, eq

35)>! the direct alkylation of an-diazoester to aldimines (Scheme 17, eq°3&)e aza-

* Akiyama, T.; Morita, H.; Fuchibe, KI. Am. Chem. So2006 128, 13070.
*"Itoh, J.; Fuchibe, K.; Akiyama, Angew. Chem. Int. E@008 47, 4016.
%8 Uraguchi, D.; Sorimachi, K.; Terada, Ml. Am. Chem. So2005 127, 9360.
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Friedel-Crafts-type alkylation of an electron-rithian (Scheme 17, eq 3%)an aza-ene-
type reaction (Scheme 17, eq 88and the aldol-type reaction of azlactone with Viny

ethers (Scheme 17, eq 39).

Scheme 17Chiral Phosphoric Acid-catalyzed Asymmetric Reawsi®Rkeported by Terada
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86-97 %ee
0 o) o} o}
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H Ph Ar Ph Ar Ph
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Ar! OR! 5 mol% 29¢ NaOMe )
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= Rz»,/ OMe (
N CH,Cl,, 0 °C - t MeOH

AT PNHCOAR
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Rueping and co-workers first demonstrated the @isdical phosphoric aci@9b
as a catalyst for the asymmetric hydrogenationatinkines by Hantzsch est8f with

good enantioselectivity (Scheme 18, eq 20Bubsequently, they also successfully

%9 Uraguchi, D.; Sorimachi, K.; Terada, M. Am. Chem. So2004 126, 11804.

¢ Terada, M.; Machioka, K.; Sorimachi, Kngew. Chem. Int. E006 45, 2254.

®l Terada, M.; Tanaka, H.; Sorimachi, KX.Am. Chem. So2009 131, 3430.

%2 Rueping, M.; Sugiono, E.; Azap, C.; TheissmannBblte, M.Org. Lett.2005 7, 3781.
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applied the strategy to the asymmetric reduction goinolines®® benzoxazines,
benzothiazines, benzoxazinortéand pyridine$> You and co-workers employed chiral
phosphoric aci®9f in the enantioselective hydrogenationegiiminoesters (Scheme 18,

eq 41)°® which provided an organocatalytic approach to gaenricheda-amino acid

derivatives.
Scheme 18
. H H
N EtO,C COEt 20 mol% 29b HN/R
e L meewe A “o
’ A M
R=PMPorpPh M~ N Me e o
30 70-84% ee
H H

PMP PMP
/I’]i Etozcjfj[COZEt —— " (41)
—_—
R'” TCO,R Me N Me toluene, 60 °C R1J\COZR
::) 92-98% ee

Zhou and List described an elegant triple orgarabgtit cascade reaction (aldol
condensation/Michael addition/reduction) using @hiphosphoric acid catalys29c
(Scheme 19), which afforded 3-substituted cyclob@xynes in a highly enantioselective

mode®’

%3 Rueping, M.; Antonchick, A. R.; Theissmann,Ahgew. Chem. Int. EQ00§ 45, 3683.
% Rueping, M.; Antonchick, A. P.; TheissmannaAfigew. Chem. Int. E006 45, 6751.
% Rueping, M.; Antonchick, A. FAngew. Chem. Int. EQ007, 46, 4562.

® Kang, Q.; Zhao, Z.-A.; You, S.-lAdv. Synth. CataR007, 349, 1657.

%7 Zhou, J.; List, BJ. Am. Chem. So2007, 129, 7498.
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Scheme 190rganocatalytic Asymmetric Reaction Cascade to Bubed Cyclohexylamines
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OEt R
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enamine reduction
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NHPEP
® @
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condensation Michael
_— —_—
(0]
R R

Nakashima and Yamamoto encountered difficulty whgampting to use chiral
phosphoric acid catalysts for a Diels-Alder reactimost likely due to their low acidity.
Therefore, they developed chirdl-triflyl phosphoramide3la as a stronger chiral
Brgnsted acid and demonstrated its high efficieincthe Diels-Alder reaction of,p-
unsaturated ketones with silyloxydienes (Scheme e2p,42)° The similar N-triflyl
phosphoramide catalys3lb) was developed by Rueping and co-workers, andeappi
the first enantioselective Brgnsted acid catalyadarov reaction (Scheme 20, eq #3),
which provided the substituted cyclopentenones oodg yields and with high

enantioselectivity.

% Nakashima, D.; Yamamoto, H. Am. Chem. So2006 128 9626.
% Rueping, M.; leawsuwan, W.; Antonchick, A. P.; Ktsheim, B. JAngew. Chem. Int. E®007, 46,
2097.
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Scheme 20
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Besides common BINOL-based phosphoric acids, Anti#ind co-workers
developed a chiral phosphoric acid bearing a VAPKkiAckbone %2), which also
delivered high enantioselectivity in the hydrogeématof a-iminoesters (Scheme 21, eq
44)° The same catalyst also exhibited high efficiencyhie enantioselective addition of
amides or imides to imines (Scheme 21, eq 4%nd desymmetrization afeso
aziridines with TMSN (Scheme 21, eq 46%.Akiyama and co-workers described a
TADDOL-based phosphoric acid catalya® and applied it to an asymmetric Mannich-

type reaction (Scheme 22).

O1i, G. L. Liang, Y. X.; Antilla, J. CJ. Am. Chem. So2007, 129, 5830.

"' Rowland, G. B.; Zhang, H. L.; Rowland, E. B.; Chamadhavuni, S.; Wang, Y.; Antilla, J. €. Am.
Chem. Soc2005 127, 15696. Liang, Y.; Rowland, E. B.; Rowland, G. Berman, J. A.; Antilla, J. C.
Chem. Commur2007, 4477.

?Rowland, E. B.; Rowland, G. B.; Rivera-Otero, Antilla, J. C.J. Am. Chem. So2007, 129, 12084.

3 Akiyama, T.; Saitoh, Y.; Morita, H.; Fuchibe, Kdv. Synth. CataR005 347, 1523.
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Scheme 21
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1.2. Aza-Henry Reaction

The aza-Henry reaction, also known as the nitroi\Nt@mreaction, is a powerful
carbon-carbon bond forming reaction which involvi® nucleophilic addition of
nitroalkanes to imines (Scheme 237 base or an acid is usually necessary to either
generate the corresponding nitronate or activageirtiine, respectively. The aza-Henry
adductp-nitroamine 84) can be transformed into synthetically valuablenpounds such

as vicinal diamines by reduction of the nitro groggamino carbonyl compounds by the

" For recent reviews, see: WestermannABgew. Chem. Int. E®003 42, 151. Marques-Lopez, E.;
Merino, P.; Tejero, T.; Herrera, R. Bur. J. Org. Chem2009 2401.
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Nef reaction, or protected secondary amines by vamof the nitro group under free

radical conditions.

Scheme 23Aza-Henry Reaction and Transformations of Aza-Hekdgducts
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34

Ry

SN

l denitration

H\N/RZ

The discovery of the aza-Henry reaction can besttdzack to 1950, when Hurd
and Strong reported the condensation of nitromethéth N-benzylidene aniline3b) in
refluxing ethanol, affordingN-(2-nitro-1-phenylethyl)aniline36) in 65% yield (Scheme
24)." They also reported the nitroethane additioB%pwhich resulted in the aza-Henry
adduct in 35% vyield, however, there was no commoenthe diastereoselectivity of the

reaction.

Hurd, C. D.; Strong, J. S. Am. Chem. So&95Q 72, 4813.
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Scheme 24
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It was not until 1998 that chemists revisited tha-Blenry reaction and applied it
to the synthesis of vicinal diamines. Anderson awdworkers reported that the
deprotonated nitroalkanes (alkyl nitronate aniaesicted with PMB imines, producing
the aza-Henry adduct$-6itro amines,37) in greater than 90% yield with up to 10:1
diastereoselection favoring ttamti diastereomef® The adducts37) were reduced with
samarium diiodide and the PMB group was removet @AN, in good overall yields, to
give 1,2-diamines38) without erosion of diastereoselectivity (Schens@. 2n 2000, the
same group reported that Sc(QTdpuld catalyze the aza-Henry reaction, improviathb
the yield and diastereoselectivity. In the following year, Qian and co-workers
discovered Yb(@®Pr); was an excellent catalyst for the aza-Henry reactbf

nitromethane with sulfonylimines, affordirignitro amines in 81-100% isolated yields.

Scheme 25First Aza-Henry Reaction Applied in the Synthedi¥inal Diamines

1) "BuLi, THF,

-78 °C PMB~ NH;
N0z 2) PMBN=CHR? = o1 1) Smly THF/MeOH o
> > 2
Rl 3) THF, AcOH R? 2)CAN, MeCN/H,0 R /\I/
-78°Cto0°C NO, NH,

37 38

60-95% yield

up to 10:1 dr 45-77% yield

% Adams, H.; Anderson, J. C.; Peace, S.; PenneM A. J. Org. Chem1998 63, 9932.
" Anderson, J. C.; Peace, S.; PihSgnlett200Q 850.
®Qian, C. T.; Gao, F. F.; Chen, R.Tetrahedron Lett2001, 42, 4673.
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1.2.1 Metal-Catalyzed Enantioselective Aza-HenryaR&gons

The first catalytic enantioselective aza-Henry tieacwas reported by Shibasaki
and co-workers in 1999. The heterobimetallic com89) formed by Yb, K and BINOL
in the ratio of 1:1:3 successfully catalyzed thetramethane addition toN-
phosphinoylimineg0, affording the aza-Henry adduetlj with up to 91% ee (Scheme

26).°

Scheme 26The First Enantioselective Aza-Henry Reaction arapBsed Structure of the Catalyst

\/
0-Yb-0 C =
L d Y OH OH
\/
K O
39
i i
20 mol 9
N CHNO, tol ";OT:;?;;’”) -
(5 equiv) oluenel Tt )\/NO
Ar)j\H -40 °C Ar 2
40 41

69-91% ee

However, one drawback of cataly@ is that it is not able to promote the reaction
of imines with substituted nitroalkanes at low t@rgiure. After changing the catalyst to
AlLi[( R)-binaphthoxide] (42), the Shibasaki group extended the scope of thes-
Henry reaction to a variety of aryl imines with stituted nitroalkanes, producing the
aza-Henry adduct48) with good diastereoselectivity (3:1 to 7:1 drjt lslightly lower
enantioselectivity (60-83% ee), favoring tlamti diastereomer (Scheme 2%)This

methodology was then applied in the syntheses of tlogically active compounds

Yamada, K.; Harwood, S. J.; Groger, H.; ShibagekiAngew. Chem. Int. EA999 38, 3504.
8 yamada, K.; Moll, G.; Shibasaki, Msynlett2001, 980. Shibasaki, M.; Kanai, MChem. Pharm. Bull.
2001 49, 511.
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ICI-199441 44) and CP-9999446), which contain the chiral diamine moiety (Figure

81
5).
Scheme 27
o 0
i 10-20 mol% 42 Ben,
NP rR 9-18 mol% KOBu _ HN” o 0T NF
> Al
CH,Cl, -40 °C )\/R 0" o
Ar)I\H NG, - e
NOZ
40 43
31-7:1dr 42

60-83% ee

Figure 5. Biologically Active Compounds ICI-199441 and CP-989
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Another significant advancement in this area o@diin 2001 when Jgrgensen
and co-workers developed the catalytic asymmeéHenry reaction of silyl nitronates
46 with a-imino esterst7 catalyzed by their copper(ll)-bisoxazoline compi@&(Scheme
28, eq 47§? Excellent enantioselectivity and diastereoselégtiwere obtained, as well
as high yields. Immediately after this publicatitime same group published a direct aza-
Henry reaction in which an external base was useaddition to the slightly modified
chiral copper(ll)-bisoxazoline catalyst9) (Scheme 28, eq 48jAvoiding preformation

of the silyl nitronate nucleophile, direct nitroafle addition too-imino esters was

8 Tsuritani, N.; Yamada, K.; Yoshikawa, N.; Shibas&k Chem. Lett2002 276.

8 Knudsen, K. R.; Risgaard, T.; Nishiwaki, N.; Gdth&. V.; Jorgensen, K. AJ. Am. Chem. So2001,
123 5843.

8 Nishiwaki, N.; Knudsen, K. R.; Gothelf, K. V.; @msen, K. AAngew. Chem. Int. E@001, 40, 2992.
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realized using EN, providing valuableB-nitro-a-amino ester$0 in good to excellent

enantioselectivity and diastereoselectivity.

Scheme 28
PMP Me Me
TMSO_ +_0~ PMP. HN”
SNT SN 20 mol% 48 o 0
Py JI§ —————> ON o @D Ph [ |\>'-'Ph
HT R, H” >co,et  THF,-100 °C 2 N\M/N /
46 47 " Fh Ph
97% ee M=Cu(ll)(SbFg),
19:1dr 48
up to 94% yield
PMP Me Me
_PMP HN™
N NO2 20 mol% 49 H 0 o}
L [ ———— > o NO, (48) </| |
o,c” N R NEt;, CH,Cl, YO N_ _N
O R : M
47 50 Ph Ph
74-99% e M=Cu(ll)(OTf),
1.2:1-19:1dr 49

Following Jgrgensen’s discovery, several otherlystea (Figure 6) have been
reported for the asymmetric aza-Henry reactionsalfimines with nitromethane,
including 'Bu-BOX-Cu(OTf) complex 51 by Anderson®* a combination of (-N-
methylephedrine52) and Zn(OTf) by Palomd” dinuclear zinc catalys$3 by Qiart®
and Trost’ and anN,N’-dioxide4)-Cu(OTf) complex by Feng (Figure &) Another
similar catalyst55-CuOTf was developed by Feng and co-workers for finst
enantioselective aza-Henry reaction of nitrometheddition to ketimines (Scheme 28§).
Although the yields were moderate, high enantiaseliéy was obtained consistently

with a range of aryl alkyl ketimines.

8 Anderson, J. C.; Howell, G. P.; Lawrence, R. Milssh, C. SJ. Org. Chem2005 70, 5665.
8 palomo, C.; Oiarbide, M.; Halder, R.; Laso, A.pea, RAngew. Chem. Int. EQ006 45, 117.
8 Gao, F. F.; Zhu, J.; Tang, Y.; Deng, M. Z.; Qi@n,T.Chirality 2006 18, 741.

8 Trost, B. M.; Lupton, D. WOrg. Lett.2007, 9, 2023.

8 Zhou, H.; Peng, D.; Qin, B.; Hou, Z. R.; Liu, X.;HFeng, X. M.J. Org. Chem2007, 72, 10302.
8 Tan, C.; Liu, X.; Wang, L.; Wang, J.; Feng, 3tg. Lett.2008 10, 5305.
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Figure 6. Catalysts for Aza-Henry Reactions

Me Me
(0] O, Ph Me

v,

N .

N HO NMe,

Bu TfO/CU\OTf Bu Me
53a, R=Me

51 52 53b, R=Et

54 55

Scheme 29

s 20 mol% 55-CuOTf R NHTs

J\ CH3NO, > NO;,
2 PhOEt, 4 AMS, 0 °C R

R' R’
71-96% ee

Most reported aza-Henry reactions with nitroalkaassnucleophiles generated
anti-diastereomers. However, Shibasaki and co-workeesently utilized a
heterobimetallic Cu-Sm-Schiff base complég to afford syn adducts as the only
observed diastereomers with excellent enantioseigc{Scheme 30§° More recently,
the same group developed a dinucleag-3bhiff complex 57 for the addition of
substitutedtert-butyl nitroacetate addition td-Boc imines (Scheme 31janti-o-Nitro-
B-amino esters bearing-quarternary center were obtained with high enaetextivity

and diastereoselectivity.

® Handa, S.; Gnanadesikan, V.; Matsunaga, S.; Sikbad. J. Am. Chem. So2007, 129, 4900.
L Chen, Z.; Morimoto, H.; Matsunaga, S.; Shibashki,J. Am. Chem. So2008 130, 2170.
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Scheme 30

10 mol% 56 _Boc \\:
n"BC _R? 10 mol% p-/Bu-CeH,OH Hi =N, N=
e - A
RI”>H  NO; THF, -40°C R o o

NO, pvg
83-98% ee Y

>20:1 dr 0" oar O

Ar = p-'Bu-CgH,
56

Scheme 31
Boc _Boc
J‘l\ RZYcoszu 5 mol% 57 HN
—_— CO,'Bu

R'” “H NO THF, 4 A, 0°C R1J§{ 2

2 7
RZ 'NO,
91-99% ee
6:1-32:1dr

1.2.2 Organocatalytic Enantioselective Aza-Henrydg&ons

Rapid progress has also been made in the areagahacatalytic aza-Henry
reactions since 2004. With their chiral thiouretalyest (7), as described in section 1.1.1,
Takemoto and co-workers demonstrated that nitroamettaddition to phosphinoylimine
40 could deliver-nitroamines4l in up to 76% ee with up to 91% vyield (Scheme 3, e
49)%2 The catalyst was proposed to be bifunctional him sense that the tertiary amine
group deprotonated the nitroalkane, forming a ndte, which then attacked the imine
that was activated by the thiourea moiety in thialgat via hydrogen bonding. In 2006,
by usingN-Boc aryl imines61 as the substrates and the same catd|lySakemoto and

co-workers extended their aza-Henry reaction téute a broader scope of imines and

92 0kino, T.; Nakamura, S.; Furukawa, T.; TakemotoQYg. Lett.2004 6, 625.
28



nitroalkanes with high enantioselectivity and démsoselectivity> The utility of thep-
nitroamine producty8) was demonstrated by its reductioratamino acid derivativé9

and transformation to vicinal diami®® by Nef reaction (Scheme 32).

Scheme 32Aza-Henry Reaction with Takemoto’s Thiourea Catafysd Demonstration of the Utility of
the Aza-Henry Adduct

CF;

i i
PPh, 10mol % 7 PPh S
- S /@\ J
HoCly, rt X
)L 22 )\/No2 FC N'

N
H Ar H
40 41 7 NMe,

63-76% ee
up to 91% yield

1) NaNO,, AcOH

Hn~ 2o DMSO, 60 °C Hn- 2% NiCl*6H,0, NaBH, Hn~ 2o
B ————S— o
NO. NH
Ph”” CO,Me 2)Mel, Ko:CO3 pyy 2 “gi?/H Ph)\/ 2
59 (70%) 58 (95%) 60
87% ee 90% ee 89% ee

In 2005, Jacobsen and co-workers utilized theiilamthiourea catalys2 for the
aza-Henry reaction df-Boc aryl imines1 and nitroalkanesanti-pB-Nitroamines63 were
obtained with high enantioselectivity and diasteeectivity in excellent yields (Scheme
33).>* With 2 equiv. of base, sterically hindered secopdaitroalkanes such as 2-

nitropropane delivered the corresponding addudt @2% ee in 87% yield.

9 Xu, X.; Furukawa, T.; Okino, T.; Miyabe, H.; Taketn, Y.Chem. Eur. J2006 12, 466.
*Yoon, T. P.; Jacobsen, E. Angew. Chem. Int. E@005 44, 466.

29



Scheme 33

~Boc HN/BOC Me ‘Bu S
N 10 mol% 62 '°:
/”\ R > )\/R N ~ )I\
A OH ro toluene, -20 °C Ar : Me” \n/\u H“
NO2 NO, o NHAC

61 63 62
92-97% ee
2:1-16:1dr

Since then, various chiral urea/thiourea catalysigure 7) bearing different
chiral backbones have been reported to catalyze ¢&mantioselective and
diastereoselective aza-Henry reaction, includdagby Schaus® 9b by Ricci®® 64 by
Ellman,”” 65 by Chang’® 66 by Zhou?® 67 by Chen!® 68 by Wand® and 69 by

Waulff, 102

% Bode, C. M.; Ting, A.; Schaus, S. Eetrahedror2006 62, 11499.

% Bernardi, L.; Fini, F.; Herrera, R. P.; Ricci, Sgarzani, VTetrahedror2006 62, 375.

9 Robak, M. T.; Trincado, M.; Ellman, J. 8. Am. Chem. So2007, 129, 15110.

% Chang, Y. W.; Wang, J. J.; Dang, J. N.; Xue, Y S¥nlett2007, 2283.

“'Wang, C.; Zhou, Z.; Tang, @rg. Lett.2008 10, 1707.

0 Han, B.; Liu, Q.-P.; Li, R.; Tian, X.; Xiong, X.-FDeng, J.-G.; Chen, Y.-GChem. Eur. J2008 14,
8094.

wang, C. J.; Dong, X. Q.; Zhang, Z. H.; Xue, Z; Yeng, H. L.J. Am. Chem. So2008 130, 8606.
192 Rampalakos, C.; Wulff, W. DAdv. Synth. CataR008 350, 1785.
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Figure 7. Urea/Thiourea Catalysts Reported for the Enantiasiole and Diastereoselective Aza-Henry
Reaction
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The asymmetric aza-Henry reaction catalyzed byathphosphoric acid29g
described in 1.1.3 was realized by Rueping and adkers®® Nitroalkane addition ta-
iminoester70 provided B-nitro-a-amino esterg1, a valuable precursor t@p-diamino

esters, in good yields and excellent enantioseiec(iScheme 34).

193 Rueping, M.; Antonchick, A. FOrg. Lett.2008 10, 1731.
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Scheme 34

SiPh3
0
R N NH 0

j J\ 10 mol% 29g R\)\ O\P//
—_—
NO, H CO,Me benzene, 30 °C Y CO,Me o~ \OH
o O
70 1 SiPh,
2:1to13:1dr
84-92% ee 299

Most reported asymmetric aza-Henry reactions efilix-carbamoyl aryl imines
as substrates, which are not sufficiently stableldag-time storage. That-carbamoyl
alkyl imines readily isomerize to the correspondamg carbamates makes it an obstacle
to isolate and use them in aza-Henry reactionsrérer Bernardi and co-workers
reported the first asymmetric aza-Henry reactiomgisi-amido sulfones72 as the
substrates® Cinchona alkaloid-based phase-transfer catal@starried nitromethane
addition toN-carbamoyl imines generated in situ under basiditoms (KOH), to afford
B-nitroamines with high ee (Scheme 35). Palomo andiarkers also reported the same
reaction, using the same catalyst, but with CsQB-tas the additional base, and

extended the scope to nitroethane additfon.

Scheme 35
_R? 10 mol% 73 R2 7 f
ljl\ chuno, 5 eauiv KOH HN { N* cor
NOy ——————
o \OH
R”” 50,00l toluene, -45 °C R1J\/Noz ] W

72 MeO SN
R'=alkyl or aryl 73-98% ee P>
R2=Boc or Cbz N

73

194 Fini, F.; Sgarzani, V.; Pettersen, D.; HerreraPR.Bernardi, L.; Ricci, AAngew. Chem. Int. E005
44, 7975.
195 palomo, C.; Oiarbide, M.; Laso, A.; Lopez, RAm. Chem. So2005 127, 17622.
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Around the same time that Takemoto published th@wmurea-catalyzed aza-
Henry reaction in 2004, the Johnston group develap@ovel “chiral proton” catalyst,
the protonated chiral bisamidine (H,Quin-BANDTf, 74HOTf), for the highly
enantioselecitve aza-Henry reactionNosBoc-aldimines61 with nitromethané® When
nitroethane was used as the nucleoplaitei-p-amino nitroalkane$3 were obtained in
high enantioselectivity and diastereoselectivitych@®@ne 36). These developments

established the foundation for the discoveries rilesd in this dissertation.

Scheme 36.
_| * -OTf
H e
H<
N 10 mol% 74-HOTF %% NN
mol*o o
I " e AR I wdd™
Ar H toluene, -20 °C r : N H N\ /
NO, fo,
61 R=HorMe 63
59-90% ee
7:1-19:1dr H,Quin-BAM-HOTf

(74-HOTY)

1% Nugent, B. M.; Yoder, R. A.; Johnston, J.NAm. Chem. So2004 126, 3418.
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Chapter II.
Chiral Proton Catalysis: Asymmetric Synthesis ofu,p-Diamino

Acid and p-Diamino Acid Derivatives

2.1. Aza-Henry Reaction/Reduction Sequence to Adferf-Diamino Acid

Derivatives

a,p-Diamino acid derivatives have been found as ingsrtonstituents in natural
products demonstrating valuable biological propsrtiThey have also been used as
useful building blocks in replacing natural amirda in synthetic peptides in the search
for modifications of the biological activities arstabilities to peptidase®’ While
classical resolution was traditionally used to apgh enantiomerically pukgp-diamino
acid derivatives, some novel catalytic asymmetrathads have emerged in recent years
(Scheme 37), including glycine Schiff base additimm imines (approach a)®
dimerization of glycinates (approach j,nucleophilic synthetic equivalents of gRO

addition to imines (approach tf olefin diamination ofy,p-unsaturated esters (approach

197 For a recent review, see: Viso, A.; de la PradiaF.; Garcia, A.; Flores, AChem. Rev2005 105,
3167.

1% For a recent review, see: Arrayas, R. G.; Cametdr C.Chem. Soc. Re2009 38, 1940. Selected
examples: Bernardi, L.; Gothelf, A. S.; Hazell, ®; Jorgensen, K. Al. Org. Chem2003 68, 2583. Ooi,
T.; Kameda, M.; Fujii, J.; Maruoka, KOrg. Lett.2004 6, 2397. Okada, A.; Shibuguchi, T.; Ohshima, T.;
Masu, H.; Yamaguchi, K.; Shibasaki, Mngew. Chem. Int. EQ005 44, 4564. Salter, M. M.; Kobayashi,
J.; Shimizu, Y.; Kobayashi, ®rg. Lett.2006 8, 3533. Yan, X.-X.; Peng, Q.; Li, Q.; Zhang, K.; &al.;
Hou, X.-L.; Wu, Y.-D.J. Am. Chem. SoQ008 130, 14362. Kobayashi, S.; Yazaki, R.; Seki, K;
Yamashita, YAngew. Chem. Int. E@008 47, 5613.

199 Belokon, Y. N.; Chernoglazova, N. I.; Batsanov, ®.; Garbalinskaya, N. S.; Bakhmutov, V. I.;
Struchkov, Y. T.; Belikov, V. MBull. Acad. Sci. USSR Div. Chem. 3687, 36, 779. Chen, Y.; Yudin, A.
K. Tetrahedron Lett2003 44, 4865.

10 Merino, P.; Franco, S.; Merchan, F. L.; TejeroT&trahedron Lett1998 39, 6411. Foresti, E.; Palmieri,
G.; Petrini, M.; Profeta, ROrg. Biomol. Chen2003 1, 4275.
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d)'**and electrophilic amination of enolates (approakh?Nucleophilic amination of
serine (approach f}'** Curtius rearrangement of aspartic atidl or Hofmann
rearrangement of asparagine derivativewere also utilized occasionally to achigye

unsubstituted.,f-diamino acid derivatives.

Scheme 37Synthetic Approaches towaegB-Diamino Acid Derivatives

NR;

f ~~ dimerization of NH,
R glycinates HoN

CO.H

1 Muniz, K.; Nieger, M Synlett2003 211. Chong, A. O.; Oshima, K.; Sharpless, KJBAm. Chem. Soc.
1977, 99, 3420. Han, H. S.; Yoon, J.; Janda, K. D.Org. Chem.1998 63, 2045. Hennings, D. D.;
Williams, R. M. Synthesi®00Q 1310. Lee, S. H.; Yoon, J.; Nakamura, K.; Lee SYOrg. Lett.200Q 2,
1243.

12 Fernandez-Megia, E.; Paz, M. M.; Sardina, R. Drg. Chem1994 59, 7643. Badorrey, R.; Cativiela,
C.; Diazdevillegas, M. D.; Galvez, J. Aetrahedron: Asymmetr§995 6, 2787. Fernandez-Megia, E.;
Sardina, F. JTetrahedron Lett1997 38, 673. Durham, T. B.; Miller, M. JJ. Org. Chem2003 68, 35.
Riemer, C.; Bayer, T.; Schmitt, H.; Kessler,HPept. Re004 63, 196.

13 gelected examples: Arnold, L. D.; Kalantar, T. Wederas, J. CJ. Am. Chem. Sod985 107, 7105.
Arnold, L. D.; May, R. G.; Vederas, J. @. Am. Chem. S0d.988 110, 2237. Shreder, K.; Zhang, L.;
Goodman, MTetrahedron Lett1998 39, 221.

14 Selected examples: Rao, S. L.Biochemistryl975 14, 5218. Olsen, R. K.; Hennen, W. J.; Wardle, R.
B. J. Org. Chem1982 47, 4605. Lee, E. S.; Jurayj, J.; Cushman,Tidtrahedron1994 50, 9873. Schirlin,
D.; Altenburger, J. MSynthesid 995 1351. Deng, J. G.; Hamada, Y.; Shioiri,Tetrahedron Lett1996
37, 2261. Seki, M.; Shimizu, T.; Inubushi, Bynthesi2002 361. Englund, E. A.; Gopi, H. N.; Appella, D.
H. Org. Lett.2004 6, 213.

15 Otsuka, M.; Kittaka, A.; limori, T.; Yamashita, H{obayashi, S.; Ohno, MChem. Pharm. Bull1985
33, 509.
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As discussed above, the Johnston group developedel chiral proton catalyst
for the asymmetric aza-Henry reaction (Scheme B863-D C,-symmetric protonated

bis(amidine) complex was obtained by PCModel (Fegir.

Figure 8. 3-D Views of BAM-Proton Complex Generated by PCMode

H,Quin-BAM-HOTf (xx*HOTf) Front View Side View

Chem 3D was used to place a representdthiBoc-aldimine into the binding
pocket of the PCModel-minimized protonated BAM ,mktely arriving at the complex
shown below (Figure 9)'° The front quinoline ring blocks thRe face, leaving thei
face more exposed for attack, which leads to tta@emer observed in practiderom
this model, it appeared that the substitution at@kposition on the pyridine ring would
be most beneficial in terms of distinguishing th tfaces of attack by the nucleophile.
Experimental data confirmed that the substitutibthis position effectively shielded one
face of the substrate from attack by the incomingleophile'® The facial selectivity
was greatest when using a quinoline ring as in @AM (74), so that both 5- and 6-

positions of the pyridine ring are substituted, evhitranslates to the highest

enantioselectivity.

18 Nugent, B. M.; Yoder, R. A.; Johnston, J. N. Unished results.
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Figure 9. Proposed Catalyst - Substrate Complex and ModéahfoiTransition State

—| *-OTf éﬁ

j Chem3D model L7 ﬁ
~N ) b w
7

We sought the use of nitroacetic acid derivativiaace they could serve as
masked amino acids. Nitroacetic acid derived nuyatides have been utilized in a variety
of transformations!” but their use in enantioselective transformatiwas limited to only
two recent cases that produce non-epimerizableatétate derivatives at the time of our
studies (Scheme 38§'® The challenge in using unsubstituted nitroacetaseghe

possibility of competitive product deprotonation.

17 shipchandler, M. TSynthesis1979 666. Rosini, G.; Ballini, RSynthesis1988 833. Wurz, R. P.;
Charette, A. BAbstr Pap Am Chem 302 223 B234. Fornicola, R. S.; Oblinger, E.; Montgomety,).

Org. Chem1998 63, 3528.

M8, H. M.; Wang, Y.; Tang, L.; Wu, F. H.; Liu, X.; Guo, C. Y.; Foxman, B. M.; Deng, Angew.
Chem. Int. Ed2005 44, 105. Knudsen, K. R.; Jorgensen, K.Gxg. Biomol. Chem2005 3, 1362.
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Scheme 38

o Ph
ON \Hj\oa N\ N0, 10 mo% 75 EtOzC*\/Noz
toluene, -20 °C
Et ON™ "o
19:1dr
96% ee
77% yield
PMP 10 mol% 76
NO, N (R)-Ph-BOX-Cu(OTf) ON - NHPMP
/”\ 2 o Me%—éH
Me” CO,Et H” CO,Et CHCl, rt Et0,C  COEt
14:1 dr

98% ee
90% vyield

With the optimal conditions for nitroalkane pronemphiles'®® we first examined
commercially available ethyi-nitroacetate as a nucleophile in the chiral pratatalyzed
enantioselective aza-Henry reaction. Compared te #za-Henry reaction with
nitroalkanes which required the use of the nucldes a solvent, the reaction of imine
6l1a with ethyl nitroacetate delivered addu€t using a single equivalent of the more
acidic nucleophile when catalyzed by 10 mol% H,QBAM-HOTf (74HOT) in
toluene at -20 °C, and in substantially shorteet{@cheme 39). The adduct was obtained
in 75% vyield with 80% ee, however, these resultseweontrasted by a leak of
diastereoselectivity at the 1:1 level (Table 1,rerit). Use of the largetert-butyl -
nitroacetate nucleophile provided addd@a in 80% yield with 84% ee and slightly
higher dr (2:1) (Table 1, entry 2). Lowering theaggon temperature to -78 °C and
decreasing the catalyst loading to 5 mol% mainthinath the enantioselectivity and the

reaction yield (Table 1, entry 4).
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Scheme 39 Comparison of the Chiral Proton-Catalyzed AdditiafisNitroalkane versus Nitroacetate to
Imine 61a

N7 Boc HNT Boc
0, .
Me 10 mol% 74+HOTf Me
o .20 °C Y
NO. 5 days NO. _I +-
cl 2 a 2 oTf
61a neat as solvent 63a

56 equiv. 171 dr 'h;ﬂ "

H\N
pKs=10 82% ee
58% yield
With a more acidic nucleophile:
Boc Boc
N7 HN”

0, .
L, COE _10 mol% 74-HOTf CO,Et H,Quin-BAM-HOTf

|/ toluene, -20 °C < (74-HOTH)

NO NO;
al > 6h cl 2

61a 1.1 equiv. 7
- 1:1dr
PKo=58 80% ee (cis and trans)

75% yield

Table 1.Chiral Proton Catalyzed Aza-Henry Reaction: Eff@icBubstrates, Catalyst Loading and

Temperature
N,Boc HN’BOC
|/002R 74-HOTf COR
H toluene + “OTf
N02 NOZ _l
cl Cl -—H
1
61a 77 or 78a H\N =H
b
entry? R conditions b Yoee ield (%)
y dr syn anti y (%) H--
1 Et 10mol%cat,-20°C 1:1 80 80 75
2 Bu 10mol%cat.,-20°C 2:1 84 84 80
3 Bu 10mol%cat,-78°C 211 86 86 86
4 By 5mol%cat.,-78°C 2.1 86 86 85 H,Quin-BAM-HOTf
(74-HOTT)

3All reactions were 0.3 M in substrate and proceeded to complete conversion.
bDiastereomer and enantiomer ratios were measured using chiral stationary
phase HPLC. °Isolated yield.

We discovered that if the crude reaction mixtures gowly warmed to room
temperature and then filtered through a plug a€aibel, the diastereoselection would
increase to 6:1 favoring theyndiastereomer (Table 2, entry 1) by the selective
epimerization at the-carbon of the carbonyl group in the adduct. Catdlyading of 4

mol% provided a similar level of enantioselectivi§s% ee) (Table 2, entry 2), while
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lowering the catalyst loading to 3 mol% and 1 mal%pped the ee value to 75% and
67%, respectively (Table 2, entries 3 and 4). Thed@astereoselection was realized in all
cases regardless of the difference in catalystingadvhich suggested that the catalyst

has no effect on the diastereoselection after ematen.

Table 2.Chiral Proton Catalyzed Aza-Henry reaction: Effet€Catalyst Loading

~Boc _Boc
N HN
X mol% 74+HOTf ¢
H _CO,Bu > COzBu
r toluene, -78 °C' L
cl o NO, then warm to rt, SiO, al . 2
a syn-78a —l + -OTf
%ee’ ; H --H
entr X b o %)°
v dr syn anti Y4 (%) H~\" neH
1 5 6:1 86 86 86 /4 \N He-N -
2 4 61 8 85 86 N/
3 3 6:1 75 77 85
4 1 6:1 67 68 86
8All reactions were 0.3 M in substrate and proceeded to H,Quin-BAM-HOTf
conversion. *Diastereomer and enantiomer were measured using (74-HOT)

chiral stationary phase HPLC. °lIsolated yield.

In order to obtain optically pure addwsyin78a we examined a series of solvents
for recrystallization. The adducta dissolves readily in THF, Ci€l,, CHCk, DME,
MeCN, MeNQ, benzene, xylene and ethylbenzene at room temyeraand therefore
they were not the suitable solvents for recrysation. The results obtained using other
solvents are summarized in Table 3. The recrystdibn performed in 20% EtOAc/Hex
provided 99% ee but lower dr (Table 3, entry 1).mAxture of 10% 'PrOAc/hex
maintained, but did not improve the ee and dr akerystallization (Table 3, entry 2).
EtOH delivered high dr (54:1) but did not increase(Table 3, entry 3). In MeOLPrOH

and "PrOH, retro-aza-Henry reaction occurred upon hgatimhich degraded the ee
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considerably (Table 3, entries 4-6). All of thealk solvents screened (heptane, octane,
methyl cyclohexane and cyclohexane) provided higiicement of one enantiomer, and
among them, cyclohexane not only enhanced ee (>98U) also increased the dr
to >50:1. The masked diamino acid derivatisyn(78a was obtained as a single
enantiomer and diastereomer in 50% yield. The absaonfiguration of optically pure

syn78awas secured by X-ray crystallography (Figure 10).

Table 3. Stereoisomer Enrichment of the Aza-Henry AdducRlegrystallization

_Boc _Boc
HN HN
/©)\|/CO{BU - /@)\rCOQtBu
recrystallization
cl NO; solvent cl NO;
dr=6:1
86% ee
entry? solvent ar?®  %ee?
1 20% EtOAc/Hex  3:1 99
2  10%’'PrOAc/Hex 6:1 85
3 EtOH 54:1 87
4 MeOH 6:1 68
5 'ProH 6:1 57
6 "PrOH 3:1 51
7 heptane 6:1 98
8 octane 6:1 98
9 methylcyclohexane 7:1 98

_

0 cyclohexane >50:1  >98

aDiastereomer and enantiomer ratios were measured
using chiral stationary phase HPLC.

Examination of the solid state structure 6ln78a suggests that the
thermodynamically-controlled epimerization favoritige syndiastereomer reflects its
ability to form an intramolecular H-bond from tharlbamate N-H to the nitro oxygen
(2.284 A). The crystal structure features a gaumtiengement of the hydrogen bond
donor and acceptor, as well as the nitro groupthadaryl substituent. This arrangement

also allows the ester group to orieantti to the aryl group (Figure 10). Indeed, the
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importance of the intramolecular hydrogen bond ¢hieve 6:1 selectivity for theyn
diastereomer was supported by the erosion of #ti® to 2:1 when the mixture was

warmed to 50 °C in ethanol, a competitive hydrolgend donor.

Figure 10.X-ray Structure and Newman Projection of Optic&lyresyn78a
(most hydrogen atoms omitted for clarity)

Boc
HN”
NO.
cl 2

Syn-78a

o7 H\N _Boc

|
0,:N CO,'Bu
Ar H

H

However, the recrystallization syn78ato a single enantiomer and diastereomer
was successfully performed only four times. In thels afterwards, we were able to
obtainsyn78awith >98% ee but with only 4:1-7:1 dr, reproduygidlater, we discovered
that the relatively high acidity of the hydrogenament to the ester group led thgn
diastereomer to epimerize on standing as a s@idrning to the thermodynamic ratio of
4:1 dr. Protic solvents tend to accelerate the epmation. For example, from its
diastereomerically pure fornsyn78a reached a 4:1 mixture of diastereomers at room
temperature in 2 hours in AcOH and 4 hours in ethéhable 4, entries 1 and 2). In
nonpolar aprotic solvents, the epimerization alscuared, although more slowly. It took
24 hours for the diastereomerically pgser78ato reach a 4:1 dr mixture in CH{Cbut

took 8 days in cyclohexane (Table 4, entries 48ndh all cases, the mixture eventually
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converged to a 4:1 dr, therefore this is beliewerkflect the thermodynamic equilibrium.
Even as a crystalline solid, the epimerization osalislowly (4 weeks to reach 7:1 dr). It
should be noted that the configuration at the benzarbon did not change during the

epimerization process, which indicated that ncoratza-Henry reaction was involved.

Table 4.Self-Epimerization ofyn78ain Various Solvents

HN/Boc HN/Boc
epimerization
—_—
ol NO; solvent, rt al NO,
syn-78a syn-78a
dr=>50:1 dr=4:1
98% ee/98% ee 98% ee/98% ee
entry? solvent time
1 AcOH 2h
2 EtOH 4 h
3 THF 12h
4 CHCl3 24 h
5 cyclohexane 8d

@ Diastereomer and enantiomer were measured
using chiral stationary phase HPLC.

The nitro group can be viewed as a masked amins; the amine functionalities
are orthogonally protected, providing the oppotnfor further chemoselective
modifications. The utility of aza-Henry addu&® was demonstrated by the reduction of
the nitro group to affordo,f-diamino acid derivatives. Various catalytic traesf
hydrogenation methods were initially tested. Hydmation under a hydrogen
atmosphere with Pt/C, P#Z, Raney Ni, or Pd/C as the catalyst did not mevihe
desired amine70a), but instead dechlorinated ami@®, in low yields(Table 5, entries
1-4). Using ammonium formate as the internal hydrogource dramatically increased
the yield to 80% (Table 5, entry 5), while usingraamium formate in conjunction with a

hydrogen atmosphere afforded an even better yiethhine80 (90%, Table 5, entry 6).

43



Dechlorination occurred concomitantly with reduatiof the nitro group with all of the
transfer hydrogenation methods that were surveyed.

The reduction o¥8aby zinc in acetic acid prevented the unwanted ldeictation,
producing the corresponding amingg) in 38% vyield, but along with partially reduced

hydroxyimine81in 40% yield (Scheme 40).

Table 5.Catalytic Transfer Hydrogenation of the Aza-HenmgjdAict

_Boc _Boc
HN HN
/©)\|/002f8u condition : ). CO,Bu
NO
¢l 2 NH,
78a 80
entry? condition T(C) yield®
1 H,, 10% Pt/C, EtOH 25 24
2 H,, 10% PtO,/C, EtOH 25 25
3 H,, Raney Ni, EtOH 25 <10
4 H,, 10% Pd/C, EtOH 25 15
5 10% Pd/C, HCOONH,, EtOH 40 80
6 Hy, 10% Pd/C, HCOONH,, EtOH 40 90

2 All reactions were 0.1 M in substrate and proceeded to conversion. ? Isolated yield.

Scheme 40
Boc _Boc _Boc
HN HN HN
/©)\l/cogsu Zn/HOAC CO,'Bu CO,Bu
ﬁ +
NO 40°C NH N
cl z cl 2 cl “OH
78a 79a 81
38% yield 40% yield

The combination of NaBHwith transition metal salts such as cobalt{t})**

nickel(1),*?% *2* copper(I1),*?? tin(l1), **® and zirconium(IV)*** all exhibit enhanced

19 gatoh, T.; Suzuki, S.; Suzuki, Y.; Miyaji, Y.; Iin&. Tetrahedron Lett1969 4555.

29 Heinzman, S. W.; Ganem, B. Am. Chem. So&982 104, 6801.

12l Nose, A.; Kudo, TChem. Pharm. Bulll981, 29, 1159. Osby, J. O.; Ganem, Betrahedron Lett1985
26, 6413. Yoon, N. M.; Choi, J. Synlett1993 135.

1225atoh, T.; Nanba, K.; Suzuki, Shem. Pharm. Bull1971, 19, 817. Hanaya, K.; Muramatsu, T.; Kudo,
H.; Chow, Y. L.J. Chem. Soc., Perkin Trans1979 2409. Yoo, S. E.; Lee, S. Bynlett199Q 419.

123 satoh, T.; Mitsuo, N.; Nishiki, M.; Inoue, Y.; Qoi. Chem. Pharm. BultLl981, 29, 1443.
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reducing ability as compared to NaBHilone, and they have been utilized in the
reduction of nitro groups, nitriles and oximes. Whapplied in the reduction of8a
Cu(acacyNaBH,***and ZrCl/NaBH,***did not deliver the desired amin@dg) in any
appreciable amount (Table 6, entries 1 and 2).IM\86,0/NaBH;*** provided amine
79ain 78% vyield (Table 6, entry 3), along with a shmahount of the dechlorination
product 80). The best result was obtained using the comlmnatf CoC}-6H,O and
NaBH,,'*® which selectively reduced the nitro group in 90%ld/ (Table 6, entry 4).
Ni,B and CeB were found to be the actual effective reagentsegged when mixing
NaBH;, with NiCl,-6H,0 and CoGl-6H:0, respectively?° Commercially available NB
or CoB from Aldrich combined with NaBk however, did not provide amif®a (Table
6, entry 5 and 6). This is probably due to theiplarsize difference from that of the J8i
or CoB generatedn situ We also tested Co&lLiAIH 4 in THF, another powerful

reducing syster?> but no reaction was observed.

Table 6. Metal-salt Assisted Reduction of Nitro Group by Nt&B

_Boc _Boc
HN HN
/@)\rCoeru metal salt, NaBH,4 /@)\rCoeru
—_—
MeOH, 0 °C - rt
N02 NH2
Cl Cl
78a 79a
entry metal salt yield?
1 Cu(acac), <5
2 ZrCly <5
3 NiCl,*6H,0 78
4 CoCl,*6H,0 90
5 Ni,B <5
6 Co,B <5

?]solated yield.

124 Chary, K. P.; Ram, S. R.; lyengar, D.Synlett200Q 683.
125 Ashby, E. C.; Lin, J. Jretrahedron Lett1977, 18, 4481. Ashby, E. C.; Lin, J. J. Org. Chem1978 43,
2567.
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The reduction of78a by CoCh-6H,O/NaBH, generated the highest yield, but
normally with a slight drop in the diastereomerigify. This is probably because of the
heat generated in the reaction of NaBwith the hydrate, thereby accelerating the
epimerization of thesa-hydrogen of the ester. When Cg6H,O and NaBH were
premixed in methanol, and then combined with tHessate78a after the gas generation
subsided, only a trace amount of the reductionyebdould be observed. Hydrogen gas
was then bubbled through the reaction mixture agbtnbut NMR of the crude mixture
showed only 30% conversion. These results demdedtribat the internal hydrogen
source was essential to the reduction. The combmatf anhydrous CoGlwith NaBH,
was eventually found to effectively carry out tleeluction, without any erosion of dr or
ee, providing79ain 90% vyield.

We then tested the recrystallization of amin@a after the reduction. Only
aliphatic alkanes were promising candidates sificatlzer solvents readily dissolved the
substrate. Hexanes provided the best resuit{9ain stereochemically pure form in 45-
53% overall yield). The opposite diastereoraeti-79a was isolated from the mother
liquor by chromatography in >97% ee and 20:1 ddi®3 overall yield (Scheme 41).

Stereochemically purgyn79acan also be isolated by chromatography in 74%lyiel
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Scheme 41

Boc B B
HN” 1. CoCl,/NaBH, HNT O HNT
cofBu  CHsOH,0°C-rt CO,Bu CO,Bu
o + 4
2. recrystallization =
cl NO. from hexanes cl NH, cl NHz
78a Syn-79a anti-719a
97% ee >97% ee >97% ee
4-7:1dr >40:1 dr 20:1dr
45-53% overall yield 10% overall yield
(chromatographed

from the mother liquor)

In the meantime, a variety of BAM ligands were $wsized to study the
stereoselection of the aza-Henry reaction by clpraton catalysis. The followin@,-
symmetrical BAM ligands83-86, which provided a range of steric and electronic
influences, were made from Pd(0)-catalyzed couplofg(1R,2R)-cyclohexane-1,2-
diamine B82) with corresponding chloropyridines or chlorobeguimoline (Scheme 42).
As stated in Chapter 1, chiral ureas/thioureas haeen utilized as Brgnsted acid
organocatalysts. Using this idea, we wanted toifasie structurally similar carbamate
can also act as a hydrogen bond donor and efféctoatalyze the aza-Henry reaction.
Thus, 88 was synthesized via coupling of mono-H,Quin-BAN7) with ethyl

chloroformate (Scheme 43).
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Scheme 42Synthesis ofC,-Symmetrical BAM Ligands
R Pd(dba),, BINAP Q

Q (:/\ NaO'Bu = Hey N=H

H - /J\X toluene /N

82 R

FoYuNeY
g ;sg.cwc 5B

85 86

Scheme 43Synthesis of Carbamate AmidiBg8

4 42,

H-N NH, Hep . =H
0 110 mol% NEt >—0Et
4 \N )J\ - / \N 0 (xx)
Cl OEt toluene, reflux
(88%)

87 88

With the new catalysts in hand, the nitroacetatditesh to imine 61a was
revisited. Enantioenrichment values were measufet aza-Henry adductg8a were
reduced to afford,-diamino acid derivativeg9a The results of the catalyst screen are
summarized in Table 1. As mentioned previously, HIKBAM-HOTTf (74-HOTTf, Table
7, entry 1) gave 85% ee @Ba No enantioselectivity was obtained whigBHOTf and
84-HOTf were used (Table 7, entries 2 and 3). Cat8y$OTf (Table 7, entry 4) gave a
slightly lower ee than H,Quin-BAM-HOT{. Cataly®8-HOTf promoted the hydrolysis of
the imine 619 (Table 7, entry 5), as did catal\@® HOTf (Table 7, entry 6). When free
base88 was used instead of its protonated counterpamitio estei79a was obtained
with only moderate enantioselection (56%, Tableeftry 7). The dr of 2-3:1 was
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observed consistently in the catalyst screen studhych supports the notion that the

catalysts have no effect on the diastereoseleaften epimerization.

Table 7.Chiral Proton Catalyzed Additions of Nitroacetaidrnines: Effect of Ligand Structure

_Boc _Boc _Boc
N HN HN
4 cogBu 5mol% catalyst CO,Bu CoCl,, NaBH, CO,Bu
( 2 toluene, -20 °C, CH30H, 0 °C - rt
al NO, then warm to rt, SiO, al NO, al NH,
61a 78a 79a
entry? catalyst %ee’ of 79a
1 74-HOTf 85
2 83-HOTf <5
3 84-HOTf <5
4 85-HOTf 82
5 86-HOTf -
6 88-HOTf €
7 88 56

aAll reactions were 0.30 M in substrate and proceeded to
complete conversion. ?Diastereomer and enantiomer ratios were
measured using chiral stationary phase HPLC. °No aza-Henry
adduct 78a was obtained.

We hypothesized that the nitroacetate additiomtme would observe the same
trend in the transition state (Figure 9) as thatthe nitroalkane addition, that the
substitution on the 6-position of the pyridine riofgthe BAM ligands would effectively
shield one face of the substrate from attack byinrheming nucleophile. On this basis,
we synthesized the following unsymmetrical BAM kgl 89-93 from Pd(0)-catalyzed
coupling of mono-H,Quin-BAM&?7) with the corresponding halopyridines (Scheme 44).

It appeared that the steric hindrance of the gmugthe 6-position of the pyridine
ring did have a significant effect on the enantiesitvity (Table 8). A clear trend was
observed from cataly€@0-HOTf to catalyst93-HOTTf, that the catalysts bearing bulkier
substitution tended to provide higher ee, and titalgst bearing the large anthracene

group ©3-HOTY) provided the best enantioselectivity (93%Table 8, entry 5).
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Scheme 44Synthesis of Unsymmetrical BAM Ligands

Pd(dba),, BINAP

NaOBu
/ \N —
N toluene
\_/
R
87
H --H
H-\ N=H
720 -
N N
\_/
Me
89
H --H
H‘N N’H

b
92 O 93

Table 8.Chiral Proton Catalyzed Additions of Nitroacetaidrnines: Effect of Ligand Structure

_Boc _Boc _Boc
N HN HN
W _cogBu 5 mol% catalyst > co,Bu  CoCly, NaBH, CO,Bu
toluene, -20 °C, CH30H, 0°C - rt
i NO: NH
ol NO, then warm to rt, SiO, al 2 al 2
61a 78a 79a
entry? catalyst %ee® of 79a
1 89-HOTf 77
2 90-HOTf 54
3 91-HOTf 70
4 92:HOTf 92
5 93:HOTf 93

3All reactions were 0.30 M in substrate and proceeded to
complete conversion. “Diastereomer and enantiomer ratios were
measured using chiral stationary phase HPLC.
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A comparison of H,Quif(°Anth)?Pyr)-BAM-HOTf (93-HOTf) and H,Quin-
BAM-HOTf (74-HOTf) was performed using several imine substratBetter
enantioselection (generally 10-20% ee higher) whioned for all substrates using
ligand 93 which contains the bulkier anthracene group atép®sition of the pyridine

ring (Table 9).

Table 9.Chiral Proton Catalyzed Additions of Nitroacetaidrhines: Ligand Comparison

_Boc _Boc HN/Boc
5 mol% catalyst ¢ CoCl,, NaBH f
Ny H _CO,Bu > N COBu__22 71 o N COzBu
R [ toluene, -78 °C, then R~ CH3OH,0°C-rt  R—-
= NO warm to rt, SiO, = NO, = NH,
2
61 78 79
—]* ot —]* ot
entry? R %ee?
74-HOTf 93-HOTf H --H N ——H y
~ - N—
1 H 83 88 A
2 p-F 67 90
3 p-Cl 86 93 At H Ny
4 p-Me 81 90
5 0-CF; 70 80 O
6 =1- 62 83
Ar=1-naphthy| H,Quin-BAM<HOTf O
3All reactions were 0.30 M in substrate and proceeded to complete (74-HOTY)

conversion. “Diastereomer and enantiomer ratios of 78 were measured

(609 2
using chiral stationary phase HPLC. H,Quin(*("Anth)“Pyr)-BAM-HOTf

(93-HOTY)

A more exciting discovery was that H,QUifiAnth)?Pyr)-BAM-HOTf (93-HOTY)
not only provided higher ee but also higher drdpa-Henry adduci8 favoring theanti-
diastereomer, as indicated bByi NMR. Direct reduction of adduc¥8 (without
purification) in the same pot at 0 °C and remeasnerd of the stereocisomer ratios
provided values consistent with full conservatidrdioand ee for amin@9 (Scheme 45).
The use of the Cog@NaBH, reducing system is rather important in this coptes it

effects the fast reduction of the adducts withquitnerization at the-position.
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Scheme 45.

N/Boc HN/Boc HN/BOC
b coyy —mol% 93-HOTT co,fBu __ C0Clo NaBH, CO,/Bu
2 Y Y
|/ toluene, -78 °C 'i CH30H, 0 °C — rt =
cl NO, cl Oz (88%, two steps) ¢ NH,
61a anti-78a anti-79a
6:1dr 6:1dr

95%ee

This aza-Henry addition-reduction sequence was #pgried to a broader scope
of imine substrates. The general protocol to fanedesiredN-Boc aldimines §1) is via
the elimination of the sulfonic acid from the Bo®{ecteda-amido sulfones9d), which

are derived from the corresponding aldehydesteributyl carbamate (Scheme 465.

Scheme 46The General Protocol for the SynthesisNeBoc Aldimines61

o HN/BOC _Boc
0 PhSO,Na, HCOOH )\ K,COj3, Na,SO, )NJ\
L _—
Ar)I\H H,N” ~O'Bu MeOH/H,0 Ar SO,Ph THF Ar H
94 61

For all the imines that were tested bearing divezktronic properties and
substitution positions, the correspondimgfi-a,f-diamino acid derivativeanti-79 were
consistently obtained in good vyields (70-93%, twteps) along with high
enantioselectivity (84-95% ee) (Table 1&)Moderate to good diastereoselectivity (5:1
to 11:1) was observed for the adducts and conseféedthe nitro reduction, as indicated

by the measurement of dr of add@étby *H NMR and dr of amin&9 by HPLC or GC.

126 Kanazawa, A. M.; Denis, J. N.; Greene, AJEOrg. Chem1994 59, 1238.
1273ingh, A.; Yoder, R. A.; Shen, B.; Johnston, JJNAm. Chem. So2007, 129, 3466.
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Table 10.Chiral Proton Catalyzed Asymmetric Synthesis.@f Diamino Acid Derivatives: Imine Scope

_Boc _Boc _Boc
N HN HN
5 mol% 93+HOTf ¢ CoCl,/NaBH ly
Ar)I\H COyBy ———————> - Ar)\./ CosBu 2P, Ar)\./ co2Bu
|/ toluene, -78 °C : CH3OH, 0 °C — rt :
NO, NH,
NO,
61 anti-18 anti-19
b b b
entry?  Ar dr dr - %ee’  yigige
(78)  (79) (79)
1 PCI a  5:1 51 95 88
2 PACO b 111 111 89 74
3 Np ¢ 121 111 91 80
4 PEd - 71 93 81
5 PMe e  6:1 61 95 81
6 PCF; f 7:1 71 88 83
7 ™™e g 5:1 5:1 84 93
8 ™PhO h 61 61 87 84
9 mel i 1011 10:19 87 70

_

0 PMeO,Cj 81 81 95 84

@All reactions were 0.30 M in substrate and proceeded to complete
conversion. Diastereomer ratios were measured by 'H NMR (a
reliable measurement was not possible for the addition product for
entry 4). Enantiomer ratios were measured using chiral stationary
phase HPLC. See Experimental Section for complete details.
°Isolated yield (two steps). “Measured by GC.

The aza-Henry addition using nitroalkanes and adetates as the nucleophile
both generatednti-diastereomers. This indicates that the chiral@ratatalysts play an
important role in determining diastereoselectiomgfe 11). The nitro group of the
nucleophile and the imine nitrogen could both hgwessible hydrogen bonding
interaction with the chiral proton catalysts. ¥y diastereomer might be disfavored by
possible repulsive interactions between the carbaBac group and the alkyl (or ester)

group on the nucleophile.
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Figure 11.Newmann Projections for the Aza-Henry Addition gsititroalkanes and Nitroacetates:
Rationale foranti-Diastereoselectivity

nitroalkane addition nitroacetate addition

+ possible hydrogen bonding L™H< e Boc + possible hydrogen bonding ~ L™H~ N Boc
interaction between nitro O.N M interaction between nitro ON CO.R
and catalyst 2 $ ¢ e syn and catalyst 2 )éb 2 syn
- Boc«>Me repulsion Al A LS H - Boc»COR repulsion  pp AT . H

L*H\R-I,Boc L*H_+_Boc
+ possible hydrogen bonding  O,N H + possible hydrogen bonding  O,N H )
interaction between nitro —> anti interaction between nitro —> anti
and catalyst Ar H and catalyst Ar H

B1 Me B2 CO.R

While H,Quin-BAM-HOTf (74-HOTT) provided the nitroalkane addition adducts
with high anti-diastereoselection, this preference was not obdgem the nitroacetate
addition. This might result from a competition betm the ester and the nitro group in
the nucleophile to establish a hydrogen bondingraution with the catalyst (Figure 12).
Thus the sterically more hindered catalyst H,J{iaath)*Pyr)-BAM-HOTf (93-HOTY)
would discourage the hydrogen bonding interactimmf the bulkyt-butyl ester and

therefore favor thanti-diastereomer.

Figure 12.Possible Competitive Hydrogen Bonding from the Eated the Nitro Group

L*H\ﬁ,Boc R = alkyl L*H\;\-I,Boc
i O;N H R=COR R H
| --—— = ! --» Syn
an Ar H ‘——2‘ Ar H Y
R NO,
C1 C2
+ possible hydrogen bonding - possible hydrogen bonding
interaction between nitro interaction between alkoxycarbonyl
and catalyst and catalyst when R=CO,'Bu

It is evident that thanti-diastereoselection here represents the kinetersety;
however, if the adducts were not directly reduced &C, thermodynamically-controlled
epimerization to thesyndiastereomers was observed, and silica gel wasdfao

facilitate this process. For example, stirring &iddi product78a (5:1 dr,anti:syn) with
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silica gel at room temperature, followed by chroogaaphy provided a viscous oil,
which then slowly crystallized to a solid whosendrs measured after reduction to be 6:1
(synanti) (Scheme 47). Analysis of theyndiastereomer established its enantiomeric
ratio to be identical to it@nti-precursor, thereby indicating that the benzylicirem
carbon possesses the same configuration in bastedeamers and with the same level of
enantioselection. The hypothesis is that duringctirecentration process, when the major
diastereomer gradually crystallized out from thehmeo liquor, the minor diastereomer in
the mother liquor slowly epimerized to the oppositgstereomer, which increased the dr

of the crystals.

Scheme 47.
N/Boc HN/Boc
5 mol% 93<HOTf f
H CO,Bu ——— > - CO,Bu
r toluene, -78 °C lflo
cl NO, cl 2
61a anti-78a
anti:syn 5:1
silica gel
rt
HN/Boc HN/BOC
Co,'Bu CoCl,, NaBH, CO,'Bu
CH30H,0°C —> 1t
NH, NO,
Cl Cl
anti-79a syn-78a
syn:anti 6:1

93%ee

As summarized in Table 11, the post-addition epimation occurred to all the
substrates, furnishing a general protocol for asgimm synthesis okyna,p-diamino
acid derivatives79. For the substrates bearing different electronioperties and
substitution at different positions on the aromaiing, good yields (52-86% yield, two

steps) were consistently obtained, and high enselgotion (88-95% ee) was conserved
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after epimerization and reduction. The thermodymaity-controlled diastereoselection

ranged from 3.5:1 (Table 11, entry 7) to 12:1 (&4, entry 8).

Table 11.Post-addition Epimerization Followed by Reduction:
Synthesis obyno,f-Diamino Acid Derivatives

_Boc _Boc _Boc
1) 5 mol% 93-HOTf HN HN
toluene, -78 °C t CoCl,y, NaBH4 ¢
. N u CO,Bu : - . N CO,'Bu > | SN CO,'Bu
R ( 2)  SiO,, it R CH3OH,0°C-rt R
= NO, then crystallize = NO2 = NH,
61 syn-78 syn-79

entry? substrate (R=) dr’  %ee? yield®

1 PF d 6:1 91 85
2 PCI a 6:1 93 86
3 PMe e 4.5:1 90 76
4 e g 5:1 89 72
5 POAc b 8:1 92 68
6 PCF; f 5:1 95 77
7 PBr k 3.4:1 95 71
8 °Br | 12:1 92 52

3All reactions were 0.30 M in substrate and proceeded to complete
conversion. “Diastereomer and enantiomer ratios were measured using
chiral stationary phase HPLC. Isolated yield after two steps.

In summary, the addition of nitroacetates as glceguivalents toN-Boc
aldimines catalyzed by H,Qufif{Anth)*Pyr)-BAM-HOTf (93-HOTf) followed by direct
one-pot nitro reduction affordedanti-a,p-diamino acid derivatives with high
enantioselectivity and diastereoselectivity. If fhtocol of aza-Henry addition, slow
crystallization/epimerization, then reduction waed, syno,-diamino acid derivatives
could also be obtained with the same high ee and go. Therefore the methodology is
amenable towards forming either tegn or anti products selectively and provides a
convenient preparation ofic-diamines andy,p-diamino acids. The products are also

orthogonally protected for subsequent amide bonadtion.
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2.2. Aza-Henry Reaction/Denitration Sequence to &fl f-Amino Acid
Derivatives

B-Amino acids are constituents of countless nafpratiucts:?®including several
contemporary chemotherapeutics such as T&xaind are also important building blocks
for the synthesis of pharmaceutical targé{si-Unsubstituted3-amino acids, formally
derived from an ‘acetate’ Mannich addition, areoabkxpressed in natural products
(Figure 13), including edeines A and"B streptothricin F*? C-1027%*3 viomycin** and
(+)-chaenorhin€’®® These occurrences have stimulated the developmiemhethods
leading to the3-amino acid motif, especially in an enantioenricliean. Traditionally,
preparations of-amino acids predominantly relied on classical lkggmn of racemicf-
amino acids**® Recent preparations od-unsubstitutedf-amino acids include the

homologation of naturaki-amino acids via the Arndt-Eistert reactifi**” auxiliary-

based methods such as the addition of chiral nenrac amines to unsaturated

128 juaristi, EEnantioselective SynthesisAmino AcidsWiley: Hoboken, 2005.

129 Kingston, D. G. I.Chem. Commun2001, 867. Kingston, D. G. IAnticancer Agents from Natural
Products2005 89.

130 Georg, G. I.The Organic chemistry gf-lactams VCH Publishers: New York, 1993. Bentley, P. H.;
Ponsford, R.Recent advances in the chemistry of anti-infecigents Royal Society of Chemistry:
Cambridge, 1993.

131 Roncari, G.; Z., K.-B.; Craig, L. CBiochemistry1966 5, 2153. Hettinger, T. P.; Craig, L. C.
Biochemistry1968 7, 4147. Hettinger, T. P.; Kurylo-Borowska, Z.; QraL. C. Biochemistry1968 7,
4153. Parry, R. J.; Kurylo-Borowska, Z.Am. Chem. Sot98Q 102 836.

132 Gould, S. J.; Thiruvengadam, T. K.Am. Chem. So981, 103 6752.

*1in, S.; VanLanen, S. G.; Shen, B.Am. Chem. So2007, 129, 12432.

134 Bycroft, B. W.J. Chem. Soc., Chem. Conit872 660. Noda, T.; Nagata, A.; Take, T.; Wakamiya, T.
Shiba, T.J. Antibiot.1972 25, 427.

135 Kompis, I.; Hesse, M.; Schmid, H.; Johne, S.; @rod>. Chimia 197Q 24, 450. Bernhard, H. O.;
Kompis, |.; Johne, S.; Groeger, D.; Hesse, M.; Sdhid. Helv. Chim. Actal973 56, 1266. Badawi, M.
M.; Bernauer, K.; Van den Broek, P.; Groeger, Dug@isberg, A.; Johne, S.; Kompis, I.; Schneider, F.
Veith, H. J.; et alPure Appl. Cheml973 33, 81.

1% | jlieblad, A.; Kanerva, L. TTetrahedron2006 62, 5831. Forro, E.; Fulop, Ehem. Eur. J2007, 13,
6397. Dzygiel, P.; Monti, C.; Piarulli, U.; Genna@. Org. Biomol. Chen2007, 5, 3464.

137 Cole, D. CTetrahedronl994 50, 9517.

57



S’L28,137, 138
k)

ester and enolate addition to chiral nonracemic imitf€sEnantioselective,

catalytic approaches have also been developed,dimg hydrogenation ofi-amino

S’I.28,137
)

acrylate two step procedures involving enol silane formatiand catalyzed

addition,®*® and a three-step sequence involving Mannich amdinf a malonate,
hydrolysis and decarboxylatioff (Scheme 48). Beyon@-amino acid synthesis, the
general study of Mannich additions for the synthesichiral amines holds historic and

continuing importance in synthesis.

138 Davies, S. G.; Smith, A. D.; Price, P. Detrahedron: Asymmetr@005 16, 2833. Davies, S. G.;
Mulvaney, A. W.; Russell, A. J.; Smith, A. Detrahedron: Asymmeti2007, 18, 1554.

¥ Wenzel, A. G.; Jacobsen, E. 8. Am. Chem. So@002 124, 12964. Wenzel, A. G.; Lalonde, M. P.;
Jacobsen, E. N5ynlett2003 1919.

140 Marianacci, O.; Micheletti, G.; Bernardi, L.; Firf.; Fochi, M.; Pettersen, D.; Sgarzani, V.; Ric&i
Chem.-Eur. J2007, 13, 8338.

141 Reviews: Verkade, J. M. M.; van Hemert, L. J. Quaedflieg, P.; Rutjes, Ehem. Soc. Re2008 37,
29. Ting, A.; Schaus, S. Eur. J. Org. Chem2007, 5797. Friestad, G. K.; Mathies, A. Ketrahedron
2007, 63, 2541. Guillena, G.; Ramon, D. J.; Yus, Metrahedron: Asymmetr3007, 18, 693. Pelissier, H.
Tetrahedron2006 62, 2143. Sugiura, M.; Kobayashi, Sngew. Chem. Int. EQ005 44, 5176. Syamala,
M. Org. Prep. Proced. Int2005 37, 103. Ramon, D. J.; Yus, Mingew. Chem. Int. EQ005 44, 1602.
Simon, C.; Constantieux, T.; Rodriguez Elr. J. Org. Chem2004 4957. Arend, M.; Westermann, B.;
Risch, N.Angew. Chem. Int. EdL998 37, 1044. Denmark, S.; Nicaise, O. J.-C. Qomprehensive
Asymmetric Catalysjslacobsen, E. N., Pfaltz, A., Yamamoto, H., E8gringer: Berlin, 1999; Vol. 2, p
923. Kobayashi, S.; Ueno, M. I@omprehensive Asymmetric Catalysimcobsen, E. N., Pfaltz, A,

Yamamoto, H., Eds.; Springer: Berlin, 2004; Volp1143. Kobayashi, S.; Ishitani, Bhem. Rev1999 99,
1069.
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Figure 13.Natural Products ContainirggAmino Acid Subunit

H H
N N
RHN/\/\/ ~N N \n/\NH o
0 H
0 OCONH2
HoN,,
2 Non 1
NH, NH NHzH i
NH, O (0] H O NH2
/Yu\ N
N N M .
H H = streptothricin F
OH 0 CO,H
HO'
edein A, R=H

edein B, R=C(NH)NH2

HZN/\/\l/\n/ J;( I\OH

NH

HO

I=
b4
T

viomycin

Scheme 48Approaches towards Enantioenrictiedmino Acids

NHR O

R X OR'

NHP OSiR3

e

o

I
uoneuabolipAy

R H OR

ho Ologation
Mannich reaction

Michael addition R OH

1 2
R \H/R / N )NIEP rCozR

Z
I

Ny
o

%

As discussed in the first chapter, enantioseledilanich reactions involving
nitroalkanes have been subject to intensive study the past decade. The Johnston

group and others have also successfully employeiro esters in these additions, but

59



the sole focus has resided in the value of the mjtoup as an amine progenitéfWe
naturally wondered whether the nitro group, which aritical for activation and
stereocontrol in the addition reaction, could badiy removed as part of a two step
procedure leading ultimately to theunsubstitute@-amino acid substructure (Figure 14).
The strategy bears analogy to malonate Mannichtiadthydrolysis/decarboxylation, but
differs by the potentially mild, pH-neutral condiis typical of stannane-mediated

denitration.

Figure 14.General design of an acetate Mannich equivalent

R2
N . .
NH, acetic acid
COH l:> R H CORE equivalent
= CH3COH

-

R1
B-amino acid NO,

The feasibility of the denitration step in thistseg was first examined ofi-
aminog-nitro esters7/8 made from NEf catalyzed aza-Henry reactions whitro-tert-
butyl acetate withN-Boc aldimines. That these substrates were racema#s of no
consequence at this stage.

As shown in Table 12, the use of standard reagemdsstannyl radical-generating
conditions provided the desirgdamino ester product85 in high isolated yield. Not
unexpectedly, a variety of functionalized aryl gveuurnished the denitrated products
(95a-)) in good to excellent yield (Table 12, entries @-1Chlorinated 458 and

Fluorinated 95¢ (Table 12, entries 1 & 3) substrates are tolerates well as the

12 Eor pioneering work to develapnitro esters as substrates for enantioselectisenino acid synthesis,
see: Moreau, B.; Charette, A. B. Am. Chem. So€005 127, 18014. Linton, B. R.; Reutershan, M. H.;
Aderman, C. M.; Richardson, E. A.; Brownell, K. RAshley, C. W.; Evans, C. A.; Miller, S. J.
Tetrahedron Lett2007, 48, 1993. See also: reference 118.
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electronically rich furyl derive@-amino este®5j. Unfortunately, thiophenyl substrates

(95K) are unsuitable at the present time (Table 12ydrit).

Table 12.Reductive Denitration af-Nitro Esters

_Boc

HN t "BusSnH, AIBN Hn
Ar)\( COzBu CeHo, 80 °C Ar/k/COZ’B“
NO,

78 95
entry? Ar yield (%)?

1 PCICgH, a 73

2 pMeOCGH4 b 90

3 pFCeH4 C 97

4 ’"MeCGH4 d 90

5 pMeCGH4 e 91

6 2Np f 83

8 PPhCgH,4 h 89

9 pACOCeH4 i 82

10 2C4H;0 i 93

11 3C4H3S k 0

comversion Saolmted ok, e o comelete

The experiments in Table 12 merely confirmed theeetation that the
denitration is possible, but did not prognostidaeefeasibility of the overall strategy with
regard to enantioenriched product formation. Inh&at proton-catalyzed aza-Henry
reaction (Scheme 49¥-nitro esters/8e are obtained as a thermodynamic ratio of 2:1
diastereomers at room temperatliféThe enantiomeric ratio for each diastereomer,
however, is at the 94:6 level (88% ee each). Wesvggatified to find that reductive
denitration of this mixture resulted in convergenoethe desired amine with identical
enantiomeric enrichment (88% ee). This finding @atied that stereocontrol to establish
the configuration at the benzylic carbon proceedwh whe same azomethine facial

selectivity regardless of the diastereomer produEedhermore, the selectivity is at the

143 Slow crystallization to increase dr was not neagsi this context.
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same level in each case. Had the minor diasteredonered with R configurational

selectivity and 88% ee, the product in Scheme 49ldvbave been isolated in 29% ee.

Scheme 49.
—]* ot
H --H
H<p N=H
/N -
N--H N
O
N/Boc 93-HOTf O HN/Boc HN’BOC
! I/coszu 5 mol% 93-HOTf CO,Bu  "BusSnH, AIBN COyBu
NO, toluene, -78 °C No. CeHg, 80 °C
Me (90%) Me 2 (90%) e
61e 78e (S)-95e
2:1 syn:anti
88% ee/88% ee 88% ee

We investigated the scope of this overall approasha two step protocol as
outlined in Table 13. Optimized conditions for @wea-Henry step provide®)(95e with

slightly improved selectivity after reductive deation (94% ee and 80% overall yield).

The B-amino tyrosine derivative§[-95b was produced in 85% ee and 88% yield overall

using an identical protocol (Table 13, entry 2)b&itutions of the aromatic ring, varing
both electronically and by position, provided therided -amino acids with good
enantioselectivity and overall yield: (87-98% 68;87% overall yield, Table 13, entries
3-9). Furthermore, an electron rich heterocyclehsas furyl-amino acid §-95j was

obtained in 85% ee and 64% yield overall (Tableetidry 10).
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Table 13.A Catalytic Asymmetric Acetate Mannich ReactionTiwo Steps

B 1) 5 mol% 93-HOTf Boc
)J\ CO,Bu toluene, -78 °C . HN
A7 H r 2)"BusSnH, AIBN Ar)\/COZtB“
NO CgHg, 80 °C
61 (S)-95
—* ot

entry? Ar eeb yield(%)° Ny Ny
1 PCICgH, a 98 73 N N=H
2 PMeOCgH4 b 85 88 7 —
3 PFCgH,4 c 93 85 NH NG
4 MMeCgHgy d 87 87
5 pMeCGH4 e 94 80 O
6 2Np f 95 77 O
7 MPhOCgH,4 g 89 67 O
8 PPhCgH,4 h 92 81
9 PACOCgH,4 i 91 68 (93-HOTH)
10 2C4H30 j 85 64

@Al reactions were 0.30 M (step 1) and 0.10 M (step 2) in substrate
and proceeded to complete conversion. “Enantiomer ratios were
measured using chiral stationary phase HPLC. CIsolated yields (two
steps).

Among the products in Table 13, protecfetiyrosines are of particular note as
they can be structural elements of natural prodWistargeted one addition&ltyrosine
derivative particularly for its relevance to nalyseoduct synthesis. (+)-ChaenorhirgZ)
is a macrocyclic spermine alkaloid isolated fr@n origanifoliumin which ap-amino
acid is present as a key constituent of the macyolic core structure (Scheme 563.
Wasserman has reported the only total synthesisocofrd, which provided access to the
racemic chaenorhing?

Our aza-Henry/denitration protocol was applied he synthesis of the kef-
amino acid 96) of (+)-chaenorhine97). Addition of a-nitro tert-butyl acetate to imine
61l, followed by denitration, producgdamino esteB5l in 88% ee and 75% yield overall,
while usinga-nitro methyl acetate resulted in slightly dimireshenantiomeric excessg

72% ee) (Scheme 50). Thus, it was necessary toecomert-butyl ester 95| to

144\Wasserman, H. H.; Robinson, R. P.; Carter, C1.@m. Chem. Sot983 105, 1697.
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Wasserman’s intermediate methyl est@8. Direct transesterification under basic
conditions (NaOMe in MeOH or DMSO) or neutral cdiatis (InCE**° or BuSnO“*°in
MeOH) was unsuccessful. Altenatively, methanolysisder acidic conditions and
selective reprotection of the free amine then &had the Wassermgramino ester
intermediate96 in 85% vyield (two steps), but in an enantioenrctHerm as theS

enantiomer.

Scheme 50Enantioselective Synthesis of Wasserman’s Chaemeiiotecte@-Amino Acid Intermediate

Wasserman
OMe
OH
He CO,Me \ fr/
l;l steps N (+)-chaenorhine
Boc —> rac- \Ac (97)
rac-96 chaenorhine
_Boc
N 1) 5 mol% 93+HOTF _Boc
AcO H coR toluene, -78°C HN
2
¢ 2)"BusSnH, AIBN Ar)\/COZR
MeO NO, CeHe, 80 °C
611 951, R='Bu 88% ee (75%)
98, R=Me 72% ee (69%)
Boc
HN”
1.S0Cl, MeOH o CoMe
— =
2. (Boc),0, NEt,
dioxane/H,0
(85% from 951)  MeO (+)-96

88% ee

As a representative example, we examined the prbtmveloped by Fit’ which
employs a substoichiometric amount of stannanesomunction with a stoichiometric

silane (Scheme 51). In our hands, this method vebrkell to provide95a in 70%

15Ranu, B. C.; Dutta, P.; Sarkar, A.Org. Chem1998 63, 6027.
146 Baumhof, P.; Mazitschek, R.; Giannis, Angew. Chem. Int. E@001, 40, 3672.
7" Tormo, J.; Hays, D. S.; Fu, G. &.Org. Chem1998 63, 5296.
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isolated yield (two steps), requiring only a longeaction time when compared to the use
of stannane alone. Again, no loss in enantiomericckement was observed, 85a was

delivered in 97% ee (c.f. Table 13, entry 1).

Scheme 51.
B B
NTC 1) 5 mol% 93+HOTY HNT O

! CO,Bu toluene, -78 °C _ CO,/Bu
r 2) 20 mol% "BuzSnH
NO, PhSiH,. AIBN

c CeHs, 80 °C c
61a (70%) 95a

97% ee

In summary, the enantioselective synthesig-phenyl alanine derivatives using a
two step procedure has been developed. The sugkagglication of this strategy is in
large part due to the ability of chiral proton dgsa 93HOTf to provide each
intermediate a-nitro ester diastereomer with high enantioselégtivand consistent
configuration at the benzylic amine carbon. Coneaog of these diastereomers to
enantioenriche-amino ester products is therefore possible bynstammdical-mediated
denitration. The Mannich addition/denitration piibcan be considered an equivalent to
the analogous addition/decarboxylation sequencalving p-diesters. Whereas the latter
requires ester to carboxylic acid conversion urdirer acidic or basic condition& the
free radical conditions used here for denitratioa eonsidered pH-neutral — in the
present work, for example, the acetateQsvl was retained. The practitioner can now
choose among this range of possibilities. Moreotte, lower molecular weight of the

nitro group compared to an ester might render iteraitractive when employed as a

148 Marianacci, O.; Micheletti, G.; Bernardi, L.; Firf.; Fochi, M.; Pettersen, D.; Sgarzani, V.; Ric&i
Chem.-Eur. J2007, 13, 8338.
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disposable functional group. The utility of theastigy was successfully demonstrated in
the application to the synthesis of fh@amino acid component of (+)-chaenorhine, which
should now be accessible in an enantioenriched féohowing the synthesis of

Wasserman.
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Chapter Il

Umpolung Amide Synthesis

3.1. Background

Nature achieves great structural diversity in prosgynthesis through the rather
straightforward condensation of amino acids. Lange complex, yet functionally precise
proteins are formed in this manner from a remaskadthall number of naturally
occurring amino acids. The formation of the amidadis the strategic lynchpin, one
that is often mirrored in the laboratory througmdensative methods for the preparation
of amides and peptides. Without the assistance fomymes, chemists resort to well-
designed coupling reagents (Figure 15), includinigroformates, carbodiimides such as
DCC (©9), uronium salts such as HATU{0 and phosphonium salts such as PyBOP
(102), acid halogenating reagents such as TFE#2)(and many moré&*® Activated esters
or acid halides are generated as the reactivenietdiate to lower the energy barrier of
the condensative reaction. Additives such as DMAB3)(or HOBT (04 are often
necessary in order to enhance the reaction rat@msappress racemization (Figure 16).
Many of the coupling reagents are expensive, tokim some cases shock-sensitive and
the use of them in superstoichiometric amounts @bsdributes considerably to the waste

stream.

9 Eor recent reviews, see: Han, S. Y.; Kim, Y.T&trahedron2004 60, 2447. Montalbetti, C. A. G. N.;
Falque, V.Tetrahedror2005 61, 10827. Valeur, E.; Bradley, MChem. Soc. Re2009 38, 606.
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Figure 15.Common Coupling Reagents

D (A4
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Ny XM PFe AN “PFg Me,N PFe
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N~ N N Me,N

99 100 101 102
DCC HATU PyBOP TFFH

Figure 16.Rate-Enhancers and/or Racemization Suppressants

The otherwise solid foundation of amide bond foiorausing coupling reagents
often weakens as the size of the target increaseshen the steric, functional and
stereochemical complexity places a greater demanthe condensative acyl carbon-
nitrogen bond forming reaction. For example, the w$ disubstituted amines, aryl
glycines, or peptidic amine/carboxylic acid combiolas are often met with low
conversion and/or epimerization of the carboxytica

In addition to solid phase peptide synthesis wiufthn utilizes reagent excess to
drive the condensation to completitii,alternatives to conventional amide synthesis
have emerged recently to address the practicaleciggs, including highly innovative

approaches (Scheme 5%)such as native chemical ligatiorf, Staudinger ligatiort>®

130 Atherton, E.; Sheppard, R. Solid phase peptide synthesis : a practical appno#eL Press at Oxford
University Press: Oxford, England ; New York, 198%9elds, G. B.Solid-phase peptide synthesis
Academic Press: San Diego, 1997. Dérwald, FOFanic synthesis on solid phase : supports, linker
reactions Wiley-VCH: Weinheim ; Chichester, 2000. Sewald; BJakubke, H.-DPeptides : chemistry and
biology, Wiley-VCH: Weinheim, 2002.

151 Bode, J. WCurr. Opin. Drug Discovery DeR006 9, 765.

2 pawson, P. E.; Muir, T. W.; Clarklewis, I.; Kerg, B. H.Sciencel 994 266, 776.
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hydrative amide synthesis through alkyne-azide lkogp™>* oxidative amidation of
alcohols’®® aldehyded™® or alkynes™’ and ketoacid-hydroxylamine ligatidi® among

others!®

Scheme 52Selected Recent Innovative Amide Bond Formationhdds
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With the rapid development of asymmetric Henry tieas, aza-Henry

reaction$®* and Michael additions to nitroalkeri&sin recent years, the population and

133 saxon, E.; Armstrong, J. |.; Bertozzi, C. ®g. Lett.200Q 2, 2141. Saxon, E.; Bertozzi, C. Bcience
200Q 287, 2007. Nilsson, B. L.; Kiessling, L. L.; Raines, R Org. Lett.200Q 2, 1939. For a recent
review, see: Kohn, M.; Breinbauer, Rngew. Chem. Int. E@004 43, 3106.

1% Cho, S. H.; Yoo, E. J.; Bae, L.; ChangJSAm. Chem. So2005 127, 16046. Cassidy, M. P.; Raushel,
J.; Fokin, V. V.Angew. Chem. Int. EQ006 45, 3154.

1% Gunanathan, C.; Ben-David, Y.; Milstein, Bcience2007, 317, 790. Nordstrem, L. U.; Vogt, H.;
Madsen, RJ. Am. Chem. So2008 130, 17672.

1% y00, W. J.; Li, C. JJ. Am. Chem. So2006 128 13064. Gao, J.; Wang, G.-W. Org. Chem2008 73,
2955,

7 Chan, W. K.; Ho, C. M.; Wong, M. K.; Che, C. Nl. Am. Chem. So2006 128 14796.

18 Bode, J. W.; Fox, R. M.; Baucom, K. Bngew. Chem. Int. EQ006 45, 1248.

1391, X.; Danishefsky, S. Jl. Am. Chem. So2008 130, 5446. Li, X.; Yuan, Y.; Kan, C.; Danishefsky, S.
J.J. Am. Chem. So2008 130, 13225.

%0 For recent reviews, see: Palomo, C.; Oiarbide, Melgo, A. Angew. Chem. Int. EQ004 43, 5442,
Boruwa, J.; Gogoi, N.; Saikia, P. P.; Barua, N.T€trahedron: Asymmetrg006 17, 3315. Palomo, C.;
Oiarbide, M.; Laso, AEur. J. Org. Chem2007, 2561.
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structural diversity of nitroalkanes are expandiga rapid pace®® We wondered
whether a new amide synthesis could be discovehnatl wtilizes the same amine
feedstock as condensative amide synthesis, bubmgphew chemical space for the acyl

donor through the implementation of nitroalkaneshéne 53).

Scheme 53.

3.2. Umpolung Amide Synthesis: Halonium-PromoteddBnonitroalkane
Amine Coupling

Our study of the basic bond forming reaction begdh the hypothesis that an
bromo nitroalkane (e.d.073 might provide the proper oxidation state for dmgpto an
amine. This basic design was guided by the knoveetigt the nonbrominated parent of
107a nitroalkanel06 is readily converted to the corresponding aldehysieg the Nef
reaction in a two-step sequence involving nitron&temation (NaOMe, MeOH),
followed by its treatment with aqueous acich®@, H,0) (Scheme 54°* An aza-Nef
reaction was proposed by quenching nitrod@@with more nucleophilic amines instead

of water, which is of less nucleophilicity. The lmsion of water (3:1 THF:)O = 93

161 See Chapter 1 for a review and discussion.

%2 For recent reviews, see: Krause, N.; Hoffmann-RofleSynthesi®001, 171. Berner, O. M.; Tedeschi,
L.; Enders, D.Eur. J. Org. Chem2002 1877. Christoffers, J.; Koripelly, G.; Rosiak,; Rossle, M.
Synthesi®007, 1279. Tsogoeva, S. Bur. J. Org. Chen2007, 1701.

163 0no, N.The Nitro Group in Organic Synthes{gViley-VCB, New York, 2001).

184 Nef, J. U.Liebigs Ann. Cheml894 280, 263. For recent reviews on Nef reaction, seeliBaR.;
Petrini, M. Tetrahedror2004 60, 1017. Pinnick, H. WOrg. React199Q 38, 655.
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equivalents) was based on the perceived need teoolgyd the putative tetrahedral

intermediate 109 to form the amide product (Scheme 54).

Scheme 54Nef Reaction and Proposed Aza-Nef Reaction
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By simply mixing a-bromo nitroalkanel07awith secondary amingll, a trace
amount of the desired amid&lQ) could be identified after 10 days at room tempee
(Scheme 55 and Table 15, entry 1). Alongside tmmells amount of product, the
formation of debrominated nitroalkari®6 was detected. This observation led to the
hypothesis that aN-haloamine, formed through bromonium transfer flb®7ato amine
111, might be a key intermediate in the desired tr@amsétion. Bromonitroalkane might
then undergo electrophilic amination with tid-haloamine to form the putative

tetrahedral intermediate.
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Scheme 55.

H
NO, HyN Ph N Ph
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Br Me
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N-Haloamines?® formed by direct halogenation of amines, have leeansively
utilized for Hoffman-Loffler-Freytag reactio® which contrasted their limited
applications in electrophilic aminatioff’ Coleman and co-workers reported that
monochloroammonia and monobromoammonia reacted @ithnard reagents to give
primary amines in moderate to good vyield (57-85&dyfor NHCI| and 29-63% vyield for
NH,Br, Scheme 56)% The reaction occurs in any® fashion and Xacts as a leaving
group. Since nitrogen exhibits an electronegaticibynparable to the halogens, tNe
haloamine functionality can have ambident chara&ierommon competing reaction is a
similar §y2 reaction occurring at the X site and Nldcts as the leaving group, which
leads to the formation of alkyl halide and ammobaproduct (Scheme 57). The
Coleman group later usédtchloro alkyl amines in the amination of Grignashgents.
The major products were primary amines from theesponding\-chloro alkyl amines,
and the electrophilic amination product secondanynas were isolated in low yields,

which also reflected that Grignard reagents did attdack nitrogen selectively (Scheme

185 For a review, see: Kovacic, P.; Lowery, M. K.;IBieK. W. Chem. Rev197Q 70, 639.

1% For reviews, see: Wolff, M. EChem. Rev1963 63, 55. Neale, R. SSynthesid971, 1971, 1. Majetich,
G.; Wheless, KTetrahedronl995 51, 7095.

%7 For reviews on electrophilic amination, see: Erdik Ay, M. Chem. Rev1989 89, 1947. Dembech, P.;
Seconi, G.; Ricci, AChem. Eur. J200Q 6, 1281. Watson, |I. D. G.; Yudin, A. KCurr. Opin. Drug
Discovery Dev2002 5, 906. Erdik, ETetrahedror2004 60, 8747.

%8 Coleman, G. H.; Hauser, C. R.Am. Chem. So&928 50, 1193. Coleman, G. H.; Yager, C. B.Am.
Chem. Socl929 51, 567.
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58).1%° Recently,N-chloro alkyl aminesl12 were utilized together with aryl Grignard

reagents to prepare tertiary anilirids3in moderate to good yields (Scheme 58).

Scheme 56.
RMgX + NH,X' ——— 3 RNH,
Et,O
X=Cl, Br, | X'=Cl, Br
Scheme 57.
RNH, + MgXCl
RMgX + NH,CI H,0
RCl + H,NMgX ———> NH;
X=Cl, Br, |
Scheme 58.
PhCH,MgCI + CH3NHCI ——————> PhCH,NHCH; + CHsNH,
E0,5°C (14%) (70%)
Scheme 59.
R1 R1
)\ R2 Ar2MgCI-LiCl )\ g2
1 - _— 1 -
AN THF, -45 °C AN
cl (33-73%) Ar?

112 113

Organoboranes, generated from the hydroborationleffns, were reported to
react with N-chloroamine to afford primary amindgsl4 in moderate yields (Scheme
60)1"* Organolithium reagent&'"3and organozinc reagehtshave also been reported
for the electrophilic amination of carbanions (Sulee62, pathway b), although they were
proved to be less useful than Grignard reag€htsjth the exception that in a recent

report, Ni(0) catalyzed the reaction of diarylzimeagents with N,N-dialkyl-N-

189 Coleman, G. HJ. Am. Chem. So&933 55, 3001.

10 Sinha, P.; Knochel, Bynlett2006 3304.

1 Brown, H. C.; Heydkamp, W. R.; Breuer, E.; Murply, S.J. Am. Chem. So:964 86, 3565.
172 Coleman, G. H.; Hermanson, J. L.; Johnson, H. lAm. Chem. So937, 59, 1896.

3 Wolf, V.; Kowitz, F.Justus Liebigs Ann. Chert96Q 638 33.
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chloroamines115 to afford tertiary anilines116 in high yields (Scheme 61y
Electrophilic amination of enolates usitghaloamine was reported in a few cases as

175 with the focus on the intermolecular version tdoaf nitrogen-containing

well,
heterocycles'’® All these protocols applied the reactants of reeer polarity to

conventional nucleophilic amination (Scheme 62,hpaly a), which represents an

177 : . 167
“umpolung™’’ strategy in the C-N bond formation (Scheme 62hpay b):
Scheme 60.

, s BoHg, THF . s
R R aq. NaOH R R
y—/ S ———— —
R? then NH,CI R2 NH,
(8.5-58%) 114
Scheme 61
5 mol% Ni(COD),
(|3| 10 mol% bipyridine Ph
N Ph,Zn - ’!l
Bu” “Bu DMA/TFA, 0 °C Bu” “Bu
115 (90%) 116
Scheme 62.
nucleophilic amination RNH, + R'X a
S @
— RR'NH
electrophilic amination RM + R'NHX b
S} @®
M=Mg, Li, Zn, B @ electrophilic component
© nucleophilic component

" Barker, T. J.; Jarvo, E. R. Am. Chem. So2009 131, 15598.

S vyamada, S. I.; Shioiri, T.; Oguri, T. Chem. Soc., Chem. Comt®72 623. Oguri, T.; Shioiri, T.;
Yamada, SChem. Pharm. Bulll975 23, 167.

176 Clemo, G. R.; Hoggarth M. Chem. Socl954 95. Grieco, P. A.; Dai, YJ. Am. Chem. Sot998 120,
5128. Bew, S. P.; Hughes, D. L.; Palmer, N. J.;iGa¥.; Soapi, K. M.; Wilson, M. AChem. Commun.
2006 4338. Makosza, M.; Bobryk, K.; Krajewski, Beterocycle008 76, 1511.

17 Seebach, D.; Corey, E.Jl.Org. Chem1975 40, 231. Grobel, B. T.; Seebach, Synthesid 977 357.
Seebach, DAngew. Chem. Int. EA979 18, 239.
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ConsideringN-haloamines as a possible key intermediate in ooide bond
formation (Table 14, entry 1), we therefore exarditlee action of various halonium
sources as additiveBl-chloro succinimide (NCS) and-bromo succinimide (NBS) did
improve the reaction conversion and isolated y{élable 14, entries 2 and 3). lodonium
sources N-iodo succinimide (NIS) and)l provided higher yields and NIS proved to be
the best (61% vyield, Table 14, entry 5 and Tableebfry 2), most likely because iodide
is a better leaving group than chloride or bromidehe electrophilic amination step
involving the N-haloamine. Koser's reageni17) also delivered the amide product,

although with modest yield (32%, Table 14, entry 7)

Table 14.Bromonitroalkane Amine Coupling: Screen of HaloniAaditives

H

No,  Me N_ _Ph
Ph/Y 2 )\ » Ph/\n/ \l/
Br Ph NH, THF/HZO (3:1)

(e} Me
107a 111 110

entry? X* additive  yield (%)°

1 none <5
2 NCS 34
3 NBS 24
4 Brz <5
5 NIS 61
6 I 48 o

7¢ OoTs* 32 I\OTS
“Reactions employed 1 equivalent of bromo

nitroalkane 107a and 2 equivalents rac-111, with

amine added as the final reagent at 25 °C. ®Isolated 17
yields. °Koser's reagent 117 was used as a OTs" Koser's reagent
source.

We initiated a spectroscopic study of the putatibaloamine intermediate as
illustrated in Figure 17. The addition of NIS (bglie 17) toa-methyl benzylamine (a,
Figure 17) resulted in the complete conversionwo sets of new product peaks (c,

Figure 17). The shift of NIS methylene protons fr@03 ppm to 2.80 ppm indicated
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complete iodine transfer from NIS to form succirdeni lodination of the amine produced
two sets of peaks as indicated by a shift of theéhgdeloublet from 1.40 ppm to 1.45 and
1.50 ppm. The amine methine also shifted from glsiquartet at 4.13 ppm to quartets at
4.10 and 3.78 ppm. Integration of these quartstsyedl as the methyl doublets, indicated
a 1:1 ratio. The production of two forms of tiNeiodo a-methyl benzylamine was

unexpected, as i) the use of elemental iodine fammgle product by NMR (d, Figure

17) and ii) treatment of achiral benzyl amine WMIS results in a single iodoamine by

NMR as well (not shown).
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Figure 17.'"H NMR (400 MHz, CDC}, 25 °C) of aj-methyl benzyl amine, By-iodo succinimide (NIS) and reaction
mixtures resulting from the combinationwmethyl benzyl amine and ¢) NIS and d) iodine.
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Figure 18."H NMR (400 MHz, CDC}, 25°C) of a) reaction mixture resulting from the combioa of a-methyl benzyl

amine andN-iodo succinimide (NIS), its b) dilution, and adon to this solution: ¢) 5% DMS@nd d) 10% DMSC

d) 10% DMSO added
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Figure 19.'H NMR (400 MHz, CDC}, 25°C) of a)a-methyl benzyl amine, and reaction mixtures resglfiom the

combination ofx-methyl benzyl amine and IN-chloro succinimide (NCS), @&)-bromo succinimide (NB¢and d)N-iodo

succinimide (NIS).
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Figure 20.'H NMR (400 MHz, CDC}, 25 °C) of a)e-methyl benzyl amine, b) reaction mixtures resgltirom the
combination ofa-methyl benzyl amind11 and N-chloro succinimide (NCS), djN-chloroamine118 and d)N,N-

dichloro aminel19.
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The formation of two sets of peaks is further leditto theN-iodo a-methyl
benzylamine since thd-bromo andN-chloroamine derivatives exhibit similar shifts,tbu
only a single set of peaks in the product (Figle We hypothesize that the behavior of
N-iodo a-methyl benzylamine might be due to an equilibribetween distinct free (A)
and bound (B)N-iodoamine/succinimide (Scheme 63). Two singletsesponding to
succinimide protons are also observed, consistéhtfiee and bound forms (2.83 & 2.80
ppm, Figure 18). The bound form should be favorechigh concentration, and an
experiment (Figure 18) in which tiNiodoamine was formed at higher concentration (a,
Figure 18) did show a single set of peaks (albmtd), that reformed two sets of peaks
upon dilution (b, Figure 18), and further changadshape/size upon the addition of
DMSO (c-d, Figure 18). The latter behavior is cetemt with the use of DMSO as an
additive to disrupt hydrogen bonding betweenNkhedoamine and succinimide. It is not
clear which side of this equilibrium tiBr andN-Cl cases might favor (free or bound),
but one would expect a reasonably different efééebdine on the i) polarizability of the
nitrogen lone pair and ii) hydrogen bond donorigbdf the N-iodoamine. An alternative
possibility is the existence of bound states inttaiée cases, but an inversion at nitrogen
that is slow on the NMR time scale for tiNviodo amine, resulting in observable
diastereomeridN-iodoamines (Scheme 63). Although this possibistgupported by the
observation that achiral benzylamine forms a siisgteof product peaks upon treatment
with NIS, the literature suggests that the inverdiarrier should decrease along the order
Cl, Br, 1.}"® Therefore, one would need to conclude that theisimide binds to the\-
iodo a-methyl benzyl amine, and this complex exhibits tarusually high barrier to

inversion. We have also noted that the additiorodine (b) to a-methyl benzyl amine

18 Nelsen, S. F.; Petillo, P. A.; Rumack, D.JTAm. Chem. Sot99Q 112, 7144.
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results in peak shifting relative to free aminef the formation of a single product (d,
Figure 17). Hence, we favor the hypothesis thatistmide is acting as a hydrogen bond
donor/acceptor with eadN-halo amine, but the formation of an equilibriumxtare of
uncomplexedN-iodoamine and succinimide is significant.

A comparative analysis of the reactionoeimethyl benzylamine with NIS, NBS
and NCS is provided in Figure 19. In contrast @ination, bromination and chlorination
with these reagents provides a single set of pediksh we have assigned to the bromo
and chloramines. The upfield shift of the methyl@eaks corresponding to succinimide
is the basis for this assignment. The literatutecates that monohaloamines can exist in
equilibrium with their dihalo counterparts, but theear neutral/slightly alkaline pH’s

favor the monohaloaming?

Scheme 63Hypotheses for the Observation of Two Distinct Set$eaks in the Case dFlodoamine
Formation

free bound amine
0. -0
H H~
Ph X,, ’ . Ph X =z
N N D—— N N
)/ \. W )’ N
Me o Me ¢}
A B
X =1>>Br,Cl

Exposure of aminé11to NCS, NBS and NIS in CDg&[25 °C) respectively all

revealed rapid conversion to the correspondiigaloamines. They all showed no

19 Bray, W. C.; Dowell, C. TJ. Am. Chem. So&917, 39, 905.
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significant decomposition after several hours aimotemperature in CDgl Among
them, N-chloroamine118 could be isolated after flash column chromatogyagtibeit
with much loss (Scheme 64). Isolat®ddchloroamine118 was fully characterized,
although very unstable on its own. A small amounNM-dichloroaminel19 was also
isolated and characterized. The downfield shiftalifthe peaks could be obviously
observed fromu-methyl benzyl amine (a, Figure 20)Nechloroaminel18 (c, Figure 20),

andN,N-dichloroaminel19(d, Figure 20).

Scheme 64.
H,N Ph H Ph
TSy
Me CH,Cl, Me

111 118

silica gel column, 16% yield
neutral alumina gel column, 41% yield (containing 10% acetophenone)

Using NIS as the halonium additive, a solvent sti@fethe amide bond formation
demonstrated that ether solvents (THF, dioxanehyhéert-butyl ether (MTBE)) were
superior to toluene, acetonitrile and dichloromethaAnd THF, which afforded slightly
better yield than the other two ether solvents, wlassen as the optimal solvent for
further studies of the amide bond formation.

Use of potassium carbonate when water was a cessoprovided a biphasic
reaction mixture wherein the equivalents of amioeld be reduced from 2 to 1.2 relative
to bromonitroalkand07a(Table 15, c.f. entries 2-3). A by-product was ay& observed
during the development, which was determined talingéroalkanel120. Dinitroalkane
could result from direct nitration of bromonitroalie 107a under the basic conditions,

which indicated that N® was generated as a co-product in the process iofeabond
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formation. The similar reaction was first reportedter Meer (Scheme 65, eq 58)and

then applied by others for the synthesis of diaikanes (Scheme 65, eq 51 and

52) .181,182

Scheme 65Ter Meer Reaction for the Synthesis of Dinitroakksn

Br ONg9 e NO,

PN OH +NOy ——> ||  —— (50)
R™ NO; R” NO, R” “NO,

O. O
Br SN 2Kt NO,
No, _KOH.KNO, No, _HCl(@) N o)
OaN MeOH/H,0 = OaN 28%)  ON
Br o~y twosteps NO,

)C'\ K,COs, NaNO, O HCHO 0N, NO,

Me” NO, H,0 Me)J\NOZ then H,SO, \)<Me (52)
(70%)
two steps

When we treated bromonitroalkari®7a with KNO, under basic conditions,
followed by acidic work up, we did isolate dinitikane 120, although in a low yield
(Scheme 66, eq 53). When the dinitroalkane was amxigh aminelll, in the presence
of NIS and KCQO;, only a trace amount of amidd.0 could be observed (Scheme 66, eq
54). This indicated that the dinitroalkane is nbé tintermediate towards the amide

product, but an undesired by-product.

10 ter MeerAnn.1876 181, .

181 Feuer, H.; Colwell, C. E.; Leston, G.; Nielsen,TAJ. Org. Chem1962 27, 3598.

182 Hamel, E. E.; Dehn, J. S.; Love, J. A.; Scigliado,J.; Swift, A. H.Ind. Eng. Chem. Prod. Res. Dev.
1962 1, 108.
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Scheme 66.

1. K,CO3, KNO, \o
NO.
Ph/\l/ 2 THF/H20 Ph/\|/ : (53)
Br 2. 1MHCI NO;
107a (20%) 120

NO, Me THF, 0°C

<59
120 111 (<5%) 110

In our development of halonium-promoted bromonitaae amine coupling,
when the amount of water was reduced further tguvalents, a heterogeneous mixture
resulted, but the isolated yield of the amide vmagroved further to 70% (Table 15, entry
4). Although water could not be rigorously excludiedm the reaction mixture with
confidence, owing to the hydrophilic nature of thmine, we found that the desired
amide could be isolated under nominally dry coodsi at the expense of lower
conversion and a more complex crude reaction next(fable 15, entry 5). We
determined that 5 equivalents of (added) water dalgliver the amide product in good
yield. Furthermore, lowering the reaction tempeamto 0 °C provided a cleaner reaction
and modest improvement to overall yield withoutngigantly lengthening the time to
completion (75% vyield, Table 15, entry 6). Limitittge amount of water to 5 equivalents
and lowering the reaction temperature to 0 °C migttice the amount of NQlissolved
in the reaction system, thus minimizing the forrmatof the undesired dinitroalkane by-

product and leading to higher yield of the desaedde.
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Table 15.Development of a Bromonitroalkane Amine Coupling

H
NO, H.N Ph  NIS, K,COy N Ph
Ph —————» Ph
/E WM: H,0, THF /\l(l/ \NE
107a 111 25°C 110
entry® NIS H,0 K,CO4 yield®
ry (equiv) (equiv) (equiv) (%)
1¢ 0 93 0 <5
2¢ 1.2 93 0 61
3d 1.0 93 2 58
49 1.0 5 2 70
5d 1.0 0 2 55
goe 1.0 5 2 75

?Reactions employed 1 equivalent of bromonitroalkane 107a (0.2 M in THF)
and rac-111, with amine added as the final reagent at 25 °C. “Isolated yields.
°2 Equivalents of amine used. 91.2 Equivalents of amine used. *Reaction was
conducted at 0 °C.

The reactivities of a series @fhalo nitroalkanes were then compared as shown in
Table 16. Fluoronitroalkant21a being the least reactive, required room tempegdtur
the reaction to occur, and provided the amide prbduth moderate yield (48%, Table
16, entry 1). Chloronitroalkari21b and bromonitroalkan&21cafforded similarly good
results (74% and 75%, Table 16, entry 2 and 3,esspely). lodonitroalkanel21d,
being the most reactive, generated the amide in gt (Table 16, entry 4), as well as

other by-products.
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Table 16.Development of Bromonitroalkane Amine Coupling: fe®f then-Halo Nitroalkane Donor

NO2 HoN Ph NIS, K,CO4, H,O “ Ph
Me THF, 0 °C o) Me
121 111 110
entry? substrate yield (%)?
1 X=F a 48¢
2 X=Cl b 74
3 X=Br ¢ 75
4 X=1 d 51

aNIS (1 equiv), K,CO; (2 equiv), amine (1.2 equiv), H,O
(5 equiv), and nitroalkane (1 equiv, 0.2 M in THF) were
stired at 0 °C until complete consumption of the
nitroalkane. ®Isolated yield. °Reaction conducted at room
temperature.

Scope of the Halonium-Promoted Bromonitroalkane Amie Coupling

A standard experimental protocol was developedrdemnto ascertain an initial
scope for the reaction, with a near equimolar arhotidonor and acceptor established as
an important characteristic. These conditions et NIS (1 equivalent), potassium
carbonate (2 equivalents), water (5 equivalentgpina (1.2 equivalents) and
bromonitroalkane (1 equivalent), operating at icatew temperature for two days as a
standard reaction time. Although not necessarityntiped for any single example so as
to provide a standard benchmark, these conditiomwiged a promising level of
generality. The bromonitroalkane compon&ntwas first examined using-methyl
benzyl amine as a representative acceptor (Tabje Nifroalkane donors carrying
aliphatic and aromatic chains are readily employsidg this method (Table 17, entries
1-4), and amides bearing electrophilic halides [@ab7, entry 5) or an acid labile

acetal/leaving group at thp-position (Table 17, entry 6) can be prepared witho

18 The a-bromo nitroalkane substrates are generated byottemtion of the corresponding nitroalkane
followed by bromination, in high yields, and oftevithout the need of purification. Erickson, A. S,;
Kornblum, N.J. Org. Chem1977, 42, 3764.
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complication. At an extreme of donor steric congesta-bromo nitroalkanel07g was
converted smoothly to amide2gin 54% yield (Table 17, entry 7). Lactonizatiorope
carbinol 107h and its homolodL07i produced amide$22h and 122i in 48% and 70%
isolated yield (Table 17, entries 8-9) using theadard conditions, and the terminal

methyl ested 07] led to amidel22jin 70% yield (Table 17, entry 10).

Table 17.Development of Bromonitroalkane Amine Coupling: fe®f the Bromonitroalkane Donor

RYNOZ HzN\l/Ph NIS, H,0,K;CO5s  r. N pn

—_—l
Br Ve THF, 0 °C \([)I/ I
107 11 122
entry? product yield (%)? entry product yield (%)
K o N_ _pn
Et N Ph
1 b 71 6 Y Y f 72
\([)]/ j\/l: E/O (0] Me
Ho o HaC_ CHay
Ph N NC N Ph
2 \n/ Y c 76 7 \)ﬂ( g 54
0  Me 0O Me
H Ph H Ph
3 pn/\n/ a 75 8 Ho/\/\n/ h 48
(¢] Me (0] Me
O\'(H HO. H Ph
4 N_ _Ph d 70 9 \/\n/ i 70
(0] Me
(0] Me
H Ph MeO,C H Ph
5 cu/\/\n/ \I/ e 81 10 2 \/\n/ \I/ i 70
(0] Me (0] Me

aNIS (1 equiv), K,CO3 (2 equiv), amine (1.2 equiv), H,O (5 equiv), and nitroalkane (1 equiv, 0.2 M in THF) were stirred for a standard
2 day reaction time prior to workup. See the Supporting Information for complete details. 2Isolated yield.

The amine component was similarly examined (TaBleusing bromonitroalkane
107a as a constant. Simple monosubstituted amines rgpaiiphatic and aromatic
substituents performed well, delivering the desiuide in good isolated yields
(most >70%). Particular attention was paid to comrfunctional groups that might be

desirable in more complex amide preparation, sschllsl and propargyl amines (Table
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18, entries 2-3). Furthermore, an unprotected M@ alcohol formed the
corresponding amide chemoselectively in 71% vyielab{e 18, entry 4). Amide
formation using glycine methyl ester provided ampiging indication that applications in
peptide synthesis might be possible (Table 18yesitra-Amido nitriles are present in
some pharmaceuticals (Figure 23)and this functionality is readily accessed usimg t
key reaction as well (Table 18, entry 6). Amineghwincreasing steric hindrance
provided comparable levels of efficiency (Table #8tries 7-8), includindert-butyl
amine (Table 18, entry 9). One limitation at preéssithe use of aromatic amines, such as
aniline, as no coupling product could be retrieusthg the standard reaction protocol
(Table 18, entry 10). Beyond aromatic amines, h@neghere appear to be relatively few

apparent limitations.

184 Gauthier, J. Y.; Chauret, N.; Cromlish, W.; DesaigrS.; Duong, L. T.; Falgueyret, J. P.; Kimmel, D
B.; Lamontagne, S.; Leger, S.; LeRiche, T.; Li,£; Masse, F.; Mckay, D. J.; Nicoll-Griffith, D. A.
Oballa, R. A.; Palmer, J. T.; Percival, M. D.; Rieau, D.; Robichaud, J.; Rodan, G. A.; Rodan, SSéto,
C.; Therien, M.; Truong, V. L.; Venuti, M. C.; Wdswsski, G.; Young, R. N.; Zamboni, R.; Black, W. C.
Bioorg. Med. Chem. Let2008 18, 923. Palmer, J. T.; Bryant, C.; Wang, D. X.; Ba\b. E.; Setti, E. L.;
Rydzewski, R. M.; Venkatraman, S.; Tian, Z. Q.; BurL. C.; Mendonca, R. V.; Springman, E.; McGant
J.; Chung, T.; Cheung, H.; Janc, J. W.; McGrath, 8&moza, J. R.; Enriquez, P.; Yu, Z. W.; StrickBy
M.; Liu, L.; Venuti, M. C.; Percival, M. D.; Falgyeet, J. P.; Prasit, P.; Oballa, R.; Riendeau,Y@uyng, R.
N.; Wesolowski, G.; Rodan, S. B.; Johnson, C.; Kehrd. B.; Rodan, GJ. Med. Chem2005 48, 7520.
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Table 18.Development of Bromonitroalkane Amine Coupling: feof the Amine Acceptor

H
NO
o /Y 2 . NIS H:0, KxCOg o /\I]/N\R
R 3
Br THF, 0 °C i
107a 123
entry? product yield (%)° entry product yield (%)?
N H CN
1 Ph/\n/ “Bn a 72 6 Ph/\n/ ~ f 62
(0] (0]
N N
2 Ph/\n/ ~ b 73 7 Ph/ﬁr g 72
(0] (0]
H = K
N 72 N M
3 Ph/\n/ 7 c 61 8 Ph/\n/ Y © h 75
(0] (e} Ph
H H
N Ns i
4 Ph/\n/ OH d 71 9° Ph/\n/ By i 60
(0] (0]
H CO,M H
e
5 Ph/\n/ N2 e 72 10 Ph/\n/ ~Ph j 0
(0] (e}

aNIS (1 equiv), K,CO3 (2 equiv), amine (1.2 equiv), H,O (5 equiv), and nitroalkane (1 equiv, 0.2 M in THF) were stirred for a standard
2 day reaction time prior to workup. See the Supporting Information for complete details. “Isolated yield.
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Disubstituted amides import resistance to proteslgad unusual conformational
properties to peptid€8> However, their increased steric hindrance presema#ienges to
the synthetic community, such as slow couplingsdtav reaction conversion and partial
racemization of the amino acids. Diethyl amine veasluated as a representative
disubstituted amine in our coupling reaction. Ttandard reaction protocol provided the

desired disubstituted amid24in 50% yield (Scheme 67).

Scheme 67.

NO, NIS, H,0, K,CO3 |
Ph/\( EtNH - - /\n/N\Et

Br THF, 0 °C
(50%) 0
107a 124

We also explored the potential of bromonitroalka@o@ors in peptide synthesis
by coupling of dipeptidd.25 with donor107aand retrieved amid&26 in 72% isolated
yield (Scheme 68, eq 55). Furthermore, the sucgkesiEmonstration of acylation of
phenylalanine on 2-chlorotrityl resii7) using our bromonitroalkane-amine coupling
indicated the great potential of the applicatioroof methodology in solid phase peptide

synthesis (Scheme 68, eq 56).

185 For a review, see: Humphrey, J. M.; ChamberlinRAChem. Rev1997, 97, 2243.
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Scheme 68.

Ph Ph

NO, o, § NIS, KoCOs, HoO b 9
Ph/\r H3N\)j\ OMe - N \)J\ OMe (55)
Br N THF, 0°C PN YN
Me o] (72%) O Me o]
107a 125 126

O 1. NIS, K;COj3, H,0 0
Q H
THF,0°C N\/”\
Ph/\/NO2 HzN\)J\ O G > Ph/\n/ " ome (56)
T 0 2. SOCl,, MeOH :

Br (0] v
P “ (37%) Ph
107a 127 128

Mechanistic Studies of the Halonium-Promoted Bromoitroalkane Amine Coupling
These exploratory experiments are consistent wigh greliminary mechanistic
hypothesis outlined in Scheme 69, which is notdhginally targeted variation of the
classic Nef reaction. NIS serves as a halogenagemt for the amine, converting it to
the N-haloamine 129, an electrophilic partner for the nitronate08). The latter is
formed by proton transfer to amine, and ultimatelgarbonate. The key carbon-nitrogen
bond forming step involvesy\@-type nucleophilic attack by nitronate at nitroggfnthe
putativeN-haloamine 129. The electrophilic amination delivers tetrahednéérmediate
130, which upon elimination of HBr generates nitroimia31l Hydrolysis of this
intermediate ultimately provides the amide prodl23, leading to our current proposal
that this reaction is formally a hydrative amidentkyesis from bromonitroalkane and

amine.
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Scheme 69Mechanistic Hypothesis for Bromonitroalkane Amingu@ling

AR NIS o

Br | K,CO5 Ph\)j\ R
Ph\)\ H _— NT
NO

) H,O H NO,
107a THF 123
H,0

K,CO4 NO,

or amine Ph \/& _R
N

N
Br
108 130
tetrahedral

/ / intermediate

H—N H—N
\ 7\ \
R R
129
o%o o%o
| H

a-Bromo a-iodo nitroalkanel32 was observed b{H NMR as an intermediate in
the reaction mixture, which should derive from mation of bromonitronatel08
(Scheme 70, pathway hy)-Bromo a-iodo nitroalkan€l32 could then react with amine to
form the combination oN-iodoaminel29 and bromonitronat&08 again, which would
undergo electrophilic amination to form the tetddad intermediate (Scheme 70,
pathway a). The competition between pathway a areflécts the ambident character of
N-halo amines. Alternativelyy-bromoa-iodo nitroalkanel32 could also be deiodinated
to form N-bromoamine and iodonitronate (not shown in Schéf)eand the observation
of dibromonitroalkane byH NMR further confirmed the existence of the pragubs

equilibrium.
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Scheme 70.

i
| Br ph\)J\
Ph Br
\><N02 108 b 02N Br o)
132 pathway b a pathway a Ph\XN/R H,0 Ph\)l\ R
H | H H
— /
H N\ H—N 130 123
R \R tetrahedral

intermediate

Although we were not able to isolatebromo a-iodo nitroalkanel32 we
successfully synthesized dichloronitroalkaf®@3a and dibromonitroalkanel33h 8¢
Simply mixing the dihalonitroalkane with excess aelll in the presence of J@
afforded amide produdtl0(Scheme 71). The condensation of a dibromoniteoedkwith

an amine to provide the corresponding amide wasrteg only once in literature without

detailed reaction conditions and yield (Scheme'??2).

Scheme 71.
NO, Me H,0 N_ _ph
Ph” > - - Ph/\n/ Y
X" X Ph NH, toluene, rt o e
1eq 5eq
133a X = Cl 111 X =Cl, 82% 110
133b X = Br X =Br, 57%
Scheme 72.

o) o &
NO. - N
Eto& 2 HNEh EtO “Et
o

Br Br

Based on the proposed mechanism in Scheme 69,ntide anay result from

hydrolysis of the nitroimine intermediat&31). Therefore, using $°0 in lieu of normal

18 Butler, P.; Golding, B. T.; Laval, G.; Loghmani-&hzani, H.; Ranjbar-Karimi, R.; Sadeghi, M. M.
Tetrahedror2007, 63, 11160.
187 Takeuchi, Y.; Asahina, M.; Murayama, A.; Hori, Koizumi, T.J. Org. Chem1986 51, 955.
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H,O should, in theory, give®0O labeled amides. However, with all the reagent$ the
solvent effectively dried, subjecting the reactiom H,'°0O resulted in <1%*0
incorporation in the amide products (Scheme 73)chvimdicated that the amide was not
formed via hydrolysis of the nitroimine intermedigt31). This is reminiscent of the fact
that under nominally dry conditions, the amide prctccould still be generated (Table 15,

entry 5). The only other source of oxygen in thecton system is the nitro group.

Scheme 73.

NO; Me NIS, K,COs, H,'80 N_ _pn
Ph/\r )\ , KoLU3, Ho - Ph/\"/ Y

Br HoN Ph THF,0°C o Me
(76%)
<1% 180 incorporation

H
NO, NIS, KyCOs, Hy'80 N._ _Ph
P“/\f H,N" > Ph Ph/\ﬂ/ ~
o}

Br THF, 0 °C
(72%)

<1% '8Q incorporation

It was reported that under heated conditions, brotramalonatel34 underwent
rearrangement to the corresponding nitritd85, followed by the elimination of nitrosyl
bromide, to afford keton&36 (Scheme 74, eq 573° Schollkopf and co-workers reported
that under thermal conditions, substituted nitréateel 37 partially rearranged to the
corresponding nitritel39), and the unreacted starting material was recovwerth partial
racemization (Scheme 74, eq 58)Based on these observations, the authors proposed
that the nitro-nitrite rearrangement occurred i@ radical pair intermediatel39)
formed from homolytic cleavage of the C-N bond. Daghe ambident character of the

nitro radical, recombination of the radical paither formed the original C-N bond to

188 Willstatter, R.; Hottenroth, VChem. Ber.1904 37, 1775.
189 Hochstein, W.; Schollkopf, Wustus Liebigs Ann. Chert978 1823.
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give the starting material, which explained thetiphracemization, or formed the new C-
O bond to give the rearranged product (nitdi9). Sandall and co-workers provided
further evidence for the reversible nitro-nitritearrangement (Scheme 74, eq 59).
When nitroalkanel40 was dissolved in chloroform at 30 °C, a fast eguum was
reached. ThéH NMR spectrum of the mixture showed three setseaks corresponding
to starting material40, nitrite 141 and alcoholl42, and the"*C NMR spectrum of the
mixture showed two sets of peaks correspondindaiidirsg materiall40 and nitrite141

The same equilibrium was also reached when alcbd@Was treated with HNO

Scheme 74.

E0C N0, heat E10C ono EtO,C

><B —_— 5 _— o+ BrNO (57)
EtO,C Et0,C EtO,C

134 135 136

Ph,,, _,CO.Et

Ph,, ,COEt  heat Ne Ph,, LCO,Et Ph,, LCO.Et

. T Ol Me 3 . . /:< (58)
0N Me 1138 ONO™ Me O,N"  Me

137 139 137

ONO- partially racemized

(0] (0] o]
Cl Cl Cl Cl H,0 Cl Cl
= = + HNO, (59)
Me”  NO, Me”  ONO Me”  OH
140 141 142

When 1,2-dibromodinitroethylenel43) was treated with refluxing methanol,
methyl bromonitroacetatel45 was isolated™ The reaction was proposed to follow a

path involving Michael addition of methanol to thiéroalkene, giving intermediati44,

190 Amin, M. R.; Dekker, L.; Hibbert, D. B.; Ridd, 8.; Sandall, J. P. BJ. Chem. Soc., Chem. Comm.
1986 658.
¥ Nguyen, N. V.; Baum, KTetrahedron Lett1992 33, 2949.
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followed by nitro-nitrite rearrangement and elintioa to give the bromonitroacetate.
Interestingly, only thggembromo nitro moiety activated by methoxy group raaged to
the carbonyl group, but the othgembromo nitro moiety on a secondary carbon was

well-preserved in the product (Scheme 75).

Scheme 75.
(0]

Br. NO, Br. NO,
>=< CH30H hcoN—¢ n NO,
3 / N\ H3;CO
O,N Br reflux O,N Br (55%)

Br
143 144 145

The above reaction is analogous to other reportachples of the conversion of
gemhalo nitro moieties to carbonyl group$,in which the nitro-nitrite rearrangement is
involved. These examples bear the common feattesl) only the tertiargemhalo
nitro moiety can be converted to the correspondiudponyl compound; and 2) at least
one of the substitutions on the tertiary carbontoase a radical stabilizing group, such
as an ester or alkoxy group (Scheme 76). Theserésaare consistent with Schollkopf’'s

mechanistic proposal that the rearrangement ostarthe radical pair intermediate.

Scheme 76.

1J\2

X_ NO, X_ ,LONO
1>< 2 = 1>< :
R R R R R R

R'= radical stabilizing group
X=F,Cl, Br, CN

192 gelected examples: Ketari, R.; Foucaud] AOrg. Chem1981, 46, 4498. Hartshorn, M. P.; Ing, H. T_;
Richards, K. E.; Thompson, R. S.; Vaugharust. J. Cheml982 35, 221. Hartshorn, M. P.; Ing, H. T ;
Richards, K. E.; Sutton, K. H.; VaughanAlist. J. Cheml982 35, 1635. Chambers, M. V.; Hartshorn, M.
P.; Robinson, W. T.; Vaughan,Alust. J. Cheml985 38, 133. Hartshorn, M. P.; Robinson, W. T.; Wright,
G. J.; Cheng, L. YAust. J. Chem1989 42, 1569. Baum, K.; Archibald, T. G.; Tzeng, D.; Gila R.;
Flippen-Anderson, J. L.; George, £.0rg. Chem1991, 56, 537.
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In our halonium-promoted bromonitroalkane amine plimg, electrophilic
amination of nitronat&08 generates tetrahedral intermedia8® bearing theggembromo
nitro moiety with the amine as the radical stabiliz group. This intermediate then
undergoes nitro-nitrite rearrangement to providermediatel46. Elimination of NQ

and Br, assisted by O, finally delivers the amide product (Scheme 77).

Scheme 77Revised Mechanistic Hypothesis for Bromonitroalké&mine Coupling

HS R NIS 0

B ) KoCO
I!| 2, Ph \)J\ R
Ph H.0 N
NO, 2 H Ox B
107a THF N
o
K,CO;4 H.0
or amine
] ) H 20’\N _0
oL +.0 O,N_ Br |
o X R OB
Ph \)j\ H e Ph \>< N - R
Br H
108 130 146
H | tetrahedral
/ NIS / intermediate
H—N ———> H—N
R R

Bromonitromethane did not provide the correspondimgamide (Scheme 78, eq
60), presumably because the putative tetrahediinrediate is a secondary nitroalkane,
which does not undergo nitro-nitrite rearrangementgive the amide product. As
mentioned above, the halonium-promoted bromonkeos amine coupling reaction is
presently not compatible with aromatic amines, sashaniline or indolino ester47
(Scheme 78, eq 61 and 62), nor witkrt-butyl carbamate (Scheme 78, eq 63),

presumably because the less nucleophilic aminelsl caai provide enough stabilization
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for the radical pair intermediate. All these resulirther proved the proposed reaction

mechanism.

Scheme 78.

L Lo T ~

NO. H2N N
Ph/\r z (NS KeCOs MO Ph/\n/ ©1)
Br THF, 0°C o

NO, NIS, K,COg, H,0 ©j>—coza
Ph/ﬁ/ COEt .0 OSSN N (62)
Br N THF, 0 °C _)=0
Ph

not observed

NO, HN.__OBu NIS, KoCOs, H,0 N_ _oBu
Y T SRS O G
’ (¢] (¢]
not observed

The possibility that bromonitroalkan&07a is simply a precursor to an
electrophilic carbonyl intermediate, such as arlade or acyl halide, was examined by
a series of experiments summarized in Scheme &hyPhcetaldehyde would be formed
as an intermediate frob07aduring a Nef-oxidative amidation sequence. Wheengh
acetaldehyde was exposed to the reaction condititmsonsumption was eventually
observed, but a complex mixture of products formatthout evidence for formation of
amide 110 (Scheme 79, eq 64). Separately, we monitored émabor of nitroalkane
107ain the presence of NISKO;, but in the absence of amine, and again observed
slow conversion to a mixture of products (Schemeetp65). We observed peaksi (

NMR) consistent with production eFbromo--iodo nitroalkanel32 in this experiment,

99



but this intermediate was also ultimately consurmedng the formation of the complex
mixture. In order to test whether this complex migt contains an active ester of some
type (e.g. acid halide), amine was added df@gtawas consumed, but again, amidid
was not formed. Alternatively, we tested the patdribrmation of an electrophilic active
ester by replacement of the amine with benzyl altdbut this variation failed to produce
the ester product (Scheme 79, eq 66). The involnémieatmospheric oxygen was also
considered, but little difference was observed betwthe 1) typical reaction setup and

variants that were 2) degassed, or 3) run withxygen atmosphere.

Scheme 79Experiments Designed to Probe Intermediacy of Bass§iarbonyl Electrophiles

NIS

H H,N_ _Ph K,CO N pn
Ph/\n/ \r 2T ph/\n/ \r (64)
0 Me H,0, THF
25°C o Me
110
not observed
H,N Ph
o N Y H
2 K,CO Me N Ph
P N | e - Y (©5)
Br H,0, THF
25°C 0 o Me
107a 110
not observed not observed
NIS
NO:
Ph/Y 2 Ho_Ph _KCO o o_-Ph (66)
B H,O, THF
r o o
25°C
107a not observed

All of these mechanistic studies supported the gged mechanism shown in
Scheme 77, wherein the inherent polarity of thd doypor and amine are reversed from

conventional variants (‘'umpolung’) in the key C-Nra forming step (Figure 22).
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Figure 22.Comparison of Component Polarization in Conventi@wndensative Amide Synthesis and
Bromonitroalkane Amine Coupling

Condensative Amide Synthesis (conventional approach)

o 0
- neQ
LG ® of
H 0

Umpolung Amide Synthesis (this work) — OJI\ ,O

\
Br 0]
H
= | H\"»o
NO, © o ——
H

[@ electrophilic component]

© nucleophilic component
LG Leaving Group

The relatively high price of NIS might be a limitat of our umpolung amide
synthesis. Ca(CIQ) a less reactive, but much cheaper halonium sainae NIS, was
demonstrated as an effective substitute in the @amadipling. Bromonitroalkan®07aor
iodonitroalkanel21d together with only 0.6 equivalents of Ca(GlQ).2 equivalents of

CI") generated amid&10in 64%, or 70% yield, respectively (Scheme 806é& 68).

Scheme 80.

NO; HN Ph Ca(C|O)2, K2003, H20 N Ph
Y Y PN ©7)

Br Me THF,0°C

64%
107a 111 (64%) 110

NO, HzN Ph  Ca(ClO),, K,CO3, H,O N Ph
Ph/\r Y 2) "2 3 M2 Ph/\n/ \r (68)

| Me THF,0°C

70%
121d 111 (70%) 110

Although bromonitroalkanes are readily accessibiemf the corresponding
nitroalkanes, it would be more convenient to ngeoalkanesdirectly as the substrates

for the amide coupling. Two equivalents of NIS wbble necessary to iodinate both the
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nitroalkane and the amine, and in theory, iodoalkanel21d could be formed in situ to
perform the coupling witiN-iodoamine129 Due to the lower acidity of nitroalkanes
than bromonitroalkanes,,KO; was not basic enough to promote the reactionhande,
no amide product10was observed (Table 19, entry 1). However, adulid0 mol%
DBU facilitated the deprotonation, and generatedamide product in 50% vyield (Table
19, entry 2). NaOH and KBu could deprotonate the nitroalkah@6, but the reaction
went with moderate conversion and yield (39% arfh 2% spectively, Table 19, entries 3
and 4). Until now, C&£0O; has provided the best result, affording amide pcod10 in

57% yield (Table 19, entry 5).

Table 19.lodonium-Promoted Nitroalkane Amine Coupling: Effe€ Base on Reaction Yield

H H
H2N Ph  base, NIS, H,0 NO, N Ph N Ph
Ph/\/NOZ Y 2 Ph/\|/ - \r - . Ph/\ﬂ/ \|/

Me THF,0°C |

Me (0] Me
106 111 121d 129 110
entry? base yield (%)?
1 K,CO;3 0
2 K,CO3, DBU® 50
3 NaOH 39
4 KO'Bu 25
5 032003 57

aNIS (2.1 equiv), base (2 equiv), amine (1.2 equiv), H,O
(5 equiv), and nitroalkane (1 equiv, 0.2 M in THF) were
stirred for a standard 2 day reaction time prior to workup.
bisolated yield. 10 mol% DBU as an additive.

3.3. Application of Umpolung Amide Synthesis

The studies described above establish a prelimseope in the context of simple

intermolecular-bromonitroalkane couplings with amines, and prevadnew framework
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for amide synthesis under mild, near pH-neutraldttoons with a heterogeneous base.
We next focused on the generation of chiral nonmace-bromonitroalkane donors that
would deliver amides of protectastamino acids directly from this amide synthesis
protocol.

Aryl glycine derivatives are important chiral buid blocks in organic synthesis
and subunits of many natural produttsamong which the vancomyciri48 class of
antibiotics provides particularly prominent exangld number of unique synthetic small
molecule therapeutics, including cephalexidd), cefadroxil (50) and amoxicillin {51),

contain the aryl glycine substituent as well (FeaB).

Figure 23. Antibiotics Containing Aryl Glycine Subunit

NH
HooH
NQ =S
weOH
0 ];N _
#NHz g Me
COH

2

Me cephalexin (149)
Cl
NH
0 z H H
NO =S
. on m T
(¢] N
H HO lo} Z Me
N N , CO.H
o] \NHMe cefadroxil (150)
o O Y

HoN Me

NH
/E)/l\;(H t‘f S Me
Me
vancomycin (148) HO (o) o];ll/\%Me
CO,H

amoxicillin (151)

Optically pure aryl glycines have traditionally be@btained by resolution.
Diastereoselective approaches towards aryl glycineslving chiral auxiliaries have

been well-summarized by Williant€® Common strategies include the Strecker reaction

193 For a review on aryl glycines, see: Williams, R; Mendrix, J. AChem. Rev1992 92, 889.
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of a chiral aryl imine, followed by hydrolysis, eteophilic amination of a chiral aryl

acetic ester, or nucleophilic addition of aryl gpdo a chiral iminoester (Scheme 81).

Scheme 81DiastereoselectivBpproaches towards Optically Active Aryl Glycines

Ar)J\ H
P
\ ~ N
NH . )I\

L nucleophilic H” NCoR

A OH addition or

S
g ] P
0\‘09&\00 N
PSRN

2 H” > COR*

Enantioselective methods have emerged in recents.ydde most common
strategy is the enantioselective Strecker readidiowed by hydrolysis of the nitrile
under acidic conditions (Scheme 82). A variety atfatysts for the asymmetric Strecker

reaction were reported, which have been well-docuetkin recent review's?

Scheme 82.

_P HN

N 1) chiral catalyst
)J\ HCN —————> A )*\[(OH
Ar” TH I '

Other novel methods of enantioselective aryl glgagnthesis have been reported.
Park and Beak reported the benzylic lithiation 132 under the influence of a

stoichiometric amount of (-)-sparteine followed bycleophilic addition of the chiral

194 vet, L. Angew. Chem. Int. EQ001, 40, 875. Spino, CAngew. Chem. Int. EQ004 43, 1764. Connon,
S. J Angew. Chem. Int. EQO08 47, 1176.
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anion to CQ to generate protected aryl glycihB3 with high enantioselectivity (Scheme

83) 195

Scheme 83.

Boc _PMP
BOC\N’PMP 1) "BulLi, (-)-sparteine N

) > OH
Ar 2) CO, Ar

o]
152 153

90-92% ee
85-93% yield

Reddy and Sharpless applied their asymmetric amdrolylation strategy on
styrene to form aryl glycinol, which could be suipsently oxidized to carbamate-

protected aryl glyciné54 (Scheme 84)%°

Scheme 84.

0 1) 5mol% (DHQ),PHAL HN/CbZ

K,0s0,(OH),, CHsCN/H,0
Cl 2 2 4 3 2
A Bno)l\N/ > OH
| 2)  TEMPO, NaCIO Ar

KBr, acetone o}

154
74-98% ee

In 2006, a novel rhodium complex containing chpabsphine ligand.55 was
developed by Zhang and co-workers for the enariéosee hydrogenation of iminoester
156 (Scheme 853" Only 1 mol% of the catalyst was needed to effetyideliver PMP-

protected aryl glycine estéb67 with excellent enantioselectivity.

% park, Y. S.; Beak, R. Org. Chem1997, 62, 1574.
1% Reddy, K. L.; Sharpless, K. B. Am. Chem. So998 120 1207.
¥7shang, G.; Yang, Q.; Zhang, X. Mngew. Chem. Int. E@006 45, 6360.
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Scheme 85.

P H P
Bu 'éu
tangphos
_PMP 155 _PMP
N 1 mol% [Rh(155)COD]BF, HY
OMe > OMe
Ar)J\n/ H,, 50 atm, 50 °C, CH,Cl, Ar/\n/
0 0
156 157

91-95% ee

In 2007, Lee and Fu developed a Cu/bp$8-catalyzed asymmetric insertion of
a-diazocarbonyl compounds into the N-H bond of carae159 to generate carbamate-

protected aryl glycine esté60with high enantioselectivity (Scheme 885.

Scheme 86.

Me Me

Me
Me MepMe

]
Me F& Me

Mezé; Me (-)-bpy*

Me 158

7 mol% CuBr
Ny 6 mol% AgSbFg H

N olBu 8 mol% 158 o,
Ar CICH,CH,CI, t Ar/\n/
(0]

_Boc

mz

O
159 160

More recently, Lu and co-workers developed a pallagcatalyzed arylboronic

acid addition to iminoestel62 to generate aryl glycine este$3 with moderate to good

198) e, E. C.; Fu, G. CI. Am. Chem. So2007, 129, 12066.
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ee and yield (Scheme 8%7f.Iminoester162 could be prepared in situ by thermal [2+2]

cycloaddition ofp-toluenesulfonyl isocyanate and ethyl glyoxylate.

Scheme 87.

(j\(
=
N O,
\J
N -
161 —Bn

ArB(OH),
N 0 TS~y 5 mol% Pd(OCOCF3), NS
i H toluene 6 mol% 161 z
C OEt — > OEt > OEt
i reflux H toluene, reflux Ar/\n/
(6] (6] o) o
162 163

64-81% ee

In the above methods, acid or base mediated sagatioh is needed for the
conversion of the aryl glycine esters to the cqoesling acids. Even with
enantiomerically pure aryl glycines in hand, aryycgne-amine coupling still often
encounters partial racemization using conventicaraide synthesis (particularly via
dehydrative methods) due to base-promoted epinenizaf the active ester intermediate

(Scheme 88).

Scheme 88Epimerization of Aryl Glycine during Coupling

Boc Boc B
HN” i HN” N~ 2o
coupling reagent H RNH, H
OH — > L E —_— N
Ar)\”/ Ar)\”/ ArA’( R
(o) 0] o)

| s

_Boc

HN
recemization

E —_— E
Ar)ﬁ/ b= Ar/\n/

OH o]

9 Dai, H. X.; Yang, M.; Lu, X. YAdv. Synth. CataR008§ 350, 249.
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We envisioned that we could utilize the bromonitedhane aza-Henry adduct in
our umpolung amide coupling to afford aryl glycemides (Scheme 89). We first tested
the asymmetric addition of bromonitromethane td aryne 61a using various chiral
proton catalyst8®® While H,Quin-BAM-HOTf {74-HOTf) provided the adduct with 83%
ee (Table 20, entry 1), H,Quft{Anth)’Pyr)-BAM-HOTf (93-HOTT) afforded the adduct
with excellent enantioselectivity and high yieldaple 20, entry 2). The addition product
that resulted was retrieved as a 1:1 mixture oStdr@omers, each with 98% ee and
homochiral at the benzylic carbon. Moreover, boBAR-HOTf (166HOTf) and the

free base PBAM1(66) provided similarly good results as well (Table 26atries 3-4).

200\With Dawn Makley.
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Scheme 89.

Boc Boc

-

HN

_Boc
N Br HN
)I\ |/ A )*\rNoz N, RNH2 3 H\
r
Ar H NO, Ar R
B o]
164

-

r

61a 165

Table 20.Catalyst Screen for Bromonitromethane Addition

S22

H—N N=H

CN / A N N \_/ N<j
166

Boc _Boc
N HN
| NO, 5 mol% cat. - NO,
|/ toluene, -20 °C
Br Br
[¢]] Cl
61a 164
1:1dr
entry?  catalyst %ee’  yield®
1 74-HOTf 83 87
2 93-HOTf 98 87
3 166-HOTf 94 98
4 166 99 94

aAll reactions were 0.30 M in substrate and proceeded
to complete conversion (2 d). °Enantiomer ratios were
measured using chiral stationary phase HPLC.
ClIsolated yield.

Using PBAM (L66) as the catalyst allowed us to form tidoc imine6lain situ
from a-amido sulfone94ain the presence of a stoichiometric amount of exogs base
K,CGOs. Following the elimination, the direct aza-Henmsaction afforded addudt64
with similarly high ee and high yield (Scheme 90,69). We further demonstrated that
the a-amido sulfone formation, the sulfinic acid elimiloa and the aza-Henry addition
could be conducted entirely in one-pot without detation of the enantioselectivity of
the adduct (Scheme 90, eq 70). Bypassing the isolaf the imine intermediate, which

is unstable to moisture and not suitable for lantet storage, these one-pot reactions
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provided a more convenient approach towards thetesalective synthesis of aza-

Henry adducts.

Scheme 90.

HN/Boc HN/Boc

., _5mol% 166 K,COy B (e
. .
SOzPh |/ toluene, -20 °C
o) NO.
o NO, (88%) o 2

94a

(0] HN/

0 TolSO,H 5 mol% 166, K,CO;4
H )j\ . NO, (70)
HoN oty  toluene toluene, -20 °C
cl (71%) o Br

164
96% ee, 1:1dr

Aza-Henry adduci64 was then coupled to bothc-aminellland R)-111(96%
ee) using our standard reaction protocol, deligerd®7 in 76% yield in each case
(Scheme 91, eq 71). The use of racemic amine aflowecareful analysis of the
diastereomeric ratio in the example derived frdfrX11 (96% ee) to determine that it
is >98:2 as expected. This is significant as atytiges often undergo some degree of
epimerization when active ester intermediates aeduin couplings with amines.
Moreover, the absence of epimerization here isistarg with the mechanism proposed
in Scheme 77. This behavior could be further gdizexh as a component of peptide
synthesis. Dipeptid&25 (Ala-Phe-OMe) delivered aryl glycine tripeptidé8 as a single
diastereomer in 72% vyield using bromonitroalkak®} under our standard reaction
conditions (Scheme 91, eq 72) and sterically hiedigoroline estefl69 afforded aryl
glycine dipeptidel70in 67% yield, again as a single diastereomer (®eh82, eq 73).

As a comparison, conventional amide coupling of glycine 171 with proline este69
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mediated by EDC and HOBT generated the same dgeepti higher yield (85%),

however, 9% epimerization of the aryl glycine mpietas observed, leading to a mixture

of inseparable diastereomers with a ratio of 18dhéme 92, eq 74).

Scheme 91.
HN/Boc
HoN Ph
Y
Cl

164 (R-111
98% ee, 1:1dr

_Boc

HN

cl- [0}
+
NO, H3N\/”\ OMe
N
Br
cl e

Zin

164 125
98% ee, 1:1dr

NIS, K»COj, H,0

THF, 0°C
(76%)

NIS, K,COj, H,0
_—

THF, 0°C
(72%)

H
(0] Me
Cl
H
e
(¢] I\:/Ie . (e}
Cl

168
single diastereomer

Scheme 92Comparison of Umpolung Amide Synthesis and Coneeali Amide Synthesis

hn~ % o]
NO,
2 OMe
Br NH<HCI
Cl
164 169
HN,Boc o
CO,H OMe
NH<HCI
Cl
171 169

NIS, K2CO3 H,0

THF, 0 C
(67%)

EDC, HOBT, NEt;

CH,Cly, 1t
(85%)

.

170
single diastereomer

S -

10:1dr (9% eplmerlzatlon)
inseparable diastereomers

We have also demonstrated the feasibility of thrgpalung amide synthesis on

solid phase, as shown in Scheme 93. Preliminamltseshowed that coupling products

dipeptidel72and tripeptidel 75 could be isolated in modest yields after resiaige.
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Scheme 93.

HN/Boc o 1) NIS, K,CO4 hn~ 2%
H,0, THF, 0 °C N
NO, HoN ® > OMe (75)
T O 2) TFA, CH,Cl, i
o Br pn” a 3) CHyN,, Et,0 a Ph””

164 127 (19%, 3 steps) 172
98% ee, 1:1dr single diastereomer

g;

1) HBTU, HOB - oH
O DIPEA, DMF CRaCOz NHy
OH
(76)

(0]
T 0 2) piperidine, DMF N\)I\N
A, w0 - )
Fmoc™ X" OH : ° 3) 164, NIS, K,CO3 0 YO 0
S g c H,0, THF, 0 °C
o t8u0” 20, ,
C0zBu - BuO 4) TFA, CH,Cl, - 175 OH
173 174 single diastereomer

(4 steps from serine
resin 174, 14%)

In addition to the practical advantages associatgth the use of an
enantioselective, organocatalytic addition reactormprepare the acyl donor equivalent
and the mild conditions employed in the amide sgsith this method provides a
conceptually new approach to enantioselective geptonstruction (Scheme 94).
Commercially available bromonitromethane const#utes amide carbonyl carbon in the
final product, and serves as the lynchpin of thettsgsis while providing the synthetic
equivalent of a carbonyl dianion. This umpolungctedty offers an attractive alternative

to traditional condensative amide synthesis.

Scheme 94Enantioselective Peptide Synthesis: A Carbonyl DRiai$ynthon Approach
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Conclusion
In summary, we have discovered a nonconventionadensynthesis using

iodonium-promoted nitroalkane-amine coupling. Tloemditions are only mildly basic
and have been shown to accommodate a range odlkéres and amines. The successful
demonstration of the coupling on solid phase sigaitly broadens the application of the
reaction. At the level of strategy, this amide bsis appears to reverse the reactive
polarity of acyl and amine subunits relative todit@nal condensative approaches,
providing a nucleophilic acyl donor and an elechiip amine acceptor. This new
approach led to the development of an asymmetyicghycine amide synthesis without
epimerization or extensive protection/deprotectischemes. And the first use of
commercially available bromonitromethane in steebstive peptide synthesis
establishes a practical alternative to the longitanreliance on the carboxylic acid
feedstock. This strategic shift may ultimately deahe efficient fully chemical synthesis
of chiral, nonracemic peptides using a combinatbentirely enantioselective methods
and bromonitroalkane-amine coupling, and will bpeesally useful for the synthesis of

non-proteinogenic amino amides and peptides.
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Chapter IV

Experimental Section

Glassware was oven-dried overnight at 120 °C fon@h-agueous reactions. All
reagents and solvents were commercial grade anfieduprior to use when necessary.
Diethyl ether (E1O), tetrahydrofuran (THF), dichloromethane (#Ciy) and benzene
(CeHs) were dried by passage through a column of aei/alumina as described by
Grubbs?®* Benzene was additionally passed through a coluomtaming activated Q-5
reactant. Methanol was distilled from Mg under, Nmmediately before use.
Triethylamine (NE$) was distilled from calcium hydride. The aldimirf&sPd(dba)**®
and o-nitro tert-butyl acetaté®* were prepared as reported in the literature. &aita-
mediated aryl amination was executed using a Bukhwvgotocol’®®> AIBN was
recrystallized from acetone with careful temperatcwntrol. All organic layers collected
from extractions were dried over Mgg@nless otherwise indicated.

Thin layer chromatography (TLC) was performed usytass-backed silica gel
(250 um) plates and flash chromatography utilize&D-200 mesh silica gel from
Scientific Adsorbents. Products were visualizedWy light, iodine, and/or the use of
ninhydrin, potassium permanganateanisaldehyde, ceric ammonium molybdate and
potassium iodoplatinate solutions.

Melting points were measured on a Meltemp meltiogpapparatus and were

not corrected. IR spectra were recorded on a Nicdokatar 360 spectrophotometer and

21 pangborn, A. B.; Giardello, M.A.; Grubbs, R. Hogen, R. K.; Timmers, F. @rganometallicsl996
15, 1518-1520.

22 Kanazawa, A. M.; Denis, J.; Greene, AJEOrg. Chem1994 59, 1238-1240.

203 Rettig, M.F.; Maitlis, P.MInorg. Synth1992 28, 110.

24gylvain, C.; Wagner, A.; Mioskowski, Cetrahedron Lett1999 40, 875.

25\Wagaw, S.; Rennels, R.; Buchwald JSAm. Chem. Sot997, 119, 8451-8458.
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are reported in wavenumbers (&mLiquids and oils were analyzed as neat filmsaon
NaCl plate (transmission), whereas solids were iappto a diamond plate (ATR).
Nuclear magnetic resonance spectra (NMR) were esdjoin a Varian INOVA-400 (400
MHz), a Bruker VXR-400 (400 MHz), a Bruker DRX-5@800 MHz), or a Bruker AV-
[I-600 (600 MHz) instrument. Chemical shifts areaseared relative to residual solvent
peaks as an internal standard set to 7.26 and(ZDCl;). Mass spectra were recorded
on a Kratos MS-80 spectrometer by use of chemarakation (Cl) or electron impact
ionization (EI) or a Synapt hybrid quadrupole/oaFTRass Spectrometer equipped with
a dual chemical ionization/electrospray (ESCI) seuA post-acquisition gain correction
was applied using sodium formate or sodium iodislehe lock mass. Optical rotations
were measured on a Perkin Elmer-341 polarimetdanfic Microlabs, GA, performed

combustion analyses.

Boc

-

(o} HN

o
PhO PhO
H )J\ PhSO,Na, HCOOH SO,Ph
H,N" ~O'Bu MeOH/H,0

tert-Butyl (3-phenoxyphenyl)(phenylsulfonyl)methylcarbanate (949)

tert-Butyl carbamate (2.68 g, 22.9 mmol) and benzefiegulacid sodium salt
(7.52 g, 45.8 mmol) were dissolved in a solutiomudthanol in water (1:2, 69 mL). 3-
Phenoxybenzaldehyde (5.45 g, 27.5 mmol) was theedtb the solution, followed by
formic acid (98%, 1.73 mL). The reaction was allow® stir for 48 h at room
temperature, during which time the white solid goated out from the clear solution.

The solid was filtered in a Bichner funnel and veastvith E;O. After dryingin vacuq
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the product was obtained as a white solid (4.485§p). IR (neat) 3442, 1717, 1484,
1251, 1145 cit; *H NMR (500 MHz, CDCY) & 7.89 (d,J = 7.8 Hz, 2H), 7.64 () = 7.2
Hz, 1H), 7.54 (t) = 7.6 Hz, 2H), 7.38-7.34 (m, 3H), 7.18 (d5 7.6 Hz, 1H), 7.14 (] =
7.3 Hz, 1H), 7.08 (s, 1H), 7.05-7.00 (m, 3H), 5(87J = 10.7 Hz, 1H), 5.68 (d} = 10.6
Hz, 1H), 1.26 (s, 9H)*C NMR (125 MHz, CDGJ) ppm 157.6, 156.6, 153.5, 137.0,

134.1, 131.8, 130.2, 130.0, 129.5, 129.2, 123.8,6.220.0, 119.3, 81.4, 73.7, 28.1.

_Boc Boc
HN N~

PhO K2CO3, Na;S04 — pho
SOPh — > H
THF

tert-Butyl 3-phenoxybenzylidenecarbamate (619)

The sulfone (3.90 g, 8.87 mmol) was added to aeswspn of KCO; and NaSOy
in anhydrous THF (44 ml), and the reaction wasredirat room temperature and
monitored by removal of an aliquot and examinabgrNMR each day, until the sulfone
was consumed (8 days). The solids were removefdiltra@tion through a medium glass
frit. The filtrate was concentrated and dried ungecuum to give the desired imine as a
colorless oil (2.89 g, 98%). IR (neat) 2977, 171580, 1487, 1239, 1157 &in*H NMR
(500 MHz, CDC}) 8 8.78 (s, 1H), 7.61 (d] = 7.7 Hz, 1H), 7.55 (s, 1H), 7.43 {t= 7.9
Hz, 1H), 7.35 (ddJ = 7.7, 7.7 Hz, 2H), 7.22-7.20 (m, 1H), 7.14 (d&; 7.4, 7.4 Hz, 1H),
7.01 (d,J = 8.1 Hz, 2H), 1.57 (s, 9H}’C NMR (125 MHz, CDGJ) ppm 168.8, 162.5,
158.1, 156.6, 136.0, 130.3, 130.0, 125.4, 124.6,92119.3, 119.1, 82.5, 28.0; HRMS

(Cl) Exact mass calcd for;gH,0NO3 [M+H] " 298.1438. Found 298.1437.
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2 mol% Pd(dba),

Br
— 4 mol% BINAP N—H
R Me \ N 300 mol% NaO'Bu
HN NH; toluene reflux Me

H,4,6-Me»--BAM (85)

Pd(dba) (44.5 mg, 77.4 pmol), BINAP (96.4 mg, 155 pmoljl &aCBu (1.12 g,
11.6 mmol) were loaded into a round bottom flaslkaiglove box. Toluene (25.8 mL,
0.15 M) was added to the mixture followed by 1IRZR)-trans-diaminocyclohexane (442
mg, 3.87 mmol) and 2-bromo-4,6-dimethylpyridined4dL.g, 7.74 mmol). The reaction
was allowed to stir at reflux for 12 h, and theroled to room temperature, filtered
through Celite, concentrated, and purified by flaslumn chromatography on silica gel
(20% EtOAc in hexanes) to afford the bis(amiding)aayellow solid (603 mg, 48%).
[a]p?® +100.4 ¢ 1.0, CHC}); Rr= 0.08 (20% EtOAc in hexanes); Mp 114-115 IR;
(neat) 3241, 3058, 2921, 2855, 1611, 1573, 1452 ca®"; ‘H NMR (500 MHz, CDCJ)
0 6.22 (s, 2H), 5.90 (s, 2H), 4.95 (br s, 2H), 3(BAs, 2H), 2.33 (s, 6H), 2.22 (br 3=
13.4 Hz, 2H), 2.12 (s, 6H), 1.75-1.72 (m, 2H), 114580 (m, 2H), 1.34-1.25 (m, 2HyC
NMR (125 MHz, CDCY) 6 158.6, 156.4, 148.3, 113.2, 104.6, 55.3, 32.4,24.3, 21.6;

HRMS (CI) Exact mass calcd for gN4 [M+H]™ 325.2387. Found 325.2392.
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2 mol% Pd(dba), H

—H
A 4 mol% BINAP H-N N=H
0, b
\ | P 250 mol% NaO'Bu . —_
~ Br N OBn N N

HoN NH, toluene, 100 °C - \ //

OBn BnO

H,6-OBn-BAM (86)

Pd(dba) (58.0 mg, 0.101 mmol), BINAP (126 mg, 0.202 pmatid NaCBu
(1.21 g, 12.6 mmol) were loaded into a round botfask in a glove box. Toluene (50.5
mL, 0.1 M) was added to the mixture, followed bg #mine (577 mg, 5.05 mmol) and 2-
(benzyloxy)-6-bromopyridine (2.67 g, 10.1 mmol).eTheaction was allowed to stir at
100 °C for 10 h, and then cooled to room tempeeatdiltered through Celite,
concentrated, and purified by flash column chromiaphy on silica gel (5% EtOAc in
hexanes) to afford the desired bis(amidine) adlaweil (2.19 g, 90%). R= 0.29 (10%
EtOAc in hexanes). IR (neat) 2933, 1602, 1579, 14482, 728 ci; *H NMR (500
MHz, CDCh) 8 7.43 (d,J = 7.4 Hz, 4H), 7.35 (] = 7.4 Hz, 4H), 7.28 (] = 7.3 Hz, 2H),
7.17 (t,J = 7.8 Hz, 2H), 5.99 (dJ = 7.9 Hz, 2H), 5.61 (d] = 7.9 Hz, 2H), 5.35 (d] =
12.7 Hz, 2H), 5.31 (d] = 12.7 Hz, 2H), 4.53 (br d, = 4.5 Hz, 2H), 3.65-3.57 (m, 2H),
2.14 (br dJ = 13.0 Hz, 2H), 1.77 (br d,= 8.7 Hz, 2H), 1.40-1.31(m, 2H), 1.25-1.21(m,
2H); 3%C NMR (125 MHz, CDdJ) 6 162.7, 157.6, 139.7, 138.5, 128.5, 127.6, 12°R%,9
97.2, 67.1, 56.1, 33.3, 25.2; HRMS (Cl) Exact maakd for GoHzaN4O, [M+H]"

481.2598. Found 481.2602.
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Br. SN

N =~
B(OH),

4 mol% Pd(PPhs)s

Br N Br
OOO | N 150 mol% Ba(OH),-8H,0 OOO
= DME/H,0

2-(Anthracen-9-yl)-6-bromopyridine (S-1)

Pd(PPh)4 (92.8 mg, 80.3 pmol) and Ba(O+H8H.O (950 mg, 3.01 mmol) were
added to a solution of 9-anthracenylboronic acid6(4ng, 2.01 mmol) in 15 mL
DME/H,0 (2:1), followed by the addition of 2,6-dibromopmne (571 mg, 2.41 mmol).
The reaction was allowed to stir under reflux fortL After cooling to room temperature,
the reaction mixture was extracted with chlorofoamd the organic layer was dried,
filtered, concentrated and purified by flash colusimomatography on silica gel (3%
EtOAc in hexanes) to give the bromopyridine as lloyesolid (503 mg, 75%). & 0.30
(10% EtOAc in hexanes). Mp 88-91 °C; IR (neat) 308821, 1577, 1546, 1119, 908,
731 cnit; 'H NMR (500 MHz, CDCY) & 8.55 (s, 1H), 8.04 (dl = 9.5 Hz, 2H), 7.78 (t]
=7.7 Hz, 1H), 7.67 (d] = 7.7 Hz, 1H), 7.57 (d] = 6.7 Hz, 2H), 7.49 (d = 8.1 Hz, 1H),
7.46 (t,J = 7.7 Hz, 2H), 7.42-7.38 (m, 2HYC NMR (125 MHz, CDGJ) & 159.5, 142.3,
138.6, 133.3, 131.4, 130.0, 128.6, 128.2, 127.6,312125.9, 125.7, 125.3; HRMS (ClI)

Exact mass calcd for;gH1sNBr [M+H] " 334.0226. Found 334.0210.

119



H\ 2 mol% Pd(dba), y H7<:\<"H 9y
N NH2 N _ 4 mol% BINAP ~N NE
8 _200 mol% NaO'Bu NaO'Bu 7 =
N N
toluene reflux Y/

H,Quin(°CAnth)?Pyr)-BAM (93)

Pd(dba) (27.5 mg, 47.9 pmolxac-BINAP (29.8 mg, 47.9 pmol) and N
(230 mg, 2.40 mmol) were loaded into a round botftask in a glove box. Toluene
(14.1 mL, 0.1 M) was added to the mixture followsdthe amine (289 mg, 1.20 mmol)
and 2-(anthracen-9-yl)-6-bromopyridine (400 mg,01n2mol). The reaction was allowed
to stir at reflux temperature for 12 h, and themled to room temperature, filtered
through Celite, concentrated, and purified by flaslumn chromatography on silica gel
(20% EtOAc in hexanes), to afford the desired Insfane) as a yellow foam (363 mg,
61%). [o]o>° +405.1 € 1.0, CHC}); Rr = 0.10 (20% EtOAc in hexanes). IR (neat) 2928,
1618, 1599, 1518, 1452, 755 ¢ntH NMR (500 MHz, CDCY) & 8.52 (s, 1H), 8.06 (1]
= 8.4 Hz, 2H), 7.82 (t) = 9.6 Hz, 2H), 7.67 (d] = 8.6 Hz, 1H), 7.53-7.35 (m, 8H), 7.16
(t, J = 7.1 Hz, 1H), 6.70 (d] = 7.0 Hz, 1H), 6.40 (br dl = 7.3 Hz, 1H), 6.15 (br d] =
8.2 Hz, 1H), 5.56 (br d] = 6.0 Hz, 1H), 5.37 (br dl = 6.6 Hz, 1H), 4.04 (br d} = 8.0
Hz, 1H), 3.86 (br dJ = 8.0 Hz, 1H), 2.25 (br ] = 8.0 Hz, 2H), 1.71-1.61(m, 2H), 1.45-
1.32(m, 4H);**C NMR (125 MHz, CDGJ) & 158.8, 156.8, 155.8, 148.0, 137.0, 136.6,
136.5, 131.6, 131.5, 130.1, 129.9, 129.3, 128.8,3.2427.4, 127.0, 126.9, 126.8, 126.0,
125.5, 125.4, 125.2, 125.1, 123.3, 121.6, 115.8,111107.4, 55.6, 55.1, 32.7, 32.0, 24.6,

24.4; HRMS (CI) Exact mass calcd fogs831N4 [M+H]* 495.2543. Found95.2529.
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O

N—H

-H
H HN />
O

6,6'-(1R,2R)-cyclohexane-1,2-diylbis(azanediyl)dipyridin-2(1Hjone (S-2)

H ——H
H-pN N=H

H H
Ha, 10% Pd/C (10 wt%) N
¢ NN \ /> MeOH/EtOAC, 2h Q .N
o

OBn BnO

To a solution of H,6-OBn-BAM (804 mg, 1.67 mmol)MeOH/EtOAc (2:1) was
added 80.4 mg 10% Pd/C. The mixture was stirred2fbrunder hydrogen atmosphere
and then filtered through Celite. After concentratithe residue was filtered through a
short plug of silica gel and then washed with 5%QWein CHCE. The filtrate was
concentrated to give the pyridinone as a light [gugolid (460 mg, 91%).R 0.68 (5%
MeOH in CHC}). IR (neat) 3260, 3106, 1612, 1432, 1164, 1141%clH NMR (500
MHz, ds-acetone)d 7.27 (t,J = 8.1 Hz, 2H), 6.42 (br s, 2H), 5.86 @@= 8.0 Hz, 2H),
5.66 (d,J = 8.1 Hz, 2H), 3.87 (br s, 2H), 2.09 (br s, 2HP421.99 (m, 2H), 1.74-1.66 (m,
4H), 1.57-1.54 (m, 2H**C NMR (125 MHz, CDGJ) 5 166.1, 155.4, 142.8, 99.0, 95.0,
48.2, 26.1, 20.6; HRMS (CI): Exact mass calcd fgsHziN4,O, [M+H] " 301.1659 Found

301.1657.

H v H H —-H

H~N NH, H-N =H
@ NEt OEt
3
AT - e
cl OEt toluene, reflux

Ethyl (1R,2R)-2-(quinolin-2-ylamino)cyclohexylcarbamate (88)
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The solution of the amine (61.0 mg, 0.253 mmol) Bifd; (39.0 pL, 0.278 mmol)
in THF was cooled to 0 °C, and then ethyl chlorofate (24.1 pL, 0. 253 mmol) was
added dropwise. The mixture was warmed to room égatpre, stirred overnight and
then filtered, concentrated, diluted with,@f and washed with water. The organic layers
were dried, filtered, and concentrated. The resitkas purified by flash column
chromatography on silica gel (30% EtOAc in hexanesafford the desired carbamate as
a yellow solid (70.0 mg, 88%). Mp 147-149 °G;=R0.20 (40% EtOAc in hexanes); IR
(neat) 3317, 2924, 1683, 1537, 1244, 1040, 818; ¢kh NMR (500 MHz, CDCJ) 4 7.72
(d,J = 8.8 Hz, 1H), 7.67 (d] = 8.3 Hz, 1H), 7.54 (d] = 7.9 Hz, 1H), 7.51 (ddd), = 7.0,
1.4, 1.4 Hz, 1H), 7.19 (ddd,= 7.9, 1.1, 1.1 Hz, 1H), 6.52 (d= 8.8 Hz, 1H), 6.00 (br s,
1H), 4.89 (br dJ) = 6.6 Hz, 1H), 4.04 (br d = 10.8 Hz, 1H), 3.96-3.88 (m, 2H), 3.45 (br
d,J= 7.5 Hz, 1H), 2.20 (d] = 8.0 Hz, 2H), 1.77 (m, 2H), 1.41-1.33 (m, 4HQA(t,J =
7.0 Hz, 3H);13C NMR (125 MHz, CD(J) & 157.3, 156.9, 147.8, 137.1, 129.5, 127.4,
126.2, 123.4, 122.0, 112.7, 60.5, 56.9, 54.6, 33310, 25.0, 24.8, 14.5; HRMS (ClI)

Exact mass calcd forigH,4Nz0, [M+H] ™ 314.1863. Found 314.1858.

Boc . _Boc
N 1) H,Quin-BAM+HOTf (4 mol%) HN

. toluene, -78 °C, then warm to rt cO,Bu
H CO,'Bu .
( 2) recrystallize from
o NO, cyclohexane ol NO,

(2S,3R)-tert-Butyl

-

3-(tert-butoxycarbonylamino)-3-(4-chlorophenyl)-2-nitropropanoate €yn73a).
A solution of the imine (5.08 g, 21.2 mmol) and HiIQBAM-HOTf (438 mg,

848 umol) in toluene (42.4 ml, 0.5 M) was cooled to -78. tert-Butyl nitroacetate
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(3.418 g, 21.2 mmol) was added via syringe andré¢faetion was stirred at -78 °C and
monitored by thin layer chromatography. The reacti@s warmed to room temperature
and the solvent was removed by rotary evaporatoa 40 °C water bath to afford the
crude mixture as an off-white solid. After beintjefied through a plug of silica gel (22 g)
by CH.CI, (125 ml) and concentrated, the mixture was reatystd from cyclohexane
(60 ml) to afford the desired product as a whitéids¢4.270 g, 50%), which was
determined to be >98% ee, >50:1 dr by HPLC analf{Glsracel AD, 80:20 hexanes:
'PrOH, 1 ml/ming(cis, major) = 27.4 mirt,(cis, minor) = 7.2 mint(trans, major) = 15.6
min, t,(trans, minor) = 10.8 min)o]p® +29.5 € 1.0, CHC}) (syn78awas obtained after
recrystallization in a >98% ee, and >50:1 dr form & few tests, while in most cases, 4:1
to 7:1 dr was obtained with 60-70% vyigldMp 149-150 °C; R = 0.41 (20%
EtOAc/hexanes); IR (neat) 3455, 2980, 2931, 174891 1566, 1485, 1151 ¢m’H
NMR (500 MHz, CDC}) & 7.33 (d,J = 8.6 Hz, 2H), 7.23 (d] = 8.6 Hz, 2H), 6.15 (br d,
J = 8.6 Hz, 1H), 5.65 (br d = 5.7 Hz, 1H), 5.58 (br s, 1H), 1.51 (s, 9H), 1(849H);
%C NMR (125 MHz, CDCJ) ppm 161.6, 154.8, 135.1, 134.5, 129.3 , 127.53,986.2,
80.8, 53.5, 28.4, 27.8; HRMS (CI) Exact mass cédeC;gHo6CIN2Os [M+H] " 401.1474.
Found 401.1465Anal. Calcd for GgH2sCIN2Og: C, 53.93; H, 6.29; N, 6.99. Found C,

54.00; H, 6.29; N, 6.86.

123



Boc Boc Boc

HN” 1) CoClp, NaBH, HN” HN”
CO,Bu CHsOH, 0°C -t - CO,Bu + CO,Bu
2) recrystallization from -
NO, hexanes NH; NH;
cl cl cl

97% ee >98% ee >98% ee

7:1dr 60:1dr 20:1dr
53% yield 10% yield

(chromatographed
from the mother liquor)

tert-Butyl 2-Amino-3-(tert-butoxycarbonylamino)-3-(4-chlorophenyl)propanoate
(79a)

The nitroacetate (1.07 g, 7:1 dr, 97% ee/97% ee) amhydrous cobaltous
chloride (347 mg) were dissolved in methanol (0.1sMution) and cooled to 0 °C.
Sodium borohydride (506 mg) was added in threeigust Evolution of hydrogen gas
was observed and a black suspension appeared dieirggldition of sodium borohydride.
The reaction was warmed to room temperature amdedtifor one hour, and then
guenched with 1 M HCI until the black suspensiomptetely disappeared and a clear
pink solution was observed. The pH was adjuste®dl by concentrated NJOH, and the
mixture turned brown with some precipitation. Me@ids removed under vacuum, and
the mixture was extracted with EtOAc and conceattdd a dark brown oil. The oil was
washed through a plug of silica gel with 50% EtOQAbexanes, and then concentrated to
a brown solid under vacuum. The solid was recrlyséal from hexanes (4.6 mL) to give
the desired product as off-white crystals (524 B896), which was determined to be >98%
ee, 60:1 dr by HPLC analysis (Chiracel AD, 10P60H/hexanes, 1 mL/mirt(syn,
major) = 19.7 mint(syn, minor) = 11.8 mint(anti, major) = 14.8 mint(anti, minor) =
9.7 min).syn79a Mp 125-127 °C; R= 0.10 (20% EtOAc/hexanes); IR (neat) 3381,

2981, 1711, 1507, 1156 ¢éin*H NMR (500 MHz, CDCY) & 7.32-7.26 (m, 4H), 5.72 (or
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d,J = 1.9 Hz, 1H), 5.13 (br dl = 1.9 Hz, 1H), 3.74 (br s, 1H), 1.47 (s, 9H), 1(409H),
1.34 (s, 2H);*C NMR (125 MHz, CDG)) ppm 171.3, 155.0, 139.1, 133.1, 128.6, 127.9,
82.3, 79.5, 58.7, 55.8, 28.3, 27.9; HRMS (CIl) Exawss calcd for {gH2gCIN2O4
[M+H]" 371.1732. Found 371.172@nal. Calcd for GgH,7CIN,Oy4: C, 58.29; H, 7.34; N,
7.55. Found C, 58.04; H, 7.34; N, 7.4Jhromatography of the above recrystallization
mother liquor gavanti-79a as a white solid (98.0 mg, 10%), which was deteeaito
be >98% ee, 20:1 dr by HPLC analysis. Mp 104-105R:G= 0.07 (20% EtOAc/hexanes);
IR (neat) 3394, 2975, 1713, 1511, 1155%crtH NMR (500 MHz, CDC}) & 7.28-7.21
(m, 4H), 5.89 (br dJ = 7.7 Hz, 1H), 5.02 (br s, 1H), 3.67 (brdz= 4.0 Hz, 1H), 1.43-
1.35 (br s, 2H), 1.41 (s, 9H), 1.38 (s, 9 NMR (125 MHz, CDGJ) ppm 172.1, 155.1,
137.2, 133.7, 128.7, 128.5, 82.3, 79.8, 58.6, 55&5, 28.1. HRMS (CI) Exact mass

calcd for GgH2sCIN,O4 [M+H] ™ 371.1732. Found 371.1734,

Boc _Boc
N 1) H,Quin-BAM<HOTf (5 mol%) HN 1) CoCl,, NaBH,4 HN

toluene, -78 °C, then warm to rt CcO.tBu  CH3zOH,0°C-rt CO-Bu
H _CO,Bu — 2 > z
r 2) recrystallization from 2) recrystallization from
o NO, cyclohexane Br NO; hexanes Br NH;

-

(2S,3R)-tert-Butyl 2-amino-3-(4-bromophenyl)-3-(ert-
butoxycarbonylamino)propanoate €yn-79k)

A solution of the imine (1.12 g, 3.94 mmol) and HiIQBAM-HOTf (102 mg,
197 umol) in toluene (8.0 ml, 0.5 M) was cooled to -1B. tert-Butyl nitroacetate (762
mg, 4.72 mmol) was added via syringe and the m@aatias stirred at -78 °C for 40 h.
The reaction was warmed to room temperature anégdh&nt was removed by rotary

evaporation in a 40 °C water bath to afford thedermixture as an off-white solid. The
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solid was filtered through a plug of silica gelngiCHCI, and the solvent was removed
to afford 1.60 g of the crude. A portion (871 m@}tas mixture was recrystallized from
cyclohexane (4.5 mL) to afford the aza-Henry addigcta white solid (249 mg, 29%),
which was determined to be 99% ee, 4:1 dr by HPb@lysis (Chiracel AD, 20%
'PrOH/hexanes, 1 mL/min(cis, major) = 30.0 mint,(cis, minor) = 7.1 minf(trans,
major) = 19.0 minf(trans, minor) = 15.0 min).

The aza-Henry adduct (249 mg, 4:1 dr, 99% ee/99%ame anhydrous cobaltous
chloride (72.6 mg) were dissolved in methanol (&6, 0.1 M solution) and cooled to
0 °C. Sodium borohydride (105 mg) was added inetlpertions. Evolution of hydrogen
gas was observed and a black suspension appeargd) doe addition of sodium
borohydride. The reaction was warmed to room teatpeg, stirred for one hour, and
then quenched with 1 M HCI until the black suspensilisappeared completely and a
clear pink solution was observed. The pH was a€éfust 9 by concentrated NEH,
resulting in a brown mixture and the formation opmecipitate. MeOH was removed
under vacuum, and the resulting aqueous layer wdsocted with EtOAc and
concentrated to a dark brown oil. The oil was wddieough a plug of silica gel with 50%
EtOAc in hexanes, and then concentrated to a bsmkd under vacuum. The solid was
recrystallized from hexanes (1.0 mL) to give theidl product as white crystals (67 mg,
29%), which was determined to be 98% ee/98% ed, 88y chiral HPLC analysis
(Chiracel AD, 10%PrOH/hexanes, 1 mL/mitt,(cis, major) = 19.7 mint(cis, minor) =
11.8 min,t(trans, major) = 14.8 mirt,(trans, minor) = 9.7 min). Mp 119-120 °C; IR
(neat) 3375, 2977, 1711, 1489, 1367, 1247, 1157, ¢k NMR (500 MHz, CDC)) &

7.46 (d,J = 8.5 Hz, 2H), 7.21 (d] = 8.5 Hz, 2H), 5.72 (br s, 1H), 5.11 (br s, 1H}B
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(br s, 1H), 1.47 (s, 9H), 1.40 (s, 9H), 1.34 (s):2HC NMR (125 MHz, CDGJ) ppm
171.4, 155.1, 139.7, 131.7, 128.4, 121.3, 82.46,788.7, 56.0, 28.4, 28.0; HRMS (CI)
Exact mass calcd forigH,sBrN,O, [M+H] ™ 415.1227. Found 415.1218nal. Calcd for

Ci1gH27BrN2Os4: C, 52.05; H, 6.55; N, 6.74. Found C, 52.21; 86N, 6.71.

General procedure for the synthesis of nitroacetatadducts 78

A solution of imine (1.0 equiv) and H,QuftAnth)*Pyr)-BAMeHOTf
(93-HOTT) (0.05 equiv) in toluene (0.3 M) was cooled-78 °C and treated wittert-
butyl nitroacetate (1.1 equiv). The reaction wasrest at-78 °C until complete as
determined. The solution was concentrated at @@ the product was immediately
subjected to reduction. Diastereomeric ratio ofatiducts was determined ty NMR.
General procedure for the reduction of aza-Henry aducts anti-79

A solution of the nitroacetate adduct (1.0 equiag aobalt (ll) chloride (1.0
equiv) in MeOH (0.1 M) was cooled to 0 °C followdry the addition of sodium
borohydride (5.0 equiv). The resulting black suspem was stirred at 0 °C for 15
minutes and then at room temperature until comgletnitored by TLC). The reaction
was quenched by the dropwise addition of 3 M aql @l pH 2 was reached. Then 1M
agd. NH,OH was added dropwise until the solution attaindd®p Methanol was removed,
and the aqueous layer was extracted with ethylateeThe combined organic extracts
were washed with brine, water, and then dried awagnesium sulfate. Filtration and
concentration afforded the crude product which s#gected to purification by column

chromatography.
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Boc Boc
N7 1. 5 mol% cat. HN”

y CO,Bu toluene, -78 °C > CO,Bu
I/ 2. CoCly, NaBH, :
°C - NH
ol NO, CH3OH,0°C-rt 2

(2R,3R)-tert-Butyl 2-amino-3-(tert-butoxycarbonylamino)-3-(4-

chlorophenyl)propanoate @nti-79a)

According to the general procedure on Page 12@rt-butyl 4-
chlorobenzylidenecarbamate (46.9 mg, 0.20 mmolyigeal anti-79a after flash column
chromatography (40% ethyl acetate in hexanes) yslaw oil (63.8 mg, 88%), which
was determined to be 95% ee, 5:1 dr by chiral HRIn@lysis (Chiralcel AD, 10%
'PrOH/hexanes, 1 mL/mir(anti, major) = 14.8 mint(anti, minor) = 9.7 ming(syn
major) = 19.7 min{(syn minor) = 11.8 min). See Page 125 for completeattiarization

data.

Boc

-

N 1) 5 mol% cat. HN

o _cosBu toluene, -78 °C CO,Bu
( 2) CoCly, NaBH, :
°C - NH
E NO, CH3OH, 0°C - rt E 7

(2R,3R)-tert-Butyl-2-amino-3-(tert-butoxycarbonylamino)-3-(4-

florophenyl)propanoate (@nti-79d)

According to the general procedure on Page 12@ért-butyl 4-
florobenzylidenecarbamate (44.6 mg, 0.20 mmol) ey anti-79d after flash column
chromatography (40% ethyl acetate in hexanes) ydlaw oil (57.3 mg, 81%), which
was determined to be 93% ee, 6:1 dr by HPLC armly€ihiralcel AD, 10%

'PrOH/hexanes, 1 mL/min(anti, major) = 11.8 mint(anti, minor) = 8.1 mint(syn,
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major) = 15.1 mint(syn, minor) = 10.2 min). &= 0.10 (20% EtOAc/hexanes); IR (neat)
3411, 2976, 2924, 1712, 1508, 1157 trtH NMR (500 MHz, CDCY) & 7.30-7.24 (m,
2H), 6.98 (tJ = 8.7 Hz, 2H), 5.89 (br s, 1H), 5.03 (br s, 1HE&(br s, 1H), 1.46 (s, 2H),
1.41 (s, 9H), 1.37 (s, 9H}*C NMR (125 MHz, CDGJ) ppm 172.2, 162.4 (dcr =
244.4 Hz), 155.1, 134.4, 128.9 {dcr = 7.9 Hz), 115.2 (fJcr = 21.7 Hz), 82.2, 79.7,
58.7, 55.4, 28.5, 28.1°F NMR (282 MHz, CDGJ) ppm -113.2. HRMS (CI): Exact mass

calculated for GgH2sFN,O4 [M+H] ™ 355.2028. Found 355.2035.

Boc Boc

- -

N 1) 5 mol% cat. HN

y coyfBu toluene, -78 °C CO4Bu
[ 2) CoCly, NaBH, :
°C- NH
Ve NO, CHOH 0°C-rt 2

(2R,3R)-tert-Butyl 2-amino-3-(tert-butoxycarbonylamino)-3-p-tolylpropanoate @nti-

79e)

According to the general procedure on Page 12@ért-butyl 4-
florobenzylidenecarbamate (40.9 mg, 0.19 mmol) ey anti-79e after flash column
chromatography (40% ethyl acetate in hexanes) ydlaw oil (52.9 mg, 81%), which
was determined to be 95% ee, 6:1 dr by chiral HRI@lysis (Chiralcel AD, 10%
'PrOH/hexanes, 1 mL/mirt(anti, major) = 10.7 mint,(anti, minor) = 8.2 mint(syn,
major) = 20.4 mint(syn, minor) = 12.8 min). &= 0.25 (40% EtOAc/hexanes); IR (neat)
3410, 2977, 2922, 1713, 1492, 1157, 732'ctl NMR (500 MHz, CDC}) & 7.20-7.13
(m, 2H), 7.10-7.07 (m, 2H), 5.85 (br 8= 7.8 Hz, 1H), 5.02 (br s, 1H), 3.66 (br s, 1H),

2.30 (s, 3H), 1.47 (s, 2H), 1.41 (s, 9H), 1.399€); °C NMR (125 MHz, CDG) ppm
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172.5, 155.1, 137.4, 135.4, 129.1, 127.1, 82.(5,7/80.0, 55.9, 28.5, 28.1, 21.2. HRMS

(CI): Exact mass calculated fordElz1N-O4 [M+H] " 351.2278. Found 351.2277.

General Procedure for the Synthesis adyn-a,p-Diamino Ester 79

Following the General procedure for the synthesisitooacetate adducts on Page
127, the resulting reaction crude mixture was cotraéed and subjected to purification
by flash column chromatography with silica gel. Tddducta-nitro-f-amino ester48)
was collected as a colorless oil after concentnatwhich was allowed to stand in the
round bottom flask to slowly crystallize. The slawstallization process often lasted one
month. When the oil completely crystallized, it veagjected to the reduction conditions

described on Page 127.

_Boc Boc
N 1) 5 mol%, cat. HN

toluene, -78 °C f
H _CO,Bu , > COzBu
|/ 2) SO, rt
i NH
e NO, then crystallize Me 2

3) CoCly, NaBH,
MeOH, 0 °C - rt

(2S,3R)-tert-Butyl 2-amino-3-(tert-butoxycarbonylamino)-3p-tolylpropanoate (syn
79e)

Following the General procedure on Page 130, theeini38.5 mg, 176 mol)
providedsyn79eafter flash column chromatography (40% ethyl deeita hexanes) as a
yellow oil (46.5 mg, 76%), which was determinedlie 90% ee, 4.5:1 dr by HPLC
analysis (Chiralcel AD, 109%°rOH/hexanes, 1 mL/mim{anti, major) = 10.7 mirt,(anti,
minor) = 8.2 mint(syn, major) = 20.4 mirt,(syn, minor) = 12.8 min). = 0.25 (40%
EtOAc/hexanes); IR (neat) 3410, 2977, 2922, 1748211157, 732 cih *H NMR (400
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MHz, CDCk) & 7.21-7.10 (m, 4H), 5.70 (br s, 1H), 5.14 (br s)13177 (br s, 1H), 2.32
(s, 3H), 1.54 (s, 2H), 1.47 (s, 9H), 1.40 (s, 9K% NMR (150 MHz, CDGJ) ppm 171.7,

155.2, 137.4, 137.0, 129.3, 126.5, 82.2, 79.3,,3b(, 28.4, 28.0, 21.1.

Boc Boc
Ng 1) 5 mol%, cat. HN”

toluene, -78 °C ¢
Me W _COBu ' » Me CO,'Bu
[ 2) SOyt
NO, then crystallize NH;

3) CoCly, NaBH,
MeOH, 0 °C - rt

(2S,3R)-tert-Butyl 2-amino-3-(tert-butoxycarbonylamino)-3-m-tolylpropanoate (799)
Following the General procedure on Page 130, theeini23.5 mg, 107 mol)
providedsyn79g after flash column chromatography (40% ethyl aeeita hexanes) as a
yellow oil (27.1 mg, 72%), which was determinecb®89% ee, 5:1 dr by HPLC analysis
(Chiralcel AD, 10%PrOH/hexanes, 1 mL/mitt(anti, major) = 10.2 mint(anti, minor)
= 7.4 min, t(syn, major) = 17.7 minf(syn, minor) = 12.2 min). &= 0.16 (40%
EtOAc/hexanes); IR (neat) 3381, 2978, 2929, 17¥®31 1368, 1159 cth 'H NMR
(400 MHz, CDC4) 3 7.24-7.16 (m, 1H), 7.11-7.04 (m, 3H), 5.74 (bdd; 6.8 Hz, 1H),
5.14 (br d,J = 4.4 Hz, 1H), 3.78 (br s, 1H), 2.34 (s, 3H), 1(b4 s, 2H), 1.47 (s, 9H),
1.40 (s, 9H)®C NMR (125 MHz, CDGJ) ppm 171.5, 155.1, 140.1, 138.0, 128.3, 128.0,

127.2,123.4, 82.0, 79.2, 58.8, 56.2, 28.3, 2718}.2
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N/Boc

Br NO,

1) 5 mol%, cat.
toluene, -78 °C

2)  SiO,, rt
then crystallize
3) CoCl,, NaBH,4

MeOH, 0 °C - rt

(2S,3R)-tert-Butyl 2-amino-3-(4-bromophenyl)-3-(ert-

butoxycarbonylamino)propanoate (79Kk)

Following the General procedure on Page 130, theein27.0 mg, 95.0 mol)
providedsyn79k after flash column chromatography (25-40% ethytate in hexanes)

as a white solid (27.9 mg, 71%), which was deteentito be 95% ee, 3.4:1 dr by HPLC

analysis. See Page 126 for complete charactenzdéita.

General Procedure for the Synthesis gf-Amino Ester 95

Following the General procedure for the synthesisitooacetate adducts on Page
127, the resulting reaction crude mixture was cotraéed and subjected to purification
by flash column chromatography with silica gel. Tddducta-nitro-f-amino ester48)
was collected as a colorless oil after concentnat®usSnH (2.0 equiv) was added to a
solution of thea-nitro-f-amino ester {8) (1.0 equiv) in benzene (0.10 M) followed by

AIBN (0.2 equiv). The reaction mixture was stirred 80 °C for 2 h, and then

concentrated and purified by flash column chromitplgy on silica gel.

CO,Bu

5 mol% cat.

toluene, -78 °C
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(2S3R)-tert-Butyl 3-(tert-butoxycarbonylamino)-2-nitro-3-p-tolylpropanoate (78e)
Following the general procedure on Page 127, theein@35.0 mg, 160 pmol)
provided the nitro ester after flash column chragedphy (10-15% ethyl acetate in
hexanes) as a white solid (55.5 mg, 91%), which determined to be 88% ee (each
diastereomer) and 2:Isy(nanti) dr by chiral HPLC analysis (Chiralcel AD-H, 10%
'PrOH/hexanes, 1 mL/mirt,(syn major) = 17.1 mint,(syn minor) = 7.4 mingt(anti,
major) = 12.8 minf(anti, minor) = 8.8 min). R= 0.45 (20% EtOAc/hexanes); IR (neat)
3453, 2981, 2933, 1746, 1722, 1565, 1158 ctHl NMR (400 MHz, CDCJ, 2:1 mixture
of diastereomers) majod.7.23-7.13 (m, 4H), 6.14 (br d,= 8.1 Hz,1H), 5.65 (br d,J =
8.6 Hz,1H), 5.59 (br s, 1H), 2.31 (s, 3H), 1.50 (s, 9H¥3L(s, 9H); minord 7.23-7.13
(m, 4H), 5.95 (br s, 1H), 5.71 (br s, 1H), 5.29@bd = 5.4 Hz,1H), 2.33 (s, 3H), 1.41 (s,
9H), 1.39 (s, 9H)*C NMR (100 MHz, CDGJ, 2:1 mixture of diastereomers) major:
ppm 161.5, 154.9, 138.2, 133.5, 129.7, 125.9, 9852, 80.4, 53.8, 28.4, 27.8, 21.1,;
minor: ppm 161.8, 154.9, 138.4, 133.4, 129.7, 1289/6, 85.2, 80.4, 54.5, 28.3, 27.6,
21.1; HRMS (ESI): Exact mass calculated faeHGsNo.NaQs [M+Na]* 403.1845; found

403.1855.

H\N/Boc H\N/Boc

CO,'Bu "BusSnH, AIBN CO,'Bu
benzene, 80 °C
NO,
Me Me

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-p-tolylpropanoate (95e€)

Following the general procedure on Page 132, tlre micetate (28.6 mg, 75.2

pmol, 88% ee) provided thfeamino ester after flash column chromatography (3%
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ethyl acetate in hexanes) as a white solid (22.698%), which was determined to be 88%
ee by chiral HPLC analysis (Chiralcel AD-H, 10P60H/hexanes, 1 mL/mit{major) =

9.0 min, t(minor) = 9.6 min). §] 2 -24.5 ¢ 1.30, CHC}); R = 0.48 (20%
EtOAc/hexanes); mp 98-100 °C; IR (neat) 3381, 22824, 1708, 1506, 1160 m'H
NMR (400 MHz, CDC}) 57.18 (d,J = 8.0 Hz, 2H), 7.12 (d] = 8.0 Hz, 2H), 5.39 (br s,
1H), 5.02 (br s, 1H), 2.73-2.65 (br m, 2H), 2.3138l), 1.41 (s, 9H), 1.35 (s, 9H)C
NMR (100 MHz, CDC}) 170.3, 155.1, 138.5, 137.0, 129.3, 126.2, 81915,/51.3, 42.3,
28.5, 28.0, 21.1; HRMS (ESI): Exact mass calculated C;gH,0NNaQ, [M+Na]*
358.1994; found 358.1995.

_Boc H\N/Boc

1. 5 mol% cat.
[ toluene, -78 °C CO,Bu
H |/002 Bu - 2
2. "Bu3SnH, AIBN
cl NO, benzene, 80 °C cl

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-(4-chlorophenyl)propanoate (95a)

Following the General Procedures on Page 132, ntineei (33.5 mg, 140 pumol)
provided thep-amino ester after flash column chromatography (28%yl acetate in
hexanes) as a white solid (36.5 mg, 73%), which deiermined to be 98% ee by chiral
HPLC analysis (Chiralcel AD-H, 109PrOH/hexanes, 1 mL/mir,(major) = 10.3 min,
t(minor) = 11.1 min). ¢] 2*-4.8 € 1.00, CHCY); Rr= 0.44 (20% EtOAc/hexanes); mp
102-104 °C; IR (neat) 3360, 2979, 2932, 1713, 14%%7, 1159 ci 'H NMR (400
MHz, CDCk) 87.29 (d,J = 8.5 Hz, 2H), 7.23 (d] = 8.5 Hz, 2H), 5.44 (br s, 1H), 5.01

(br s, 1H), 2.71-2.69 (br m, 2H), 1.41 (s, 9H),6L(8, 9H);**C NMR (100 MHz, CDGJ)
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ppm 170.1, 155.1, 140.2, 133.2, 128.7, 127.7, 8199, 51.0, 42.0, 28.4, 28.0; HRMS

(CI): Exact mass calculated fordEl,,CINO, [M+H] " 356.1623; found 356.1628.

_Boc H

N 1. 5 mol% cat. N7
toluene, -78 °C _ co.B
u
H _coBu 2 20 mol% "BusSnH 2
cl r 20 mol% AIBN, PhSiH3
Cl

NO. benzene, 80 °C

Boc

The denitration was also performed using the sitapéhod?® "BusSnH (5.6 pL,
21 mmol) and PhSif(25.8 pL, 210 mmol) were added to a solution @ dknitro--
amino ester (42.0 mg, 105 mmol) in benzene (1.1 1) M) followed by AIBN (3.4
mg, 21 mmol). The reaction mixture was stirred @8 for 36 h, and then concentrated
and purified by flash column chromatography oncailgel to provide th@-amino ester
as a white solid (26.2 mg, 70%), which was deteedtito be 97% ee by chiral HPLC
analysis.

N/Boc H

1. 5 mol% cat. N
§ toluene, -78 °C CO,Bu
H |/C02 Bu - 2
2. "BuzSnH, AIBN
MeO NO, benzene, 80 °C MeO'

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-(4-methoxyphenyl)propanoate (95b)

<. ~Boc

Following the General Procedures on Page 132,nteei(40.3 mg, 171 pumol)
provided the-amino esteafter flash column chromatography (10-20% ethyltateein
hexanes) as a white solid (52.9 mg, 88%), which eeiermined to be 85% ee by chiral

HPLC analysis (Chiralcel AD-H, 1099rOH/hexanes, 1 mL/mirt(major) = 11.0 min,

2% Tormo, J.; Hays, D. S.; Fu, G. {.Org. Chem1998 63, 5296.
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t(minor) = 11.9 min)[a] 2°-28.7 ¢ 1.00, CHC}); Rr= 0.29 (20% EtOAc/hexanes); mp
80-82 °C; IR (neat) 3307, 2972, 1703, 1516, 125581cm’; *H NMR (500 MHz,
CDCly) 8 7.21 (d,J = 8.6 Hz, 2H), 6.84 (d] = 8.6 Hz, 2H), 5.38 (br s, 1H), 5.00 (br s,
1H), 3.78 (s, 3H), 2.74-2.64 (br m, 2H), 1.41 (8),91.34 (s, 9H)*C NMR (125 MHz,
CDCls) ppm 170.3, 158.9, 155.1, 133.7, 127.5, 113.91,829.5, 55.3, 51.0, 42.3, 28.4,
28.0; HRMS (ESI): Exact mass calculated fagHGoNNaQ; [M+Na]* 374.1943; found

374.1946.

_Boc H_ _Boc

N 1.5 mol% cat. N
[ toluene, -78 °C CO,/Bu
9y I/coz Bu . 2
2. "Bu3SnH, AIBN
F NO, benzene, 80 °C F

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-(4-fluorophenyl)propanoate(95c)

Following the General Procedures on Page 132,ntneei (30.5 mg, 136 pumol)
provided thef-amino ester after flash column chromatography18% ethyl acetate in
hexanes) as a colorless oil (39.6 mg, 85%), whiak determined to be 93% ee by chiral
HPLC analysis (Chiralcel AD-H, 10% EtOH/hexanesml/min, t,(major) = 7.5 min,
t(minor) = 6.9 min). ¢] 2°-18.0 ¢ 1.16, CHC}); Ri= 0.41 (20% EtOAc/hexanes); IR
(neat) 3355, 2979, 2933, 1710, 1510, 1367, 1226/ ti'; 'H NMR (500 MHz, CDCJ)
57.28-7.24 (m, 2H), 7.00 (dd,= 8.6, 8.6 Hz, 2H), 5.51 (br s, 1H), 5.02 (brid),12.73-
2.65 (br m, 2H), 1.41 (s, 9H), 1.33 (s, 9 NMR (100 MHz, CDGJ) ppm 170.2,
162.1(d, Jer = 244.4 Hz), 155.0, 137.3, 127.9 fdcr = 7.9 Hz), 115.4 (FJer = 21.7
Hz), 81.4, 79.8, 50.9, 42.2, 28.4, 28'% NMR (282 MHz, CDGJ) ppm -113.6; HRMS
(ESI): Exact mass calculated fogg8,6FNNaQ, [M+Na]* 362.1744; found 362.1735.
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<. Boc

Boc H
N

1. 5 mol% cat.
Me " CO,'Bu toluene, -78 °C _ Me CO,'Bu
|/ 2. "Bu3SnH, AIBN
NO2 benzene, 80 °C

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-m-tolylpropanoate (95d)

Following the General Procedures on Page 132,ntheei (35.6 mg, 136 pmol)
provided thef-amino ester after flash column chromatography18% ethyl acetate in
hexanes) as a colorless oil (47.2 mg, 87%), whiak determined to be 87% ee by chiral
HPLC analysis (Chiralcel AD-H, 109PrOH/hexanes, 0.7 mL/mit{major) = 6.3 min,

t(minor) = 6.0 min).[a] 2-21.0 ¢ 0.82, CHCY); Ri= 0.43 (20% EtOAc/hexanes); IR

(neat) 3349, 2978, 2930, 1713, 1498, 1367, 1167 ¢k NMR (500 MHz, CDCJ) &
7.20 (dd,d = 7.5, 7.5 Hz, 1H), 7.10-7.04 (m, 3H), 5.44 (b)), 5.02 (br s, 1H), 2.73-
2.66 (br m, 2H), 2.33 (s, 3H), 1.42 (s, 9H), 1.849H);°C NMR (125 MHz, CDGJ)
ppm 170.3, 155.1, 141.4, 138.1, 128.5, 128.2, 1223.3, 81.1, 79.6, 51.6, 42.4, 28.4,
28.0, 21.5; HRMS (ESI): Exact mass calculated fgsHgeNNaQ, [M+Na]* 358.1994;

found 358.1985.

AN

Boc H Boc
N

1. 5 mol% cat.
I toluene, -78 °C CO,'Bu
H |/002 Bu > 2
2. "BusSnH, AIBN
NO, benzene, 80 °C

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-(naphthalen-2-yl)propanoate(95f)

Following the General Procedures on Page 132,neei(31.8 mg, 125 pumol)
provided thef-amino ester after flash column chromatography18% ethyl acetate in
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hexanes) as a white solid (35.5 mg, 77%), which deiermined to be 95% ee by chiral
HPLC analysis (Chiralcel AD-H, 1099rOH/hexanes, 1 mL/mir,(major) = 11.8 min,
t(minor) = 12.6 min). ¢] 2°-28.4 ¢ 1.09, CHC}); Rr= 0.41 (20% EtOAc/hexanes); mp
86-88 °C; IR (neat) 3360, 2976, 2924, 1709, 158961 1250, 1160 crh *H NMR (500
MHz, CDCL) &7.84-7.82 (m, 3H), 7.76 (s, 1H), 7.49-7.43 (m, 3552 (br s, 1H), 5.25
(br s, 1H), 2.85-2.83 (br m, 2H), 1.45 (s, 9H),51(8, 9H);**C NMR (100 MHz, CDGJ)
ppm 170.3, 155.2, 139.0, 133.4, 132.8, 128.5, 1280.7, 126.2, 125.9, 124.9, 124.6,
81.3, 79.7,51.7, 42.2, 28.5, 28.0; HRMS (ESI): dmass calculated for,@,sNNaQ,
[M+Na]" 394.1994; found 394.2000.

N,Boc H\N,

1. 5 mol% cat.
PhO " CO,Bu toluene, -78 °C __ PhO CO,'Bu
|/ 2. "BusSnH, AIBN
NO, benzene, 80 °C

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-(3-phenoxyphenyl)propanoat€95q)

Boc

Following the General Procedures on Page 132,ntieei (46.2 mg, 155 pumol)
provided thef-amino ester after flash column chromatography18% ethyl acetate in
hexanes) as a colorless oil (43.5 mg, 67%), whiak determined to be 89% ee by chiral
HPLC analysis (Chiralcel AD-H, 109PrOH/hexanes, 1 mL/mir,(major) = 10.9 min,
t(minor) = 8.3 min). ¢] 2°-14.8 ¢ 1.15, CHC}); Ri= 0.40 (20% EtOAc/hexanes); IR
(neat) 3360, 2977, 2928, 1715, 1585, 1488, 1364712163 crit; 'H NMR (500 MHz,
CDCly) 87.34-7.26 (m, 3H), 7.11-7.08 (m, 1H), 7.03 Jc 8.6 Hz, 1H), 6.99-6.97 (m,
3H), 6.88 (dJ=7.9 Hz, 1H), 5.50 (br s, 1H), 5.03 (br s, 1HY®(br s, 2H), 1.41 (s, 9H),
1.35 (s, 9H)C NMR (100 MHz, CDGJ) ppm 170.2, 157.4, 157.2, 155.1, 143.7, 129.9,
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129.8, 123.3, 121.2, 118.9, 117.8, 116.8, 81.4[, 7.2, 42.2, 28.4, 28.0; HRMS (ESI):

Exact mass calculated fopElz:NNaQ; [M+Na]* 436.2100; found 436.2114.

. Boc

Boc H
N

1.5 mol% cat.
f toluene, -78 °C CO,Bu
H rC02 Bu 2
2. "BuzSnH, AIBN
Ph NO, benzene, 80 °C Ph

(S)-tert-butyl 3-(biphenyl-4-yl)-3-(tert-butoxycarbonylamino)propanoate (95h)

Following the General Procedures on Page 132,ntheei (30.5 mg, 108 umol)
provided thef-amino ester after flash column chromatography18% ethyl acetate in
hexanes) as a white solid (35.0 mg, 81%), which eeiermined to be 92% ee by chiral
HPLC analysis (Chiralcel AD-H, 109PrOH/hexanes, 1 mL/mir(major) = 12.8 min,
t(minor) = 14.1 min). ¢] 2-32.0 € 1.00, CHC}); Rr= 0.35 (20% EtOAc/hexanes); mp
98-100 °C; IR (neat) 3355, 2977, 2932, 1713, 14XK7, 1162 cil; 'H NMR (400
MHz, CDCL) & 7.59-7.54 (m, 4H), 7.45-7.41 (m, 2H), 7.38-7.31 &H), 5.53 (br s, 1H),
5.11 (br s, 1H), 2.79-2.73 (br m, 2H), 1.44 (s, 9HB6 (s, 9H)*C NMR (100 MHz,
CDCl3) ppm 170.3, 155.1, 140.8, 140.6, 140.4, 128.8,42127.3, 127.1, 126.7, 81.3,
79.7, 51.3, 42.2, 28.5, 28.0; HRMS (ESI): Exact snaalculated for &Hs3;NNaQ,

[M+Na]* 420.2151; found 420.2152.

_ . Boc

Boc H
N N

1. 5 mol% cat.
¢ toluene, -78 °C CO,'Bu
H |/002 Bu - 2
2. "Bu3SnH, AIBN
AcO NG, benzene, 80 °C AcO

(S)-tert-Butyl 3-(4-acetoxyphenyl)-3-{ert-butoxycarbonylamino)propanoate (95i)
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Following the General Procedures on Page 132,nteei (30.2 mg, 115 pmol)
provided thep-amino ester after flash column chromatography (28%yl acetate in
hexanes) as a white solid (29.6 mg, 68%), which deiermined to be 91% ee by chiral
HPLC analysis (Chiralcel AD-H, 109PrOH/hexanes, 1 mL/mir,(major) = 12.8 min,
t(minor) = 14.1 min). ¢] 2°-25.2 ¢ 1.00, CHC}); Rr= 0.23 (20% EtOAc/hexanes); mp
76-77 °C; IR (neat) 3375, 2979, 2925, 1764, 178811 1514, 1197, 1164 cm'H
NMR (400 MHz, CDC}) 37.30 (d,J = 8.5 Hz, 2H), 7.04 (d] = 8.5 Hz, 2H), 5.47 (br s,
1H), 5.06 (br s, 1H), 2.72-2.69 (br m, 2H), 2.2838!), 1.41 (s, 9H), 1.34 (s, 9H)C
NMR (100 MHz, CDC}) ppm 170.2, 169.5, 155.0, 149.9, 139.1, 127.4,7,811.4, 79.8,
51.0, 42.2, 28.4, 28.0, 21.2; HRMS (ESI): Exact snaalculated for gH>sNNaOs

[M+Na]* 402.1893; found 402.1900.

Boc H Boc
7 N7
N 1. 5 mol% cat. N

t toluene, -78 °C ‘B
o I/COzBu 2. "BuySnH, ABN CY)\/C(Dz )
. "BuzSnH,
N\ _0 NO, 3 N\ _0

benzene, 80 °C

(S)-tert-Butyl 3-(tert-butoxycarbonylamino)-3-(furan-2-yl)propanoate (95)

Following the General Procedures on Page 132, nieei (36.0 mg, 184 pumol)
provided thep-amino ester after flash column chromatography (28%yl acetate in
hexanes) as a colorless oil (36.0 mg, 64%), whiak determined to be 85% ee by chiral
HPLC analysis (Chiralcel IA, 1099rOH/hexanes, 0.7 mL/mir(major) = 8.3 min,
t(minor) = 8.6 min); {]%-21.8 ¢ 1.66, CHC}); Ri= 0.51 (20% EtOAc/hexanes); IR
(neat) 3351, 2979, 2933, 1720, 1500, 1368, 1162;ctH NMR (400 MHz, CDCY)
57.32 (s, 1H), 6.28 (s, 1H), 6.17 (s, 1H), 5.38<pH), 5.13 (br s, 1H), 2.79 (dd=

140



15.2, 5.6 Hz, 1H), 2.71 (dd,= 15.2, 6.1 Hz, 1H), 1.44 (s, 9H), 1.39 (s, 9K NMR
(100 MHz, CDC4) ppm 170.0, 155.0, 154.0, 141.8, 110.3, 106.(,829.8, 45.9, 39.8,
28.4, 28.0; HRMS (ESI): Exact mass calculated fesHggNNaQ; [M+Na]* 334.1630;

found 334.1643.

_Boc H\N/Boc

1. 5 mol% cat.
AcO " CO,Bu toluene, -78 °C _ AcO CO,Bu
( 2. "BuzSnH, AIBN
MeO' NO, benzene, 80 °C MeO'

(S)-tert-Butyl 3-(3-acetoxy-4-methoxyphenyl)-3iert-butoxycarbonylamino)

propanoate (95I)

Following the General Procedures on Page 132,ntheei (35.3 mg, 120 umol)
provided thef-amino ester after flash column chromatography3@% ethyl acetate in
hexanes) as a yellow oil (37.2 mg, 75%), which @etrmined to be 88% ee by chiral
HPLC analysis (Chiralcel 1A, 10% EtOH/hexanes, 1/min, t,(major) = 7.7 min,
t(minor) = 6.2 min). R= 0.14 (20% EtOAc/hexanes); IR (neat) 3361, 298842 1769,
1713, 1513, 1368, 1268, 1204, 1166 ciH NMR (400 MHz, CDCJ) 67.12 (dd,J =
8.4, 1.8 Hz, 1H), 6.97 (d, = 2.0 Hz, 1H), 6.89 (d] = 8.4 Hz, 1H), 5.40 (br s, 1H), 4.99
(br s, 1H), 3.79 (s, 3H), 2.72-2.63 (br m, 2H),8(&, 3H), 1.40 (s, 9H), 1.34 (s, 9HJC
NMR (100 MHz, CDC}) ppm 170.2, 168.8, 155.0, 150.4, 139.7, 134.2,7,2420.9,
112.3, 81.3, 79.6, 56.0, 50.7, 42.1, 28.4, 28.07;2dRMS (Cl): Exact mass calculated

for Co1H3oNO; [l\/|+H]+ 410.2173; found 410.2188.
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_Boc

0 1. H,NCO,'Bu, NaSO,Ph N

AcO H HCO,H, MeOH/H,O AcO H
2. K,CO3, Na,SOy4, THF
MeO' MeO'

5-((tert-Butoxycarbonylimino)methyl)-2-methoxyphenyl aceta¢ (611)

Following the Greene protocdkhe imine was obtained as a yellow oil. IR (neat)
2976, 1770, 1711, 1607, 1512, 1247, 1152, 1124 ci82 'H NMR (500 MHz, CDC))
58.73 (s, 1H), 7.66-7.61 (m, 2H), 6.93 {d= 8.5 Hz, 1H), 3.78 (s, 3H), 2.21 (s, 3H) 1.49
(s, 9H); °C NMR (125 MHz, CDGJ)) ppm 168.5, 168.3, 162.3, 155.6, 140.0, 130.6,
127.0, 123.6, 111.9, 81.7, 55.9, 27.7, 20.3; HRM3®): (Exact mass calculated for

Cl5H;|_gNO5 [M]+ 293.1258; found 293.1263.

«. Boc H Boc

H
N N

AcO cogBu _1-SOCk MeOH _ o CO,Me
2. (Boc),0, NEts
dioxane/H,0
MeO MeO

(S)-Methyl 3-(tert-butoxycarbonylamino)-3-(3-hydroxy-4-methoxyphenyl)

A4

propanoate (96)

SOCL (26.5 puL, 363 pmol) was added to a solution oftdrebutyl ester (37.2
mg, 90.8 umol, 88% ee) in MeOH (1.8 mL, 0.05 M)eTrieaction was heated at reflux
for 5 h. The resulting mixture was concentratec tgellow oil under vaccum. This oil
was diluted with dioxane and.8 (1:1, 0.91 mL, 0.10 M), and treated with (B&2)
(39.6 mg, 182 umol), followed by NHi5.2 pL, 109 umol). The reaction was stirred at
room temperature overnight and then its pH wassae§ito 4 using 1 M HCI. The

mixture was extracted with EtOAc, and the orgaragels were dried, filtered and
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concentrated. The residue was purified by flaslurool chromatography on silica gel
(25-40% ethyl acetate in hexanes) to give the nhegbier as a colorless oil (25.0 mg,

85%), which was determined to be 88% ee by chiRLE analysis (Chiralcel OD-H, 10%
'PrOH/hexanes, 1 mL/min{major) = 18.1 mint,(minor) = 19.5 min). ] ©-29.7 ¢ 1.45,

CHCL); R = 0.28 (40% EtOAc/hexanes). THEl NMR of the material obtained was

identical to the racemic material reported eaffér.

N/Boc H\N/Boc

1. 5 mol% cat.
AcO H CO,Me toluene, -78 °C AcO CO,Me
|/ 2. "BuzSnH, AIBN
MeO NO, benzene, 80 °C MeO

(S)-Methyl 3-(3-acetoxy-4-methoxyphenyl)-3iert-butoxycarbonylamino)

propanoate (98)

Following the General Procedures on Page 132, lithtoanitro methyl acetate,
the imine (46.9 mg, 160 pumol) provided tifieamino ester after flash column
chromatography (20-30% ethyl acetate in hexanea)yatiow oil (40.5 mg, 69%), which

was determined to be 72% ee by chiral HPLC analy€ikiralcel AD-H, 10%
'PrOH/hexanes, 1 mL/min{major) = 17.6 mint,(minor) = 19.3 min). ] ©-16.9 ¢ 0.89,
CHCl); Rf= 0.29 (40% EtOAc/hexanes); mp 98-100 °C; IR (n&&81, 2987, 1762,
1730, 1686, 1514, 1270, 1205, 1165ctH NMR (400 MHz, CDCY) 57.13 (dd,J =
8.5, 2.0 Hz, 1H), 6.97 (d, = 2.1 Hz, 1H), 6.91 (d] = 8.5 Hz, 1H), 5.39 (br s, 1H), 5.03
(br s, 1H), 3.80 (s, 3H), 3.61 (s, 3H), 2.83-2.Bdr(, 2H), 2.29 (s, 3H), 1.41 (s, 9HjC

NMR (100 MHz, CDC}) ppm 171.4, 168.9, 155.0, 150.5, 139.8, 133.9,7,2420.9,

207\wasserman, H. H.; Robinson, R. Barter, C. GJ. Am. Chem. Sot983 105, 1697.
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112.5, 79.8, 56.0, 51.9, 50.7, 40.7, 28.4, 20.7MIRESI): Exact mass calculated for

C1gH2sNNaO; [M+Na]* 390.1529; found 390.1536.

Cl

ZT
Z—

HoN Ph Ph
z b _ N6 | o~ Y oY
Me CHyCly Me Me

Ph

Chlorination of Amine

NCS (159 mg, 1.19 mmol) was added to the solutioth® amine (144 mg, 1.19 mmol)
in CH,Cl,. The reaction mixture was stirred at room tempeeatfor 10 min. The
resulting mixture was concentrated and subjectedpudfication by flash column
chromatography on silica gel (pure hexanes to 1Q@AE in hexanes), to afford the
desiredN-chloroamine as a colorless oil (30.0 mg, 16%) &khd-dichloroamine as a
colorless oil (10.0 mg, 4%). The reaction occuréth complete conversion to thHé-
chloroamine, and decomposition and conversioi,i¢-dichloroamine occurred during
chromatography. TheN-chloroamine andN,N-dichloroamine were not stable when
concentrated, which decomposed at room temperatinaurs.
N-Chloro-1-phenylethanamine (118)

Rr= 0.54 (20% EtOAc/hexanes); IR (neat) 3267, 3062,13@978, 2930, 2875, 1681,
1453 cni; 'H NMR (400 MHz, CDCY) & 7.39-7.31 (m, 5H), 4.35 (br d,= 3.4, Hz, 1H),
4.19-4.13 (m, 1H), 1.50 (d = 6.6 Hz, 3H);**C NMR (100 MHz, CDG)) ppm 142.0,
128.7, 128.2, 127.0, 64.7, 21.3.

N,N-Dichloro-1-phenylethanamine (119)
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Ri= 0.74 (20% EtOAc/hexanes); IR (neat) 3064, 3033129937, 2902, 1454 ¢ 'H
NMR (400 MHz, CDC}) & 7.42-7.35 (m, 5H), 4.57 (d,= 6.6 Hz, 1H), 1.75 (d] = 6.6

Hz, 3H):'3C NMR (100 MHz, CDGJ) ppm 139.5, 129.0, 128.5, 128.3, 79.6, 18.8.

NO 1. KOH, MeOH/H,O Ph NO,
P N2 < /Y
2. BI'2, CH2C|2, -78 °C Br

(2-Bromo-2-nitroethyl)benzene (107a and 121c)

Following the Kornblum protocdl®® the nitroalkané®® (976 mg, 6.46 mmol)
provided thea-bromo nitroalkane without chromatography as a rteds oil (1.26 g,
85%). IR (neat) 3066, 3032, 2908, 1565, 1356"ctil NMR (400 MHz, CDCJ) & 7.38-
7.30 (m, 3H), 7.22-7.19 (m, 2H), 6.05 (dck 8.2, 6.1 Hz, 1H), 3.76 (dd,= 14.6, 8.2 Hz,
1H), 3.51 (ddJ = 14.6, 6.1 Hz, 1H)**C NMR (100 MHz, CDCJ) ppm 133.3, 129.3,
129.2, 128.4, 79.2, 43.6; HRMS (CI): Exact massddior GHgBr [M-NO,]* 182.9804,

found 182.9791.

1. KOH, MeOH/H,0 NO,
NO ! > Ph
Ph N /\(
2.NCS, CH,Cly, -78 °C cl

(2-Chloro-2-nitroethyl)benzene (121b)
Following the Kornblum protocdf® the nitroalkane (290 mg, 1.92 mmol) and
NCS (256 mg, 1.92 mmol) provided thechloro nitroalkane after flash column

chromatography on silica gel (2-5% EtOAc in hexaraesa colorless oil (338 mg, 95%).

28 Erickson, A. S.; Kornblum, NI. Org. Chem1977, 42, 3764.
29 Bhattacharjya, A.; Mukhopadhyay, R.; PakrashiCSSynthesid 985 886.
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R:= 0.63 (20% EtOAc/hexanes); IR (neat) 3067, 303661 1358 crit; 'H NMR (400
MHz, CDCk) &7.36-7.34 (m, 3H), 7.24-7.21 (m, 2H), 5.97X& 6.8 Hz, 1H), 3.65 (dd,
J=14.3, 6.9 Hz, 1H), 3.45 (dd,= 14.3, 6.6 Hz, 1H)}*C NMR (100 MHz, CDGJ) ppm
132.5, 129.5, 129.1, 128.4, 91.7, 43.2; HRMS (ERact mass calculated forgldsCl

[M-NO,]" 139.0309, found 139.0312.

1. KOH, MeOH/H,O NO,
NO. ! > Ph
Ph/\/ 2 > /\I/
2.1, CH,Cly, -78 °C i

(2-lodo-2-nitroethyl)benzene (121d)

Following the Kornblum protocdf® the nitroalkane (520 mg, 3.44 mmol) and
iodine (873 mg, 3.44 mmol) provided theiodo nitroalkane after flash column
chromatography on silica gel (2% EtOAc in hexarassa yellow oil (880 mg, 92%):R
0.52 (20% EtOAc/hexanes); IR (neat) 3031, 1557,1186i%; ‘H NMR (400 MHz,
CDCl;) 87.35-7.31 (m, 3H), 7.20-7.17 (m, 2H), 6.32 (dd; 9.2, 5.8 Hz, 1H), 3.80 (dd,
J=14.7, 9.2 Hz, 1H), 3.53 (dd,= 14.7, 5.8 Hz, 1H}**C NMR (100 MHz, CDGJ) ppm
135.1, 129.2, 129.0, 128.3, 52.8, 45.5; HRMS (EXact mass calculated fogldsl [M-

NO,]* 230.9665, found 230.9673.

NO.
Ph/\l/ NO, KNO,, K,CO5 Ph/\r 2
Br then HCI NO,

(2,2-Dinitroethyl)benzene (120)
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KNO; (155 mg, 1.83 mmol) was added to the solutionhef bromonitroalkane
(240 mg, 608 umol) in THF and.B8 (3:1). The reaction mixture was stirred at room
temperature for 6 h. The resulting mixture was ghed with 1 M HCI until pH 3 was
reached. THF was removed under vacuum, and theuraixtas extracted with G8l..
The organic solution was concentrated and subjetdepurification by flash column
chromatography on silica gel (2-10% EtOAc in hexgneo afford the desired
dinitroalkane as a colorless oil (24.0 mg, 20%) B.42 (20% EtOAc/hexanes); IR (neat)
3033, 2927, 1668, 1574, 1333 ¢mH NMR (400 MHz, CDCJ) &7.39-7.34 (m, 3H),
7.25-7.22 (m, 2H), 6.33 (8,= 2.6 Hz, 1H), 3.81 (d] = 2.6 Hz, 2H)*C NMR (100 MHz,
CDCl3) ppm 130.0, 129.4, 129.0, 128.8, 112.3, 37.1; HRHI$. Exact mass calculated
for CgHgN2O4[M] * 196.0479, found 196.0472. Phenyl acetic acid Wsts igolated in 31%

yield (26.0 mg) after flash column chromatographihvs% MeOH in dichloromethane.

1. KOH, MeOH/H,0O
. NO,
NO2 2. Bry, CH,Cly, -78 °C

Br
(Bromonitromethyl)cyclohexane (107d)
Following the Kornblum protocd® the nitroalkan&™ (430 mg, 3.00 mmol)
provided theo-bromo nitroalkane without chromatography as a e$és oil (560 mg,
84%). IR (neat) 2934, 2857, 1563 ¢nH NMR (400 MHz, CDCJ) 55.73 (d,J = 8.0

Hz, 1H), 2.16 (ddddd] = 11.3, 11.3, 8.0, 3.3, 3.3 Hz, 1H), 1.97-1.92 {id), 1.85-1.76

(m, 2H), 1.72-1.66 (m, 2H), 1.36-1.31 (m, 2H), 2BA5 (m, 3H):*C NMR (100 MHz,

219 Ballini, R.; Marcantoni, E.; Petrini, M[etrahedron Lett1992 33, 4835.
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CDCls) ppm 86.6, 43.5, 29.3, 28.8, 25.6, 25.3, 25.2; HR(@I): Exact mass calcd. for

C7H1,Br[M-NO,]* 175.0117, found 175.0116.

1. KOH, MeOH/H,0 NO;
/\/\/NOZ » Cl
c 2. Bry, CH,Cly, -78 °C Br

1-Bromo-4-chloro-1-nitrobutane (107c)

Following the Kornblum protocdf® the nitroalkan& (218 mg, 1.58 mmol)
provided thea-bromo nitroalkane after flash column chromatogsafB?o ethyl acetate
in hexanes) as a colorless oil (115 mg, 34%) (Reacbnditions were not optimized); R
= 0.49 (20% EtOAc/hexanes); IR (neat) 2964, 15653185 "; '"H NMR (400 MHz,
CDCl) 85.98 (t,J = 6.8 Hz, 1H), 3.61-3.57 (m, 2H), 2.65-2.55 (m,)1R52-2.43 (m,
1H), 2.01-1.89 (m, 2H)}*C NMR (100 MHz, CDGCJ) ppm 79.0, 43.1, 34.7, 28.7; HRMS

(CI): Exact mass calcd. for,8,BrCI[M-NO;]* 168.9414, found 168.9414.

(O/j/\/Br NaNO,, phloroglucinol (O)/\/Noz

(0] DMSO l¢]

2-(2-Nitroethyl)-1,3-dioxane (S-3)

NaNG; (1.24 g, 18.0 mmol) and phloroglucinol (1.39 g,0Lnmol) were added
to a solution of the bromide (1.95 g, 10.0 mmol)DMSO (33.3 mL). The reaction
mixture was stirred at room temperature for 3 de Tésulting crude was added ice-water

and then extracted with £. The organic layer was dried, filtered and coteged. The

21 Kai, Y.: Knochel, P.; Kwiatkowski, SDunitz, J. D.; Oth, J. F. M.; Seebach, D.; Kalin&iysi.-O. Helv.
Chim. Actal982 65, 137.
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residue was purified by flash column chromatographysilica gel (15% ethyl acetate in
hexanes) to give the nitroalkane as a colorless(loil2 g, 70%). R= 0.21 (20%
EtOAc/hexanes); IR (neat) 2965, 2860, 1556, 1382i11cm’; '*H NMR (400 MHz,
CDCl) 84.70 (t,J = 4.5 Hz, 1H), 4.51 (] = 7.0 Hz, 2H), 4.10-4.06 (m, 2H), 3.75 (ddd,
J=12.4,12.4, 2.4 Hz, 2H), 2.29 (ddbs 6.9, 6.9, 4.6 Hz, 2H), 2.11-1.98 (m, 1H), 1.36-
1.32 (m, 1H):}*C NMR (100 MHz, CDG)) ppm 98.5, 70.5, 66.9, 32.3, 25.6; HRMS (CI):

Exact mass calcd. forsB1,NO,[M+H] " 162.0761, found 162.0758.

EO/\I/\/Noz 1. KOH, MeOH/H,0 C/\(\(Noz

) 2. Bry, CH,Cly, 78 °C 0 Br

2-(2-Bromo-2-nitroethyl)-1,3-dioxane (107f)

Following the Kornblum protocd?® the nitroalkane (600 mg, 3.72 mmol)
provided theo-bromo nitroalkane without chromatography as a te$s oil (850 mg,
95%). R=0.32 (20% EtOAc/hexanes); IR (neat) 2974, 2862818634, 1015 cify *H
NMR (400 MHz, CDC}) 86.10 (dd,J = 8.1, 5.6, Hz, 1H), 4.66 (dd,= 4.7, 4.7 Hz, 1H),
4.12-4.05 (m, 2H), 3.75 (ddd,= 11.9, 11.9, 2.4 Hz, 1H), 3.72 (ddbF 11.9, 11.9, 2.4
Hz, 1H), 2.87 (ddd) = 14.6, 8.1, 5.0 Hz, 1H), 2.48 (ddbi= 11.9, 5.2, 4.8 Hz, 1H), 2.05
(ddddd,J = 12.8, 12.8, 12.8, 5.0, 5.0 Hz, 1H), 1.37-1.32 {i); *°C NMR (100 MHz,
CDCl3) ppm 98.1, 74.2, 67.0, 66.9, 42.3, 25.5; HRMS (@&¥act mass calcd. for

CeH11BrNO4 [M+H] ™ 239.9871, found 239.9868.
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w 1. KOH, MeOH/H,0 NC\)S/Noz
NC NO:
?  2.Bry, CH,Cly, -78 °C

4-Bromo-3,3-dimethyl-4-nitrobutanenitrile (1079g)

Following the Kornblum protocdf® the nitroalkan&? (296 mg, 2.08 mmol)
provided thea-bromo nitroalkane after flash column chromatogsafB?o ethyl acetate
in hexanes) as a colorless viscous oil (380 mg,)88% 0.30 (20% EtOAc/hexanes); IR
(neat) 2982, 2941, 2248, 1564, 1469, 1352"ctil NMR (400 MHz, CDCJ) 55.95 (s,
1H), 2.67 (d,J = 6.9 Hz, 1H), 2.62 (d] = 6.9 Hz, 1H), 1.30 (s, 3H), 1.29 (s, 3&c
NMR (100 MHz, CDC}) ppm 116.3, 88.1, 38.5, 27.2, 23.7, 23.0; HRMS):(Ekact

mass calcd. for §4:0BrN,O, [M+H] * 220.9920, found 220.9928.

o LS g
4-Bromo-4-nitrobutan-1-ol (107h)

Following the Kornblum protocd® the nitroalkan& (170 mg, 1.43 mmol)
provided thea-bromo nitroalkane after flash column chromatogsag®5-30% ethyl
acetate in hexanes) as a colorless oil (230 mg,)8&% 0.36 (40% EtOAc/hexanes); IR
(neat) 3368, 2940, 2888, 1565, 1355, 1059 ctH NMR (400 MHz, CDCJ) 5 6.05 (t,J
= 6.9 Hz, 1H), 3.71 (td) = 5.9, 2.6 Hz, 2H), 2.60-2.50 (m, 1H), 2.45-2.8% (H), 1.86
(br s, 1H), 1.75-1.63 (m, 2H}*C NMR (100 MHz, CDG)) ppm 79.7, 61.3, 34.5, 28.7;

HRMS (CI): Exact mass calcd. foul@BrNOs[M+H] " 197.9758, found 197.9760.

212 Matsumoto, M.; Fuijita, KEur. Pat. Appl.1995 EP 663394.
213 Newkome, G. R.; Kim, H. J.; Moorefield, C. N.; MdidH.; Yoo, K.-S.Macromolecule2003 36,4345.
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HO NO
HO_~_NO; 1. KOH, MeOH/H,0 \/\r 2
2. Bry, CH,Cly, -78 °C Br

3-Bromo-3-nitropropan-1-ol (107i)

Following the Kornblum protocd® the nitroalkan&* (157 mg, 1.49 mmol)
provided then-bromo nitroalkane after flash column chromatogsaf#0% ethyl acetate
in hexanes) as a colorless oil (249 mg, 90%%¥% ®11 (20% EtOAc/hexanes); IR (neat)
3369, 2895, 1566, 1362, 1049 ¢ntH NMR (400 MHz, CDCJ) 66.19 (t,J = 6.9 Hz,
1H), 3.86-3.81 (m, 2H), 2.70 (dddd#i= 14.7, 12.2, 6.5, 6.5 Hz, 1H), 2.47 (dddd; 14.7,
7.2, 5.2, 5.2 Hz, 1H), 1.52 (dd,= 7.8, 4.4 Hz, 1H)**C NMR (100 MHz, CDG)) ppm
77.4, 58.5, 39.7; HRMS (CI): Exact mass calcd.GgsBrO[M-NO,]* 136.9597, found

136.9590.

MeO,C NO
MeO,C_~_NO, 1. KOH, MeOH/H,0 2 \/\l/ 2
2. Bry, CHyCly, -78 °C Br

Methyl 4-bromo-4-nitrobutanoate (107j)

Following the Kornblum protocd?® the nitroalkane (696 mg, 4.73 mmol)
provided thex-bromo nitroalkane after flash column chromatogya(t0% ethyl acetate
in hexanes) as a colorless oil (430 mg, 40%, reactonditions not optimized).tR 0.45
(20% EtOAc/hexanes); IR (neat) 3014, 2955, 1735519438, 1203 cih 'H NMR

(400 MHz, CDC4) 86.15-6.12 (m, 1H), 3.72 (s, 3H), 2.76-2.65 (m, 1B53-2.49 (m,

24 Griesser, H.; Ohrlein, R.; Schwab, W.; Ehrler, Riger, VOrg. Synth200Q 77, 236.
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3H); **C NMR (100 MHz, CDGJ) ppm 171.6, 78.6, 52.3, 32.4, 30.0; HRMS (CI): &ixa

mass calcd. for §4sBrO,[M-NO,]* 178.9702, found 178.9706.

General Procedure A: Amide Synthesis Using an Amin@~ree Base)

The amine (1.2 equiv) was added dropwise to aisoluf a-bromo nitroalkane
(2.0 equiv, 0.2 M) and NIS (10 equiv) in THF andH(5.0 equiv) at 0 °C, followed by
K>COs; (2.0 equiv). The reaction mixture was stirred at@ for 2 d. The resulting
mixture was diluted with dichloromethane, driedhwigSQ, and then filtered through
Celite. The filtrate was concentrated and subjedtedourification by flash column
chromatography on silica gel.
General Procedure B: Amide Synthesis Using an Ammaum Salt

K>CQO; (3.2 equiv) was added to the suspension of the@rum salt (1.2 equiv)
and thea-bromo nitroalkane (1.0 equiv, 0.2 M) in THF andH(5.0 equiv) at 0 °C,
followed by NIS (1.0 equiv). The reaction mixtureasvstirred at 0 °C for 2 d. The
resulting mixture was diluted with dichloromethadeed with MgSQ and then filtered
through Celite. The filtrate was concentrated anbjected to purification by flash
column chromatography on silica gel.

Et HzNYPh NIS, K,COs H,O  Et _N_ _Ph

NO,
T L s - T L

N-(1-Phenylethyl)propionamide (122b)
Following General Procedure A on Page 152,dfeomo nitroalkane (29.8 mg,

177 pmol) and amine (25.8 mg, 213 umol) providee #mide after flash column
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chromatography (30% ethyl acetate in hexanes) abite solid (22.2 mg, 71%). (R
0.11 (20% EtOAc/hexanes); mp 58-60 °C; spectroscdpia {H NMR) was in complete

accord with that previously reportét.

Ph\rNOz HZNYPh NIS, K,CO3, H,O Ph H Ph
—_—

Br Me THF, 0°C S e

N-(1-Phenylethyl)benzamide (122c)

Following General Procedure A on Page 152,dfeomo nitroalkane (29.5 mg,
137 pmol) and amine (19.7 mg, 164 umol) provided #mide after flash column
chromatography (15-25% ethyl acetate in hexaneahasf-white solid (23.5 mg, 76%).
Ri= 0.22 (20% EtOAc/hexanes); mp 118-119 °C; spectmiscdata tH NMR) was in

complete accord with that previously report&d.

H
NO, HN Ph NIS, K,CO3, H,0 N Ph
Ph/\l/ \r 23, M) Ph/\n/ \r

Br Me THF, 0 °C

2-PhenylN-(1-phenylethyl)acetamide (122a)

Following General Procedure A on Page 152,dfeomo nitroalkane (25.6 mg,
111 pmol) and amine (16.2 mg, 134 umol) providee #mide after flash column
chromatography (25-40% ethyl acetate in hexanea)waiite solid (20.0 mg, 75%)+R

0.35 (40% EtOAc/hexanes); mp 115-117 °C; spectmiscdata (IR,"H NMR and°C

215 gakaguchi, S.; Hirabayashi T.; Ishii, @hem. Commur2002 516.
#®\Wang, Z.; Zhang, Y.; Fu, H.; Jiang, Y.; Zhao,Qtg. Lett.2008 10, 1863.
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NMR) was in complete accord with that previouslgoged”’ HRMS (ESI): Exact mass

calcd. for GeH1gNO[M+H] ™ 240.1388, found 240.1389.

Ha N\rPh NIS, K,CO3, H,0 q( on
NO,
Ve THF, 0 °C Y

Br

N-(1-Phenylethyl)cyclohexanecarboxamide (122d)

Following General Procedure A on Page 152,dfeomo nitroalkane (25.5 mg,
115 pmol) and amine (16.7 mg, 138 umol) providee #imide after flash column
chromatography (20% ethyl acetate in hexanes) adfamhite solid (18.6 mg, 70%).:R
= 0.25 (20% EtOAc/hexanes); mp 130-132 °C; spectmiscdata {H NMR) was in

complete accord with that previously report&d.

H
N

NO, H,N Ph  NIS, K,CO3, H,0
Cl/\/Y Y Y e CI/\/\n/ \r

Br Me THF,0°C o Me

Ph

4-Chloro-N-(1-phenylethyl)butanamide (122e)

Following General Procedure A on Page 152,dfromo nitroalkane (29.0 mg,
134 umol) and amine (19.5 mg, 161 pmol) provideed #mide after flash column
chromatography (25-30% ethyl acetate in hexaneg) ylow oil (24.5 mg, 81%). R
0.28 (40% EtOAc/hexanes); spectroscopic dataNMR) was in complete accord with

that previously reportet?

2" Nordstrgm, L. U.; Vogt, H.; Madsen, R.Am. Chem. So2008 130, 17672.
#8y/ora, H. U.; Rovis, TJ. Am. Chem. So2007, 129, 13796.
29 gugiyama, S.; Morishita, K.; Chiba, M.; Ishii, Keterocycle002 57, 637.
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H
OY\‘/NOz )M\e NIS, K,CO3, H,0 O\I/\H/N\I/Ph
—_—
(/0 Br E/O o] Me

P NH, THF, 0 °C

2-(1,3-Dioxan-2-yl)N-(1-phenylethyl)acetamide (122f)

Following General Procedure A on Page 152, withadditional base wash
(saturated aqueous,®O;) before chromatography, thebromo nitroalkane (31.9 mg,
133 pmol) and amine (19.4 mg, 160 umol) provided #mide after flash column
chromatography (40% ethyl acetate in hexamssp white solid (24.0 mg, 72%); R
0.13 (40% EtOAc/hexanes); mp 113-114 °C; IR (n828§3, 2970, 2927, 2860, 1644,
1550, 1142 crt; *H NMR (400 MHz, CDCY) 87.34-7.30 (m, 4H), 7.27-7.23 (m, 1H),
6.46 (br dJ = 6.0 Hz, 1H), 5.14 (dql = 7.1, 7.1 Hz, 1H), 4.88 (dd,= 4.7, 4.7 Hz, 1H),
4.14-4.09 (m, 2H), 3.82 (ddd,= 12.1, 5.5, 2.5 Hz, 1H), 3.79 (ddb= 12.1, 5.5, 2.5 Hz,
1H), 2.57 (ddJ = 15.9, 4.8 Hz, 1H), 2.53 (dd,= 15.9, 4.8 Hz, 1H), 2.05 (ddddd =
13.4, 12.6, 12.6, 5.0, 5.0 Hz, 1H), 1.48]d; 6.9 Hz, 3H), 1.39-1.34 (m, 1HYC NMR
(100 MHz, CDC}) ppm 167.8, 143.5, 128.6, 127.2, 126.1, 99.1, 65710, 48.6, 43.0,
25.6, 22.2; HRMS (CI): Exact mass calcd. forsH30NOs [M+H] " 250.1443, found

250.1446.

Me_ Me Me_ Me

NC\)S/Noz HzNYPh NIS, K,COg, H,O NC\)%(N Ph
Me THF, 0°C Y

Br (¢] Me

3-Cyano-2,2-dimethyIN-(1-phenylethyl)propanamide (122g)
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Following General Procedure A on Page 152,dfromo nitroalkane (31.4 mg,
142 pmol) and amine (20.7 mg, 171 pumol) providee #mide after flash column
chromatography (20% ethyl acetate in hexaassan off-white solid (17.7 mg, 54%); R
= 0.14 (20% EtOAc/hexanes); mp 69-71 °C; IR (neag433973, 2933, 2248, 1643,
1527 cni; *H NMR (400 MHz, CDCJ) 8 7.37-7.33 (m, 2H), 7.30-7.26 (m, 3H), 5.91 (br
d,J = 6.0 Hz, 1H), 5.10 (dg] = 7.1, 7.1 Hz, 1H), 2.66 (d,= 6.7 Hz, 1H), 2.59 (d] =
6.7 Hz, 1H), 1.51 (dJ = 6.9 Hz, 3H), 1.38 (s, 3H), 1.34 (s, 3H5C NMR (100 MHz,
CDCls) ppm 173.6, 142.8, 128.9, 127.6, 126.1, 118.(R,440.9, 28.5, 25.1, 25.0, 21.6;

HRMS (ESI): Exact mass calcd. fof&1sN,0 [M+H] " 231.1497, found 231.1505.

4-Hydroxy-N-(1-phenylethyl)butanamide (122h)

Following General Procedure A on Page 152,dfromo nitroalkane (28.0 mg,
141 pmol) and amine (20.6 mg, 170 umol) providee #mide after flash column
chromatography (5% methanol in dichloromethaaep yellow oil (14.0 mg, 48%)+R
0.12 (5% MeOH/CHCL); IR (neat) 3286, 2970, 2930, 1645, 1548 NMR (400
MHz, CDCh) 5 7.36-7.26 (m, 5H), 5.88 (br s, 1H), 5.12 (dg; 7.1, 7.1 Hz, 1H), 3.68 (t,
J=5.7 Hz, 2H), 3.20-2.40 (brkQ 1H), 2.37-2.33 (m, 2H), 1.88 (i,= 6.4, 6.4 Hz, 2H),
1.49 (d,J = 7.1 Hz, 3H):*C NMR (100 MHz, CDGJ) ppm 172.6, 143.1, 128.8, 127.6,
126.2, 62.5, 49.0, 34.2, 28.1, 21.8; HRMS (CI): @&xaass calcd. for GH;7NO, [M]*

207.1259, found 207.1264.
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HO\/\rNOz HzN\rPh NIS, K,CO3, HO HO “\rph
\/\n/

Br Me THF, 0 °C 0 Me

3-Hydroxy-N-(1-phenylethyl)propanamide (122i)

Following General Procedure A on Page 152,dfeomo nitroalkane (26.5 mg,
144 pmol) and amine (20.9 mg, 173 umol) providee #mide after flash column
chromatography (5% methanol in dichloromethaaep yellow oil (19.6 mg, 70%).+R
0.15 (5% MeOH/CHCL,); IR (neat) 3290, 2973, 2928, 1645, 1551 cid NMR (400
MHz, CDCk) & 7.37-7.26 (m, 5H), 5.94 (br s, 1H), 5.14 (dg; 7.1, 7.1 Hz, 1H), 3.89 (t,
J=5.1 Hz, 2H), 2.92 (br s, 1H), 2.44 (dbk 6.1, 4.7 Hz, 2H), 1.51 (d,= 6.8 Hz, 3H);
3C NMR (100 MHz, CDGJ) ppm 171.7, 143.2, 128.8, 127.4, 126.1, 58.9, 48831,

22.0; HRMS (ESI): Exact mass calcd. fori@sNO, [M+H] " 194.1181, found 194.1174.

MeOZC\/\rNOZ HZN\rPh NIS, K,COj, H,0 MeOZC\/\n/H\rPh
- e

Br Me THF, 0°C b

Methyl 4-oxo0-4-(1-phenylethylamino)butanoate (122))

Following General Procedure A on Page 152,dfeomo nitroalkane (27.8 mg,
123 pmol) and amine (17.9 mg, 148 umol) providee #mide after flash column
chromatography (30% ethyl acetate in hexanes)yafi@awv oil (20.2 mg, 70%). R= 0.16
(40% EtOAc/hexanes); spectroscopic ddtd IMR) was in complete accord with that

previously reported®°

220 pyertas, S.; Rebolledo, F.; Gotor, Mtrahedrorl995 51, 1495.
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H

NO, NIS, K,CO5;, H,O
Ph/\l/ HNS s er ph/\n/N\Bn

Br THF, 0°C o

N-Benzyl-2-phenylacetamide (123a)

Following General Procedure A on Page 152,dfeomo nitroalkane (30.4 mg,
132 pmol) and amine (17.0 mg, 159 umol) providee #mide after flash column
chromatography (20-30% ethyl acetate in hexanea)waiite solid (21.5 mg, 72%)+R
0.12 (20% EtOAc/hexanes); mp 118-119 °C. Spectmiscdata tH NMR) was in

complete accord with that previously reportéd.

H

NO.
Ph/\/ 2 HN NS, KCO RO Ph/\n/ N
Br THF, 0°C o

N-Allyl-2-phenylacetamide (123b)

Following General Procedure A on Page 152, withadditional base wash
(saturated aqueous,®O;) before chromatography, thebromo nitroalkane (30.6 mg,
133 pumol) and amine (9.1 mg, 160 umol) provided #maide after flash column
chromatography (30-40% ethyl acetate in hexanea)waiite solid (17.0 mg, 73%)+R
0.18 (40% EtOAc/hexanes); mp 55-57 °C; spectroscopia {H NMR) was in complete

accord with that previously reportétd.

221 Dittmer, D. C.; Li, Q.; Avilov, D. V.J. Org. Chem2005 70, 4682.
222 Torosyan, G. O.; Grigor, S. A.; Gekchyan, G. GabByan, A. TArm. Khim. Zh1984 37, 740.
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Ph/\I/N02 HZN\/ NIS, K,CO3, H,O Ph/\n/n\///

Br THF, 0°C S

2-Phenyl-N-(prop-2-ynyl)acetamide (123c)

Following General Procedure A on Page 152,dfeomo nitroalkane (32.7 mg,
142 pmol) and amine (9.4 mg, 171 pmol) provided #meide after flash column
chromatography (25-30% ethyl acetate in hexanea)yaiow solid (15.0 mg, 61%)+R
0.27 (40% EtOAc/hexanes); spectroscopic d#taNMR) was in complete accord with

that previously reportetf>

NO. H
Ph/Y 2 HN A~ o NIS, K2COs HO Ph/\n/N\/\/\OH
Br THF, 0°C 4

N-(4-Hydroxybutyl)-2-phenylacetamide (123d)
Following General Procedure A on Page 152,dfeomo nitroalkane (31.5 mg,

137 pmol) and amine (14.6 mg, 164 umol) providee #mide after flash column
chromatography (2-4% methanol in dichloromethase) white solid (21.6 mg, 71%): R
=0.19 (5% MeOH/CHKLCI); mp 71-73 °C; IR (neat) 3270, 3085, 2939, 28@&x6] 1630,
1565 cni; *H NMR (400 MHz, CDCJ) &7.37-7.33 (m, 2H), 7.31-7.29 (m, 1H), 7.26-
7.24 (m, 2H), 5.62 (br s, 1H), 3.60 Jt= 4.3 Hz, 2H), 3.57 (s, 2H), 3.24 (dt= 6.4, 6.1
Hz, 2H), 1.68 (br s, 1H), 1.54-1.49 (m, 4H3C NMR (100 MHz, CDGJ) ppm 171.3,
135.1, 129.6, 129.1, 127.4, 62.4, 44.0, 39.5, 25672; HRMS (ESI): Exact mass calcd.

for C1oH17NNaQ, [M+Na]* 230.1157, found 230.1164.

22 \Valters, M. A.; Hoem, A. B.; McDonough, C. 5.0rg. Chem1996 61, 55.
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o}

o NO, 0 NIS, K,CO3, H,0 H\/IJ\
/\r ’CI+H3N\)J\ —_— Ph/\”/ OMe

Br OMe THF,0°C

0]

Methyl 2-(2-phenylacetamido)acetate (123e)

Following General Procedure B on Page 152, withadditional base wash
(saturated aqueous,®O;) before chromatography, thebromo nitroalkane (27.8 mg,
121 pmol) and ammonium salt (18.2 mg, 145 pmol)yided the amide after flash
column chromatography (30-40% ethyl acetate in hespas an off-white solid (18.1 mg,
72%). R= 0.17 (40% EtOAc/hexanes); mp 78-79 °C; IR (n8289, 3077, 1753, 1643,
1558, 1212 crt; *H NMR (400 MHz, CDCY) 87.39-7.35 (m, 2H), 7.32-7.28 (m, 3H),
5.88 (br s, 1H), 4.01 (d,= 5.2 Hz, 2H), 3.73 (s, 3H), 3.63 (s, 2 NMR (100 MHz,
CDCl) ppm 171.2, 170.3, 134.5, 129.6, 129.2, 127.64,523.6, 41.4; HRMS (CI):

Exact mass calcd. for;@4:sNO3z[M+H] " 208.0974, found 208.0973.

H

NO, *H2SO4 NIS, K,CO3, H,0 N _CN
F’h/\r HN N ——— = » Ph/\n/ ~

Br THF, 0 °C S

N-(Cyanomethyl)-2-phenylacetamide (123f)

Following General Procedure B on Page 152, but withequiv KCO; and an
additional base wash (saturated aqueopS0X) before chromatography, theebromo
nitroalkane (32.0 mg, 139 umol) and ammonium f8t{ mg, 167 pumol) provided the

amide after flash column chromatography (30-40%letlocetate in hexanes) as an off-
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white solid (15.0 mg, 62%).¢R 0.11 (40% EtOAc/hexanes); mp 87-88 °C; spectqasco

data tH NMR) was in complete accord with that previougiported®®*

/\r \O _NIS, KoCOs HO /\n/N
THF, 0°C 5 \O

N-Cyclohexyl-2-phenylacetamide (1239)

Following General Procedure A on Page 152,dfromo nitroalkane (27.9 mg,
121 pmol) and amine (14.4 mg, 146 pumol) providee #mide after flash column
chromatography (25% ethyl acetate in hexanes) abite solid (18.9 mg, 72%). (R
0.11 (20% EtOAc/hexanes); mp 128-130 °C; spectmiscdata {H NMR) was in

complete accord with that previously reportéd.

H

NO, NIS, K,CO3, H,O N{
Ph/\r HN e T2 ph/\n/ Bu

Br THF, 0 °C )

N-tert-Butyl-2-phenylacetamide (123i)

Following General Procedure A on Page 152, but witB equiv oftert-
butylamine (16.4 mg, 225 pmol), thebromo nitroalkane (28.7 mg, 125 umol) provided
the amide after flash column chromatography (20Bfledcetate in hexanes) as a white
solid (14.3 mg, 60%). & 0.16 (20% EtOAc/hexanes); mp 111-113 °C; spectiois

data tH NMR) was in complete accord with that previougiported?*®

24| ee, K.; Han, S.-B.; Yoo, E.-M.; Chung, S.-R.; ®h; Hong, SSynth. Commur2004,34, 177.
22 Chan, W.-K.; Ho, C.-M.; Wong, M.-K.; Che, C.-N. Am. Chem. So2006 128 14796.
226 cyetovich, R. J.; DiMichele, LOrg. Process Res. De®006 10, 944.
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Ph/\rNoz Bt NIS, KpCOy, H0 &
N e —— Ph/\n/ “Et

Br Et THF, 0 °C

N,N-Diethyl-2-phenylacetamide (124)

Following General Procedure A on Page 152,dfromo nitroalkane (30.5 mg,
133 umol) and amine (11.6 mg, 159 pmol) provided #mide after flash column
chromatography (30% ethyl acetate in hexanes)yafi@aw oil (12.7 mg, 50%). R= 0.28
(40% EtOAc/hexanes); spectroscopic ddtd IMR) was in complete accord with that

previously reported®’

(¢]
NO, NIS, K,COj3, H,O OMe
P Y oMe —— 22
e o N
B ! THF, 0°C

H, CI” \n/\Ph
N

PhAc-Pro-OMe (S-4)

Following General Procedure B, with an additionadd wash (saturated aqueouS &)
before chromatography, thebromo nitroalkane (26.7 mg, 116 pmol) and ammonium
salt (23.1 mg, 139 umol) provided the amide aft@shf column chromatography (35-50%
ethyl acetate in hexanes) as a yellow oil (a métoir two rotomers in approximately a
5:1 ratio, 14.7 mg, 51%).:R 0.12 (20% EtOAc/hexanes); IR (neat) 2954, 174871
1421, 1197 cm; *H NMR (400 MHz, CDC}) major rotomerd 7.34-7.22 (m, 5H), 4.51

(dd,J = 7.4, 3.9 Hz, 1H), 3.72 (s, 3H), 3.72 (s, 2HE233.58 (M, 1H), 3.54-3.46 (m, 1H),

227 Gaudin, J.-M.; Lander, T.; Nikolaenko, Ohem. Biodiversitp008 5, 617.
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2.21-2.11 (m, 1H), 2.07-1.90 (m, 3HJC NMR (100 MHz, CDCJ) major rotomer: ppm
172.7, 169.7, 134.3, 128.9, 128.5, 126.7, 58.8,,5%7.2, 41.8, 29.1, 24.8; HRMS (ESI):
Exact mass calcd. for,@H1/NNaO; [M+Na]* 270.1106, found 270.1105. Spectroscopic

data (IR andH NMR) was in complete accord with that previousiportec??®

Ph o Ph
NO, o 0 NIS, K,CO3, H,0 H
Ph/\( H3N+\)J\ OoMe ———————————» N\)j\ OMe
Br N THF, 0°C Ph/\ﬂ/ =N
Me (6] (6] Me (0]

(S)-Methyl 3-phenyl-2-((S)-2-(2-phenylacetamido)propanamido)propanoate (PhAc
Ala-Phe-OMe) (126)

Following General Procedure B on Page 152, withadditional base wash
(saturated aqueous,®O;) before chromatography, thebromo nitroalkane (24.4 mg,
106 pmol) and ammonium salt (36.5 mg, 127 pmolyided the amide after flash

column chromatography (50-80% ethyl acetate in hegpas a white solid (28.0 mg,
72%).[a] 2+19.9 € 1.00, CHCY); Rr= 0.17 (50% EtOAc/hexanes); mp 141-142 °C; IR
(neat) 3288, 3064, 3030, 2931, 1746, 1643, 15404 t'; 'H NMR (400 MHz, CDC))
37.36-7.20 (m, 8H), 7.09-7.07 (m, 2H), 6.57 (bdd; 7.7 Hz, 1H), 5.98 (br d,= 7.2 Hz,
1H), 4.78 (ddd,) = 8.0, 6.6, 6.6 Hz, 1H), 4.46 (d&j= 7.0, 7.0 Hz, 1H), 3.71 (s, 3H), 3.55
(d,J = 5.8 Hz, 1H), 3.50 (d] = 5.8 Hz, 1H), 3.11 (dd] = 14.0, 5.6 Hz, 1H), 3.01 (dd,
=13.9, 6.7 Hz, 1H), 1.25 (d,= 7.0 Hz, 3H)**C NMR (100 MHz, CDCJ) ppm 171.7

(2C), 170.9, 136.8, 134.5, 129.4, 129.3, 129.1,12827.5, 127.2, 53.3, 52.4, 48.8, 43.6,

22 Tanaka, T.; Higuchi, N.; Saito, M.; Hashimoto, Eur. Pat. Appl.1986 EP 172458 A2.
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37.8, 18.0; HRMS (CI): Exact mass calcd. fosH33N.O4 [M-H] ™ 367.1658, found

367.1652.

—* ot

N
NO, 5 mol% cat.
A
toluene, -20 °C
Br
Cl

H,Quin(é(*Anth)2Pyr)-BAMsH* -OTf

(R)-tert-Butyl 2-bromo-1-(4-chlorophenyl)-2-nitroethylcarbamate (1647°

A solution of the imine (81.0 mg, 338 pmol) and HiGPCANthY’Pyr)-
BAMeHOTf (10.9 mg, 16.9 umol) in toluene (1.1 mL30M) was cooled to -20 °C and
treated with bromonitromethane (90%, 63.0 mg, 4@®IL The reaction mixture was
stirred at -20 °C for 2 d, and then concentratedl directly subjected to purification by
flash column chromatography on silica gel (10% kttoetate in hexanes) to give the
bromo nitroalkane as a white solid (111 mg, 87%)icv was determined to be 98% ee
(each diastereomer) and 1:1 dr by chiral HPLC asmslyChiralcel AD-H, 10%
'PrOH/hexanes, 1 mL/mitt,(cre;, major) = 19.3 mint,(d»e1, major) = 25.5 mint;(chey,
minor) = 14.5 minf(d,e;, minor) = 15.7 min). R= 0.49 (20% EtOAc/hexanes); IR (neat)
3358, 1682, 1519, 1161 ¢m'*H NMR (400 MHz, CDC4, 1:1 mixture of diastereomers)
see SI-II for the spectrunt®’C NMR (100 MHz, CDGQ, 1:1 mixture of diastereomers)

ppm 154.7, 154.4, 135.4, 135.3, 133.9, 133.3, 1229.4, 128.5, 128.3, 84.9, 81.4, 57.7,

22 Racemicl64 was synthesized by addition of bromonitromethaniaé imine catalyzed by 5 mol% NEt
in CH,ClI, (rt, 30 min).
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28.3, 28.2. The absolute configuration at the biknzgrbon was determined by chemical

correlation as shown below.

HN/Boc HN/Boc

5 mol% PBAM, K,CO
SO.Ph NO, . 278 NO,
2 |/ toluene, -20 °C
Br Br
Cl Cl

K2CO; (82.8 mg, 599 umol) and PBAM&6, 2.2 mg, 4.3 pmol) were added to

the solution of the sulfone (32.7 mg, 85.6 umoljaluene (0.43 ml, 0.2 M). The mixture
was then cooled to -20 °C, and bromonitromethaf&6(9.6.0 mg, 103 umol) was added.
The reaction mixture was stirred at -20 °C for 4T'de resulting crude was diluted with
CH.Cl, and filtered. The filtrate was concentrated aneédlly subjected to purification
by flash column chromatography on silica gel (10¥ylkeacetate in hexanes) to give the
a-bromo nitroalkane as a white solid (28.6 mg, 88#)ich was determined to be 93%

ee (each diastereomer) and 1:1 dr by chiral HPL&lyars.

_Boc

0 HN
o TolSO,H 5 mol% PBAM, K,CO,
H,N NoBu  toluene toluene, -20 °C
Br
cl cl

p-Toluene sulfinic acid (33.3 mg, 213 umol) was edldo the solution of the
aldehyde (30.0 mg, 213umol) and carbamate (20.81Mg,umol) in toluene (0.90 ml,
0.2 M). The mixture was stirred at room temperafore2 h, to which PBAM 166, 4.5
mg, 8.9 umol) and ¥COs (123 mg, 889 pmol) were added. The mixture wasestiat

room temperature for 30 min, and then cooled to°@0Bromonitromethane (90%, 29.9

165



mg, 213 pumol) was added. The reaction mixture waeeg at -20 °C for 4 d. The
resulting crude was diluted with GEl, and filtered. The filtrate was concentrated and
directly subjected to purification by flash colunchromatography on silica gel (10%
ethyl acetate in hexanes) to give thbromo nitroalkane as a white solid (48.0 mg, 71%),
which was determined to be 96% ee (each diastem@cane 1:1 dr by chiral HPLC

analysis.

Boc Boc
HN” HN”
Br SnCly*2H,0 NO,
THF, rt
NO,
Cl Cl

(R)-tert-Butyl 1-(4-chlorophenyl)-2-nitroethylcarbamate (S5)

SnCh-2H,0 (17.8 mg, 79.0 umol) was added to the solutiorthefa-bromo
nitroalkane (20.0 mg, 52.7 pumol) in THF (0.53 mIhe reaction was stirred at room
temperature for 5 min. The crude mixture was ddutéth H,O and extracted with ED.
The organic layer was dried with MggJiltered and concentrated. The residue was
subjected to purification by flash column chromagqny on silica gel (10% ethyl acetate
in hexanes) to give the nitroalkane as a whiteds@li5.2 mg, 96%), which was
determined to be 95% ee by chiral HPLC analysisréBiel AD, 10%'PrOH/hexanes, 1
mL/min, t(major) = 14.9 minf(minor) = 11.8 min). R= 0.33 (20% EtOAc/hexanes);

spectroscopic data NMR) was in complete accord with that previousiported™°

#%\Wang, C.; Zhou, Z.; Tang, Qrg. Lett.2008 10, 1707.
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HN/Boc HN/Boc

HoN Ph
o e Y NIS, KoCOj3, Ho0 o
Me THF, 0 °C h
NO, [¢] Me
Cl Cl

tert-Butyl (R)-1-(4-chlorophenyl)-2-oxo-2-(R)-1-phenylethylamino)ethylcarbamate

ZT

(167)
Following General Procedure A on Page 152,dfomo nitroalkane (27.6 mg,
72.7 umol) and amine (10.6 mg, 87.2 umol) provideel amide after flash column

chromatography (15-20% ethyl acetate in hexaneg)white solid (21.5 mg, 76%)a]
20.60.1 € 1.00, CHCY); Ri= 0.12 (20% EtOAc/hexanes); mp 138-140 °C; IR (n8ae,
2979, 1685, 1655, 1522, 1492, 1167 5rtH NMR (400 MHz, CDCJ) 7.31-7.28 (m,
2H), 7.26-7.21 (m, 5H), 7.05-7.03 (m, 2H), 5.90 @hd = 7.8 Hz, 1H), 5.79 (br s, 1H),
5.10 (br s, 1H), 5.07 (dd,= 7.1, 7.1 Hz, 1H), 1.47 (d,= 7.0 Hz, 3H), 1.40 (s, 9H}’C
NMR (100 MHz, CDC)) ppm 168.8, 155.2, 142.6, 136.9, 134.4, 129.2,.8,288.7,
127.5, 125.8, 80.4, 58.1, 49.3, 28.4, 21.9; HRMS):(Exact mass calcd. for
C,1H2:CINoNaO:; [M+Na]* 411.1451, found 411.1459.

HN/Boc HN/Boc

HoN Ph
g \l/ NIS, K,COj3, H,O R pn
Me THF, 0 °C h
NO, O Me
cl cl

tert-Butyl (R)-1-(4-chlorophenyl)-2-oxo-2-(R)-1-phenylethylamino)ethylcarbamate
(167) andtert-Butyl (S)-1-(4-chlorophenyl)-2-oxo0-2-(R)-1-

phenylethylamino)ethylcarbamate (S-6)
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Following General Procedure A on Page 152, themare-bromo nitroalkane
(29.0 mg, 76.4 pmol) and amine (11.1 mg, 91.7 pmpaodyvided the amides after flash
column chromatography (15-20% ethyl acetate in hegp as two separable
diastereomers (22.6 mg combined, 76% vyiel®R)-diastereomer: as reported above;

(SR) diastereomer: a white solida][ 2 -48.7 ¢ 0.30, CHCY); R = 0.22 (20%

EtOAc/hexanes); mp 138-140 °&4 NMR (400 MHz, CDCY) 57.31-7.29 (m, 2H),
7.26-7.21 (m, 5H), 7.06-7.03 (m, 2H), 5.83 (bdd; 7.7 Hz, 1H), 5.78 (br s, 1H), 5.10
(br's, 1H), 5.08 (do) = 7.1, 7.1 Hz, 1H), 1.47 (d,= 6.9 Hz, 3H), 1.40 (s, 9H}*C NMR
(100 MHz, CDC}) ppm 168.7, 155.2, 142.5, 137.0, 134.4, 129.3,8,2828.7, 127.5,

125.8, 80.3, 58.1, 49.3, 28.4, 21.9.

N-Boc-4-Cl-Phenylglycine-Ala-Phe-OMe (168)

Following General Procedure B on Page 152, withadditional base wash
(saturated aqueous,®O;) before chromatography, thebromo nitroalkane (24.0 mg,
63.2 umol) and ammonium salt (21.8 mg, 75.9 umaodyvided the amide after flash
column chromatography (30-50% ethyl acetate in hegpas a white solid (23.5 mg,
72%).[a] 2’-38.0 € 1.00, CHCY); Ri= 0.16 (40% EtOAc/hexanes); mp 207-208 °C; IR
(neat) 3282, 3072, 2980, 1747, 1693, 1671, 1644915368 crit; 'H NMR (400 MHz,
CDCly) 87.32-7.29 (m, 5H), 7.27-7.21 (m, 2H), 7.09-7.07 @H), 6.58 (br s, 2H), 5.80
(br s, 1H), 5.13 (br s, 1H), 4.80 (ddb> 7.6, 6.2, 6.2 Hz, 1H), 4.45 (dg~ 7.1, 7.1 Hz,

168



1H), 3.71 (s, 3H), 3.12 (dd,= 13.9, 5.8 Hz, 1H), 3.03 (dd= 13.9, 6.5 Hz, 1H), 1.41 (s,
9H), 1.21 (dJ = 7.0 Hz, 3H);"*C NMR (100 MHz, CDG)) ppm 171.7, 171.4, 169.6,
155.1, 136.8, 135.7, 134.4, 129.3, 129.3, 128.8,612127.3, 80.5, 58.0, 53.5, 52.5, 49.0,
37.8, 28.4, 18.1; HRMS (ESI): Exact mass calcd.GaiH3,CloN3Og [M+CI] ™ 552.1668,

found 552.1649.

_Boc

HN

0
xo, . _NIS, KCOq, H,0
e THF, 0 T TR0
Br NH, ClI
cl +

N-Boc-4-Cl-Phenylglycine-Pro-OMe (170)

Following General Procedure B, thebromo nitroalkane (20.0 mg, 52.7 umol) and
ammonium salt of proline (11.0 mg, 63.6 umol) pdad the dipeptide (single
diastereomer) after flash column chromatography20% ethyl acetate in hexanes) as a

viscous yellow oil (a mixture of two rotamers inpapximately 5:1 ratio, 14.0 mg, 67%).

[a] 2-152 € 1.24, CHCY); Ri= 0.28 (20% EtOAc/hexanes); IR (neat) 3416, 3320,72

1747, 1710, 1650, 1490, 1434, 1169crtH NMR (400 MHz, CDCJ) major rotamerd
7.35-7.28 (m, 4H), 6.10 (br d,= 7.0 Hz, 1H), 5.37 (br d} = 7.0 Hz, 1H), 4.42 (dd] =
8.2, 3.4 Hz, 1H), 3.76 (s, 3H), 3.74-3.69 (m, 1B}0 (td,J = 9.5, 7.4 Hz, 1H), 2.09-1.94
(m, 3H), 1.84-1.79 (m, 1H), 1.39 (s, 9HJC NMR (100 MHz, CDGJ) major rotamer:
ppm 172.3, 168.5, 154.8, 136.3, 134.3, 129.5, 178X, 59.4, 56.1, 52.5, 46.8, 29.0,
28.4, 24.6; HRMS (ESI): Exact mass calcd. fagHzsCIN,NaGOs [M+Na]* 419.1350,

found 419.1356.
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