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homoci : acid lactone (8) not only provided a new synthesis of this natural product
enantiomer, and also established the stereochemistry of the Michael addition of 5 to 6. An
organocatalytic a-amination of 6 using catalyst 12 provided 9 which 1s an advanced

intermediate to lycoperdic acid.
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Scheme 2: Organoc:  ytic synthesis of (+) lycc rdic acid.
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Discussion

¢ seral methods have been reported in the literatu for the organocatalytic
Michael addition of aldehydes or ketones to nitroalkenes. For most of these reactions
chiral an 1es are used as catalysts. Some of these catalysts a shown in Figure 1. The
majority of the catalysts are secondary amines which cataly: the Michael reaction by
forming an enamine with the : lehyde or ketone. A brief disct ion of the application of

some of these catalysts follows.

2 H
3
N—N Ph
[ Me t-Bu S
“ LA w oA
N -~ \
H H O H H NH,
4 5 6
[ ~ A N
ey
COOH WN F NN
N N ! N I Me
'_'| ) H | H
H H
7 8 9
,\'l OTBDPS
H
10

Figure 1: Selected catalysts for the Michael addition of aldehy s or ketones to

nitroalkenes.



In 2001, List reported the catalytic Michael reaction’ of cyclohexanone (11) and
nitroalkenes e.g. 12 using proline ( 1 as catalyst. In this study, an excellent yield of the

adduct 13 was achieved, but with w enantioselectivity. A similar dy reported by

0
D)LOH
0 N . 0O Ph
H :
. _NO 15 mol % NO,

+ Ph/\/ 2 > B
DMSO, 16h 2
11 12 94% 13

ee = 23%, dr = 20:1

Scheme 1: Proline catalysed Michael adiition of ketone to nitroalkene.

Salunke et al. used L-proline (1) catalyst in an ionic liquid® and gave good yield and

diastereoselectivity (90% of the single diastereomer).

A study reported by Barbas on Michael addition of aldehydes to nitroalkenes
using (S)-2-(morpholinomethyl)-pyrrolidine (2, scheme 2) as a catalyst provided the syn

product 16 as a major diastereomer > to 98%), in excellent yield and good

L

H o)
2 R’
0 mol?
R/\CHO + R,/\/ P 20 mol% > OHC\‘)\/NOZ
THF, rt
R
14 15 96%
16
R = alkyl R’ = alkyl, aryl ee up to 78%

dr syn/anti up to 98/2

Scheme 2: Organocatalytic Michael adiition of aldehyde  nitroalk



enantios. ctivity (up to 78%).}

Later, in 2002 Alexakis and Andrey reported a sim r study of Michael
addition of aldehydes and ketones to nitrostyrenes using N-i-Pr-2,2°bipyrr dine® (3,
Figure 1) as a catalyst (Scheme 3). The reaction of an aldehyde with a nitroalkene (with
or without HCl as an additive) gave y-nitroaldehyde 18 v h moderate-to-good
enantios ctivity and excellent yield. However, a similar reaction with a ketone
N

A o Ph

12 3
* 1R mol% ))H)\/Noz
o » :

)j\/ CHCl, R
2
1 R 99%

18

N0, (N/——[‘>
H

syn:anti 96:4
R" =H or alkyl ee: 85%
R2 = H or alkyl

Scheme 3: Organocatalytic Michael addition of aldehyde or ketone to nitroalkene.

proceeded in low yield and low  ntioselectivity. In 2003 Alexak wused the same
catalyst 3 for Michael addition of hydroxyketones to B-arylnitroolefins.” In this case,
the product was obtained with ¢ .« ent enentioselectivity (up to 98%) and good yield.

The proposed mechanism is shov Scheme 4.



(R.R)

21

Scheme 4: Proposed mechanism for organocatalytic Michael addition.

The tertiary nitrogen in c:¢  yst 3 is presumed to form a hydrogen bond with the
a-hydroxy group in the ketone (. (Scheme 4) which selectively g erates the Z enamine
(II) instead of the £ en ne. T : Z enamine undergoes a stercosclective Michael

reaction to provide 21.

In 2005, Ley and co-workers used trazolyl pyrrolidine'® (4) as catalyst for the
Michael :action of cyclohexanc [1) with B-nitrostyrene (12) as the Michael acceptor
in a 1:1 mixture of isopropyl :ohol and ethanol as solvent (Scheme 5). The

enantios ctivity obtained by using this catalyst was up to 93%.

N O Ph
H o, H : o
N
+ Ph/\/NOZ _ 2
15 mol % 2
11 12 13
ee = 93%

Scheme 5: Organocatalytic Michael addition with cyclohexanone and tetrazolyl

pyrrolidine (4).



tyashi and co-workers reported the use of catalyst 5 (Figure 1) in the Michael
addition of an aldehyde to a nitrc :ene (Scheme 6).'' In their 1dy, they obtained a
nearly o] cally pure (99%) Mii ael adduct in good yield and high distereoselectivity
(syn selectivity up to 96%). The high selectivity was explained on the basis of transition
state [II in which the bulky diphenylsiloxymethyl group on the catalyst ensures the

selective formation of the £ enamine and selectively shields the re¢-face of the enamine.

Ph

OTMS _}
N h

L e o
i H & T:/ISO‘ o /l@ i NO
HJ\’ . Ph/\/NOZ — O);N@Q —_— H)Ylv :
H Me
22 12

hexane

Me Ph 23
m

Scheme 6: Transition state for formation of 23 proposed by Hayashi.

Later on, Hayashi used catalyst § for the enantioselective Michael ad tion of

nitroalkenes to a.p-unsaturated al hydes,® in which he obtained up 1 98% ee.

In 2006, Jacobsen reportc the Michael addition of acetone to a variety of
nitroalkenes  the _ :sence of catalyst 6 (a thiourea derivative) and a catalytic amount of

benzoic acid. ..ae adduct 2 was obtained in 99% ee and 83% yield (Scheme 7) 12



Me g-Bu)SL
ao NN
O H H

0 . NH,
Me)LMe + I:‘,/\/NO2 10 m¢'™ OzN/Y\n/Me
PhCOOH 10 mol% R o
24 25 toluene, 83% 26
R = Arorh orBu ee = 99%

Scheme 7: Michael addition of acetone with nitroalkene in the | :sence catalyst 6.

A similar reaction of acetone catalyzed by (S)-homoproline (7) hydrochloridel3 in
the presence of tricthylamine gave low yield and enantioselectivity. However, the
reaction of ethyl methyl ketone in r-butanol proceeds with high enantioselectivity (up to

90% and syn selectivity up to 98%) with this homoproline as cataly

In 2006, Pansare and co-workers studied the Michael additic  of cyclic ketones to
nitroalkenes by using the secondary amine substituted pyrrolidine 8 and N, N-dimethyl
containii analogue 9 as ca ysts in the resence of acid additives'* (scheme 8). In these
studies, the syn distercomer 13 w  obtained as the major product in good yield and high

enantioselectivity (up to 99%).

cat8or9

+ A/Noz . -
Ph p-TsOH, DMF

11 12 13
ee up to 99%; dr = 98%

Scheme 8: Organocatalytic Micha  addition of cyclohexanone to nitroalkene.



A similar study was reported by Liu et al. employing prolinol tert-
butyldip. 1ylsilyl ether (10) as « alyst. Good yields of the Michael adduct were
obtained in up to 95% ee and 98% de (syn)."> However, reactions with acetone and

propanal gave only moderate selectivity.
Synthe i of nitrocyclohexanones

Previous studies by S »sach ad shown that nitrocyclohexanones could be
obtained om a [3+3] cycloaddition reaction of enamine 27 and nitroallylic esters'® £ or
Z, 28 (S =me 9). ..ais methodology can produce up to five-to-six adjacent stereocenters
in the cycloadduct. The enamines were prepared from corresponding ketones and

secondary amines in the presence of molecular sieves.

' NO,
OR
R 3 a1
%l\/ ? + ’2\'/ — o rac-29 orrac-30 orrac-31 orrac-32
R, R, cycloaddition
27 28
Enamine R, R, R; E or Z nitroallylic R; R, R;
27 esters 28
27a Cn; —Cn3 -(UH3 - B L-zda 0 Cetts  CO'Carty
0O-(CH;)2-
27b H H -(C 2)s rac-28b CH; CH; COCH;

27¢  COOEt H  ~(CHy) - ; ) ]




N02 NOZ
CgHs "
H COOEt
0
rac rac | rac-31 :-32
from 27a 1d 28a from 27a and rac-28b  from 27b and rac-28b from 27c and rac-28b

Scheme 9: Products of [3+3]-cyclo dition with racemic or achiral components.

In 1992, Enders and co-workers reported the enantioselective synthesis of nitro-
cyclohe: 10nes based on a [4+2] cycloaddition of 3-[(S)-2-(methoxymethyl)pyrrolidin-1-
yl]-1,3-butadiene (36) with £-2-aryl-1-nitroethene (37). ' For the preparation of butadiene
36, 2,3-butanedione (33) was treated with (S)-2-(methoxymethyl)pyrrolidine (32) to

"® in the presence of senic(III) chloride"

obtain a quantitative yield of a-oxoenamine
(modified Weingarten method™”). A Wittig reaction of compound 35 provided the

pyrrolidinyl butadiene 36 (59%, s eme )).
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(L/OME/

N AsCl, Et,0

\ [Loane [LOMe
)j\ﬂ/ H 34 N N CH,=PPh, / THF N

0 -78°C to 35°C to rt, 100% )\”/ 30 min, 59%
33

e}
-36
35 (S)
mNoz
Y
R
-78%C to rt

silica gel,
= -
A Ard ; Et,0/H,0
v/ TH NO, 26-60%
H
NO, L _
T.S. 1V 39 (S. S, R)-38

where R = H, 4-F, 4-OMe, 4-Me, 3,4-OCH,0

Scheme 10: [4+2] Cycloaddi n of chiral 2-aminobutadiene and nitroalkene.

Butadier 36 was subjected to [4+2] cycloaddition with nitroalkene 37 to obtain
intermediate 38 which was hydrolyzed to 3-aryl-4-nitrocyclohexanone 39 in excellent

enantion ic excess (ee = 95-99%) and high diastereoselectivity (ds ="_ ¢_ 4%).

arluenga et al. reported a similar study using chiral butadiene 40 (Scheme 11)
and nitroalkenes 41 to obtain hi  y-substituted nitrocyclohexanones,” such as 43, (four
adjacent stereocenters) in Hod yield and up to 90% enantioselectivity. Later on, in 1997

he investigated the reactions between a variety of nitroalkenes (aromatic, heteroaromatic



and substituted aliphatic nitroalkenes d the same diene 40 (£ or Z) in the [4+2]

cycloaddition.” They used different R ¢ ups such as TBDMS, Me and MOM in diene

70-76% 0

OR OR
= NO, Me «NO,
| MaOH -800C AcOH/NaOAc M€’
+ - B —_—
) Ar
/

7
MeO 41 MeO ee = 82-90%

0 42 43
4 Ar = Phenyl, 2-chloropheny!

Scheme 11: [4+2] Cy: Haddition of butadiene with ni Halkene.

40. £ diene 40 was first r  :ted with aromatic and aliphatic nitroalkenes under the same
reaction conditions as shown in Scheme |1. Functionalized 4-nitrocyclohexanones were

obtained in good yield and in excellent « tereoselectivity (83-99% de).
Organocatalytic synthesis of nitrocyclohexanone

irbas and co-workers have developed the first amine-catal :d direct Diels-
Alder reaction (which may also be considered to be a dov e ™ " el reaction) for the
synthesis of nitro-cyclohexanones.” The catalysts used in this study are (S)-1-(2-
pyrrolidinylmethyl)pyrrolidine (46) and L-proline (1, Scheme 12). The Diels-Alder
reaction of chalcones 45 with nitroalkene (44) in the presence of catalyst 46 or 1 gave a
mixture of nitrocyclohexanones (47a and 47b) in moderate-to-good yield (32-75%) and

moderate enantioselectivity (upto . %).
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(0] 0O
H or H
- _ .
Ry T R, Ry R2

NO, NO,
47a 47b

R'=Ph, R2 = Ph,

1-Naphthyl, 2-Thienyl,

4-CH3;0C¢H, 2-Furyl

Scheme 12: Organocatalytic Diels-Alder reacti

In 2004, Takemoto et . reported a catalytic enantioselective double Michael
addition.® They synthesised 4-nit cyclohexanones using y,5-unsati 1ted B-ketoester (48)
and nitrostyrene (12), a bifunctional thiourea catalyst (51, Scheme 13) and 1,1,3,3-
tetramethylguanidine (TMG). Three contiguous stereocenters were constructed in a single
reaction, for example, product 50a was obtained in good yield along with excellent

diastreoselectivity (up to 99%) and good enantioselectivity (up to 62%).
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(0] O
SN st
R oEt *
Ph Toulene, rt
R = Me, i-Pr, Ph, OMe
12
48 L -
49
TMG, MeCN
0c
NMe,
H H <
Fs;C N\n/N
)
CFy
51 50a 50b

Scheme 13: Thiourea 51-catalyzed double Michael addition ri  :tion.

Jorgensen et al. port e first one-pot reaction for the formation of five
contiguous stereocenters by an intermolecular two-component :action.” The nitro-
cyclohe: 10l 55 was prepared from a.3- 1saturated aldehyde 52 and 1,3-dinitroalkane 53
in the presence of DABCO and (8)-2-[bis(3,5-
bistrifluoromethylphenyl)(trimethyls loxymethyl)pyrrolidine]** (54, Scheme 14) as
catalyst. Compound 55 was obtained as the major isomer in »od yield and
enantioselectivity (up to ' %). A bulky B-substituent in aldehyde : = favors higher
enantioselectivity and vartation ¢ : substituents in dinitroalkane 53 such as aromatic,
heteroaromatic, electron-donating aroma : or electron-withdrawing aromatic groups gave

comparal : diastereoselectivity and enantioselectivity (88-90% ee).
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OH
NO,
R1\ 'I,Rz O
NO
N~ R R,
H,0 H \\\
54 52
(o)
N~ R )\HZO
! NO,
oy (. |
> k N R |
NO, R, 56

~
R1\. | ‘IRZ \—ﬂ
NO, o
; H:N 2 e NO,
RZ K[Rz

NO, NO,

53 57

Scheme 15: Proposed mechanisi for rganocatalytic nitro-Michael/Henry reaction.

Enders and co-workers deve ed a chemo-, diastereo- and enantioselective
organocatalytic triple-cascar  reaction for the synthesis of nitrocyclohexer s.°° This
organocatalytic three-component  iction proceeds through a Michael/Michael/aldol
condensation sequence which results in 1e formation of a product with four contiguous
stereocenters. In this domino reac n Enders used aldehyde 60, nitroalkene 61. o.j3-
unsaturated aldehyde 62 and the ch 1  ine catalyst 5 (Scheme 16) to afford product 63

in high ¢ stereoselectivity and complete enantioselectivity (99%).
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N ™ |
N 0OTMS

0 R2 . 5 Ph
i NO, * RN, — ,
Toulene, 0°C-rt. R2" ™ R3
60 61 62 -H,0 NO,

1 2 _ 63
R —Me‘ Et, R —Ph,O-CIPh, R3:ph H
CH,0TBS, 5-methyl-furan-2-yl Me. n-Bu

i-Pr \ p-MeOPh, Piperonyl,

Scheme 16: Orga; :a ytic triple-cascade reaction.

The prc  >sed mechanism for this 1 :tion involves a sequence of Michael/Michael/aldol

reactions as shown in Scheme 17.

0
R’ '
RZ\' - R3 + HZO [&Ph 1 ~ . RZ\/\NO
= 2
NO, N otMs  Rxo
63 Ph 60 61
5
Enamine catalysis
H,0
Catalyst §
e Ph
@
o} (’:)\60 S o]
R / Ph gl
64
R2' R® R
NO, OXPh NO,
66 0 N 0TMS
Ph
R p
Enamine catalysis H ~ RSMO
\ 62
R? “R3

N H20  Iminium catalysis

Scheme 17: Proposed mechanism of the triple-cascade reaction.
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The catalyst 5 first forms an ena with aldehyde 60 which then selectively reacts with
nitroalkene 61 to obtain the new (intermediate) nitroalkane 64. The catalyst then forms an
iminium ion with «,p-unsaturated aldehyde 62. This step is followed by conjugate
addition with the nitroalkane 64 to afford intermediate 65,”’ which undergoes an
intramol 1lar aldol condensation to provide iminium ion 66. Hydrolysis of 66 leads to
the formation of product 63 and regeneration of catalyst 5. Melchiorre et al. have also
reported a le-cascade (Michael/Mic el/aldol) using the catalyst 5. However, their
synthesis began with a different starting material. As such, a more complex product 72
(Scheme 18) was obtained in excel t diastereoselectivity and enantioselectivity (99% de

and ee).”®

Ph
CHO
R?—/ CHO (P\ﬁoms

Ph
( (» %\ X 5 (15 mol%)
0 R ‘
RT™\ R 0-FCgH,CO,H 15 mol%
NH Toulene, 40°C, 48h
R4
69
R4
. CHO
67+69 R? 68
. .
Michael ; Michael/aldol
reaction R NH sequence
0

Scheme 18: Org  ocatalytic triple-cascade reaction.
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er on, Melchiorre and co-workers®’ reported a double Michael addition
reaction using a primary amine, 9-amino(9-deoxy)-epi-hydroq 1ne (75), which is
derived om a natural cinchona a aloid (Scheme 19).

OMe
NH,
N l x
R? 0
| 75 ZN
73 K, R3 5 R,
R’ Ry

o]
‘\/J acid co-catalyst 1
— 3
o,N R

74
O,N 78

intramolecular
Michael

Y

addition

i _ @ -

N-H
. y
NH
1,2 3
- | . / R,
o~ Michael '
o,N Rs

2
R R addition 2
- 76 N - 77 N
R' = Ph, thoiphenyl R%=Ph, 4-MeOQ-C4H,
4-Cl-CgHy, 2,6-Cly-C¢H,
R2 = H Me 4-Br-C4H,

Scheme 19: Primary amine cat: /zed double Michael addition reaction.

.. . 30 .
A similar reaction reported by Barbas and co-workers™ used a secondary amine

catalyst to produce the isomeric roduct in only 38% ee. Melchiorre and co-workers”’

also appl | this methodology to construct quaternary stereocenters  (Scheme 20).



19

0
/\)JVRZ
RSy Catalyst 75 (20 mol%)
73
< ) 2F-CxH,COOH (30 mol%)
EtO0C >
- 0
\7/\Ph Toluene, 40°C, 48h
NC
79
80
RZ=H, Me

R' =

Ph, thiophen-2-yl|
4-CI-CgH,4, COOEt 4-CN-CgH,

Scheme 20: Formation of all carbon quaternary stereocenters in a molecule.

Reaction of a.p-unsaturat¢ ketones 73 and trans a-cyanocinnamate (79) in the
presence of primary amine catalyst 75 afforded compound 80 in good yield, excellent
diastereoselectivity and enantioselectivity (up to 98%). A sin ar reaction of o.p-
unsaturated ketones 73 with N-| enyl- or N-benzyl maleimides gave bicyclic products
containii  three contiguous stereoc ters in good yield and excellent diastereoselectivity

and enantioselectivity (up to 99%).

Present work

Given the success of the organocatalytic tandem-Michael reactions outlined
above, the possibility of conducting an organocatalytic nitrocyc jrhexanone synthesis
using appropriately functionalized n oalkenes as the Michael acceptors (Scheme 21) was

targeted in this thesis work.
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Catalyst

NP LLE
_
0
OAc P VA

81 82 NO,
83

Scheme 21: Proposed organocatalytic reaction.

The proposed mechanism for this reaction is as illustrated in Scheme 22. A
chiral amine 84 is expected to 1 . enamine 85 with acetone. The first Michael
addition of 85 at the B-position to the itro group in nitroalkene 86 with concomitant

elimination of the acyl group provides intermediate 87. A second intramolecular Michael

R‘I ',Rz
84 N
Ril R, 85
0 N
Jo 2T
82 -H,0
NO,
J Y
9] OAc
86
OAc = acyl
NO,
83
R1\ ,Rz
H R1\§),R2
84 |
: NO,
H,0 88

Scheme 22: Proposed mechanism for double Michael reaction.
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addition should give iminium ion 88. Hydrolysis of iminium ion 88 will give a
functionalized nitrocyclohexanone 83 and free chiral amine ¢ lyst 84 for further

reaction.

A variety of chiral amines were chosen as potential catalysts in this study
(Figure 2). Of these, proline (1), 90 and 92 are commercially avail le and the remaining
amines were prepared through known methods. The secondary-secondary diamine

catalyst 3-methyl-N-(((S)-pyrrolidine-2-yl)methyl)butan-1-amine (89) has been used

O L= |
N H N HN WN\
H © H N H

; H

89 90
Commercially Commercially

available available

NHCH
lo) 3

/%0 Ph
/ﬂj\ Q M\OH \;/'\CHa
O.

Commercially
91 available

e SO 8

(A

N —
H O
94

Figure 2: Catalyst used in preparation of nitrocyclohexanone.

previously in the Pansare group for ketone-nitroalkene Michael additions."* The amines
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91, 93 : |94 were prepared as follows. For the synthesis of amine 91 (Scheme 23) the
primary  cohol group in prolinol (94) was protected as t-butyldiphenylsilyl ether by
treating prolinol with triethylamine and TBDPS-CI. Amine 93 was obtained in 36% yield
from ep drine by using the same method. (S)-2-(Methoxymethyl)pyrrolidine (94) was

prepared from inexpensive and commercially available N-Boc-L-proline (96) by adapting

TRNDQ_ I (Nj\
N . H Ph
H

O\ h
Et;N Si

OH
pr/ >V

94
91
NHCH,
NHCH, Ph o
oh o TBDPS-CI : 3
N 3
: Et;N 36% Ngi—Ph
/
95 93
0
N "3 OEt, N
A oH .o~
0 0 30OH o o}
/]\ 96% )\
: o7 C

96
Mel, NaH
THF 24%

k )\\ TFA,DCM D\
N 0
o® ©

A -
H O~ 96%

o A

98

Scheme 23: Preparation of proline and ephedrine based catalysts.
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or 104. A detailed structural analysis of this unwanted product however, was not carried

outinth sty (Scheme 25).

Table 1: Organocatalyic double Mi ael reaction of acetone to compound 101.

(o]
@/\[NO? Catalyst
OAC Ketone; : . "\©
NO,

101 102

Entry Ketone Catal Solvent  Time Observation -

1 Acetone 3 Ar Zdays  Starting material recovered

2 Acetone 89 DMF 2 hours Decomposition

3 Acetone 94 THF 9days  Starting material recovered

4  Cyclohexanone 89 AF 3days  Starting material recovered

5 Cyclohexanone 90 THF 12 hours 103 or 104 (12%)

Nitroalkene 1 equiv; ketone 5 equiv, st20 1% all reactions were stirred at room temperature

for the time mentioned in table 1.
WQ LA
H

N HN
H \ / N H (0]
H

89 90 94
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0]

=0
OO ‘*@W@ oy O

101 " 104

Scheme 25: Reaction of catalyst 90 and starting material 101.

A probable mechanism for the formation of 103 is shown in Scheme 26.

Alternatively 104 can also be forme in a similar manner.

: @ (7 (o~
— e T e

QOAC
103
101 105

Scheme 26: Proposed me anism for the formation of compound 103.

Considering the reactivity of compound 101, it was decided to use a different
alcohol protecting group (inste¢ of acetyl). The pivaloyl group was chosen to favor
nucleophilic addition at the PB-position of the nitroalkene derivative, due to its steric
hindrance. Thus, treatment of com nd 100 with pivaloyl chloride in the presence of

triethylamine in DCM at -10 °C pro' led compound 106 in 45% yi | (Scheme 27).

@NOZ valoyl chloride mNOZ o
M
on  EN.DC o4

-10°C  45% /\

Scheme 27: Protection of the primary hydroxyl in 100 with pivaloyl group.
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Reaction of 106 and acetone were attempted with amine 92 and 94 (Table 2).
However, as with nitroalkene 101, these reactions did not provide any of the

cyclohexanone 102.

Table 2: Organocatalytic double Michael reaction of acetone to compound 106.

O O
- NO2 AL
0] - %
O%v Catalyst ©
NO,

106 102
Entry  Catalyst golvent Time B 6bservati;s
92 DM 4 days Starting material recov: :d
2 94 DCM 2 days Starting material recovered
3 94 Acetone 9 days Starting material recovered
94 THF 15 days Starting material recovered
5 94 DCM 25 hours 107 (42%)"

Nitroalkene 1 equiv; acetone 5 equiv, catalyst 20 mol% all reactions were stirred at room temperature

for the time mentioned in table 2. ayie »>ased on catalyst used.

T O-

o
NH,

94
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A reaction in which nitroalkene derivative 106 was treated with acetone in the
presence of catalyst 94 (Entry 5) gave adduct 107 as product (Scheme 28). This
compound was probably obtained from the direct reaction between catalyst 94 and

nitroalk  :derivative 106 involving a displacement of the pivaloyl roup.

0
94 \
X
106

Scheme 28: Reaction of catalyst 94 with nitroalkene derivative 106.

Similar studies were con cted with a nitroalkene s strate derived from
piperonal. This choice was base « a possible route to the lycor: : family of alkaloids

which were a target of these studies. The required nitroalkene was prepared by adaptation

34,35

of known procedures and the s;  hesis is summarized in Scheme 29.

0 X _NO,
0] H
<©/C © aconH, <
- (0]
0 AcOH CH4NO,
Sonicator 109
11 91%
HCOH Anthranilic
id
Imidazole act
41%
NO,
<om 0 (Me);CCOCI <U\(
(0] O)H< Et3 76%
111 110

Scheme 29: Synthesis of compound 111.
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The results of reactions of 111 with acetone in the presence of amines 91 and 93

are summarized in Table 3. Unfortunately, in this study, the only isolable products were

Table 3: Organocatalytic double Michael reaction of acetone to cor round 111.

< jI::j/A\(?il\Ff pmgmu\ég [:i]MWC:ZK‘v

112
N m Sol_vent W B ()_bservation o
1 91 DMF 4 days Starting material recovered
2 91 DCt 28 hours 11 (13%)
3 91 THF 4 days Starting material recovered
91 Acetone 5 days Starting material recovered
5 93 Acetone 3 days 114 (10%)

INILTUAIRCIIC | CLIUIV, avciulce o CLlulV, bdldlybl LU 111Ul /0 All ITALLIUILDD WUIT SUHIcu at

room temperature for the time mentioned in table 3.

NHCH,
Ph
0 A
N -
H O-. -Ph 0

91 93



also those obtained from the reac n of the amine and the nitroalkene (Scheme 30).

(o~
oo S'7< f%
ph7<

No2
NHCH3
Ph
M 3
;. <I>/\[
NCH3

Ph 7< 93 F’h
B s
114 ph’ N

' 1eme 30: Reacti  of nitroalkene derivative 111 with amines 91 and 93.

An attempted nitroalkene/ none cyclization

29

As part of the studies discussed earlier in this chapter, we also ex. 1ined the

possibility of conducting an org >catalytic, formal [4+2] cycloaddition of a nitroalkene

and an amino diene derived from 1 enone (Scheme 31).

H. _H NO,
Ar
A XANOz 4 a\/\l[ R, -
r R h'l
R, R 0]
41
115 116

Scheme 31: Organocatalytic [4+2] cycloaddition of nitroalkene with enone.
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The synthesis of the re 1ired enone precursor to the eminodienes 115 is shown
in Scheme 32. 2-2-(Bromomethyl)-1,3-dioxolane (117) was refluxed with p-methoxy
phenol in acetone in the presence of anhydrous potassium carbonate™® to afford 119
(95%). protection of 119 with HCI (7.0 M) provided aldehyde 120 (93%). The crude
aldehyde 120 was treated with Witt* - reagent 121 to obtain the required a.3-unsaturted

K,CO. Acetone
/’/L Reflux, 5%

O\“/N\ijiy

o}
\ 119
118
7.0 M HCI | 15 Min.
THF 93%
H
o
Q O
30%
o}
\ 120
Scheme 32: Synthesis of a.f-unsaturted ketone 132.
ketone 122. Wittig reagent | (1-triphenylphosphoranylidene-2-propanone) was

prepared by known methods from monochloroacetone and triphenylphosphine.37 The
resulting phosphonium salt was en treated with aqueous 10% Na,CO; to obtain the

desired Wittig reagent.

Attempted cycloaddition of 122 with nitroalkene 109 in the presence of catalysts 1,
91, 93 and 94 however was unsuccessful, and only unreacted starting material was

recovered from these reactions (Table 4).



Table 4: Organocatalytic cycloaddition of nitroalkene and a.p-unsaturted ketone 122.

o)
X -NO; \/\\\K\/ Catalyst \
o)
< jij]/\/ @ Salvent / @7
o
0 NO,
123
MeO
Entry Catalyst Solv Time Observation
] 95 i 4 days Starting material recovered
2 97 T ~ 9 days Starting material recovered
3 92 Me( 3 days Starting material recovered
4 98 THF 7 days Starting 1 terial recovered
5 95 Hexane 2 days Starting material recovered

Nitroalkene 1 equiv; acetone 5 equiv, catalyst 20 mol% all reactions were stirred at room

temperature for the time mentioned in table 4.

H
o) Ph <=NH
DS AN
H G —
Ph (O N
N oo N o si~Ph M e
Si /
AR
1 Ph 94

91 93
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Conclusion

series of functionalized nitroalkenes were prepared and their reactions with
simple ketones were examined in the presence of some selected enamine-forming chiral
amines. was observed that in some cases unwanted side reactions between the chiral
amines d the nitroalkenes led to deactivation of the amines by N- kylation.
Conse: :ntly, no enamine form ion occurred and the anticipated nitrocyclohexanone
produc  were not obtained. The exact reasons for the lack of reactivity of the

nitroalkenes with the enones exami: . are unclear.
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Experimental

’Si>v
§ 2

(S)-2-(¢-Butyldiphenylsilyloxy methyl) pyrrolidine (91): Triethylamine (1.1 mL, 7.5
mmol) v added to a solution of (S)-prolinol (29 mg, 2.9 mmol) in dry THF (8.0 mL) at
room temperature, under an atmosphere of nitrogen. To this was added rerr-
butyldiphen: ilyl chloride (0.84 n , 3.3 mmol. The mixture was stirred overnight and
filtered (filter paper). The filtrate v concentrated and the residue was purified by flash
chromatography on silica gel (96:2:2 ethyl acetate: methanol: NH4OH) to provide 870 mg

(86%) of 91.

'H NN (500 MHz, CDCl3): § 7.68-7.65 (m, 4H, ArH), 7.44-7.36 (m, 6H, ArH), 3.66-
3.63 (dd, 1H, J =10, 5, CH,0Si), 60-3.57 (dd, 1H, J =10, 5, CH,0S1), 3.25-3.20 (m,
1H, NCHCH,), 3.00-2.95 (m, 1H, NCH,CHa,), 2.87-2.82 (m, |H, NCH,CH,), 2.13 (bs,
1H, NH), 1.81-1.69 (m, 3H, CH-CH,), 1.50-1.44 (m, 1H, CH,CH>), 1.06 (s, 9H,

C(CH3)3).
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agQ

Q H
oY

(1R,25)-1-(tert-butyldiphenylsilyloxy)-N-methyl-1-phenylprop: 2-amine (93). To a
solution of (1R,2S)-(-)-ephedrine '6 mg, 1.6 mmol) in THF (7.0 mL) at room
temperature was added triethylan e (0.55 mL (3.1 mmol) and t-butyldiphenylsilyl
chloride (0.44 mL, 1.7 mmol). The solution was stirred for 2 d and then concentrated. The
residue was diluted with ethyl acetate, washed with cold aqueous HCI (1.0M, 15 mL)
followed by NH4OH and water. 1e organic layer was dried (Na.SOj4) and concentrated.
The residue was purified by flash chromatography on silica gel (2:1 hexane: ethyl acetate)

to provide 220 mg (35 %) of 93 . a colourless gum.

IR (neat): 3071, 2931, 2857, 2789, 1960, 1890, 1825, 1472, 1427, 1391, 1105, 1028, 821

-1
cm .

'H NMR (500 MHz, CDCl;): & 7.7-7.68 (m, 2H, ArH), 7.43-7.41 (m, 3H, ArH), 7.37-
7.31 (m, 3H, ArH), 7.26-7.19 (m, 7H, ArH), 4.66 (d, 1H, J = 4.6, PhCHOSI), 2.68-2.63
(m, 1H, CHNH), 2.14 (s, 3H, NHCH;), 1.03 (s, 9H, C(CH5)3), 0.93 (d, 3H. J = 6.5,

CHCH;).

3C NMR (125.77 MHz, C~ Z13): & 142.0 (ArCipso), 136.1 (ArCipso), 136.0 (ArCipso),

134.2 (ArC), 133.5 (Ar(C), 129.8 (Ar(), 129.6 (ArC), 127.9 (ArC), 127.7 (Ar(), 127.5
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(ArC), 127.3 (ArC), 127.2 (ArC), 78.3 (ArCOH), 61.6 (CHNH), 60.4 (NHCH3), 34.2

(NHCH3), 27.2 (C(CHs)s), 19.6 (C(CHs)3), 15.51 (CHCHS3).
MS (APCI pos.): m/= 404.2 (M+H).

HRMS (CI pos.): m/z 404.2404 (403.2410 calc. for C4H34NOS1, M+H).

= Xy -NO,
<

1-((E)-2-Nitrovinyl)benzene (9 A solution of benzaldehyde (10 mL, 98 mmol) and
nitromethane (5.3 mL, 98 mmol) in methanol (10 mL) was cooled to -10 °C (ice salt
mixture), and an aqueous solution « NaOH (4.0 g, 100 mmol) in ice-cold H,O (5.0 mL)
was added dropwise, with constant stirring to ensure that the temperature did not exceed
15 °C (ice was added to the mixture if necessary). A bulky white precipitate was formed.
A few mL of methar v ac d to facilitate stirring which was continued for a few
minutes. The mixture was then allowed to stand for 15 min. and a mixture of ice and
water (30 mL) was added to pro' le a solution. This was acidified with aqueous HC1 (4.0
M, 20 mL) with cooling (< °C). T : nitrostyrene precipitated as a pale yellow solid that

was isolated by filtration and air ied. Yield: 9.9 g (68%).

'H NMR (500 MHz, CDCly): 6 8 1 (d. 1H, J = 12.5, ArCH), 7.59 (d. 1H, J = 12.5,

CHNOy), 7.59-7.44 (m, SH, ArH).
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3.14 (t, IH, J=11.3,CH,), 2.64 6l (m, 1H, CH>), 2.35-2.30 (t, IH, J= 6.6, CH>), 2.23-
2.14 (m, 2H, CH,), 1.89-1.84 (m, , CH,), 1.73-1.62 (m, 3H, CH,C ), 0.90-0.80 (m,

1H, CH,CH,).

LCMS I positive): m/z 338.1 (M+1).

(E)-2-Nitro-3-phenylallyl pivalate 06): To a solution of compound 100 (180 mg , 1.0
mmol) in dry dichloromethane (19 mL) was solution of pivaloyl chlo le (0.18 mL, 1.5
mmol) in dry dichloromethane (2.0 mL ) dropwise, at 0 °C. The mixture was stirred at 0
°C for 4 h, acidified with aqueous = "1 (1.0 M, 5.0 mL) and extra :d ith ethyl acetate.
The combined organic layers were dried (Na,SO4) and concentrated. The residue was
purified by flash chromatc aphy on silica gel column (4:1 he ne: ethyl acetate) to

provide 116 mg (44%) of compour 106 and 50 mg (28%) of unreacted starting material.

'H NMR (500 MHz, CDCl3): § 8. (s, 1H. PhCH), 7.51-7.45 (m., SH. hH), 5.19 (s, 2H.

CH-0CO), 1.25 (s, 9H, C(CH)s).
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(5)-2-(Methoxymethyl)-1-((E)-2-nitro-3-phenylallyl)pyrrolidine (107): The catalyst 94
(4.0 mg, 0.38 n  ol) was dissolved in dichloromethane (1.0 mL) and acetone (6.9x107
mL, 0.95 mmol), and the nitroalkene 106 (50 mg, 0.19 mmol) were added. The solution
was stirred at ambient tempera ¢ for 25 h. The reaction mixture was diluted with
dichloromethane and the solution was washed with aqueous HC1 (1.0 M, 1.0 mL). The
organic layer was dried (Na,SO,), { ered and concentrated, and the residue w . purified
by flash chromatography on silica;  (4:1 hexane: ethyl acetate) to provide 5.0 mg (42%)

of 107.

'H NMR (500 MHz, CDCls): & 8.06 (s. |H. ArCH=CNO,). 7.66-7.65 (m, 2H, ArH),
7.45-7.43 (m, 3H, ArH), 422 (d, 1H, J = 13.7, CH=CCH,), 3.80 (d, 1H, J = 13.7,
CH=CCH,), 3.47-3.44 (dd, 1H, J = 9.5, 5.7, CH,OCH3), 3.35-3.32 (dd. IH,J=9.5, 5.7,
CH>OCH3), 3.34 (s, 3H, OCH3), 2.96-2.92 (m, 1H, NCH), 2.76-2.70 (m, 1H, NCH),
2.30-2._. (m. 1H, NCH:), 1.91 © (m, IH, CH:CHy), 1.71-1.67 (m, 2H, NCH,CI1),

1.6-1.5 (m, lH, CHQCHz)

LCMS (Cl positive): m/z 277.1 (M+1).
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5-((E)-2-Nitrovinyl)benzo (1,3)-dioxole (l()9):35 A mixture of piperonal (2.0 g, 13
mmol), romethane, (8.7 mL, 1.6 mol), NH;OAc (2.2 g, 29 mmol) and acetic acid (2.2
mL) was sonicated for 8 h at room temperature (reaction was monitored by NMR). The
mixture s diluted with dichloron hane and the solution was washed with water, brine,
dried (M SOy4)and concen ed. The residue was recrystalised from aqueous methanol to

provide 2.4 g (91%) of 109 as a sol;

'H NMR (500 MHz, CDCl;): & 7.92 (d. IH, J = 13.5, PhCF), 7.48 (d, IH, J = 13.5,
CHNOy), 7.09 (dd, IH, J = 8.0, 1.6, Arf]), 7.0 (d, IH, J= 1.6, ArH), 6.88 (d, I1H, J = 8.0,

ArH), 6. (s, 2H, OCH,0).

(E)-3-(F zo(d)(1,3)dioxol-6-yl)-2-nitroprop-2-en-ol (1 10):** To a solution of
compou 109 (1.0 g, 5.2 mmol) THF (12 mL) was added imidazole (0.31 g, 5.2 mmol),
anthranilic acid (70 mg, 0.52 mmol) and aqueous formaldehyde (3 % soln., 10.0 mL, 1.3
mol) was added. The reaction mixture was stirred for 6 d, acidified with aqueous HCI (5.0
M, 34 mL) and the mixture was extracted with ethyl acetate. The combined organic layers
were washed with aqueous NaHCOs, brine, dried (Na;SO,) and concentrated. The residue

was
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purified by flash chromatography on silica gel (2:1 hexane: ethyl acetate) to provide 560

mg (49%) of 110 as a yellow soli

"H NMR (500 MHz, CDCl5): & 8.13 (s, 1H, PhCH), 7.26 (d. 1H, J = 1.5, ArH), 7.13 (d,
I1H, J=6.8, ArH), 7.12 (s, 1  ArH), 6.91 (d, 1H, J = 6.8, ArH), 6.06 (m, 2H, OCH,0),

4.72-4.71 (dd, 2H,J = 1.2, 7, CH,OH), 2.59 (dt, 1H, J =7, 1.4, CH,OH).

(E)-3-(Benzo(d)(1,3)dioxol-6-yl)-2-nitroallyl pivalate (111): To a solution of compound
110 (47 mg, 2.1 mmol) in dry dicl >romethane (10 mL) at 0 °C was added dropwise, a
solution of pivaloyl chloride (0.38 L, 3.1 mmol) in dry dichloromethane (4 mL). The
mixture was stirred at 0 °C for 8 h, acidified with aqueous HCI (1.0 M, 16 mL) and the
solution was extracted with ethyl acetate. The combined organic layer was dried
(Na,S0,4) and concentrated. The residue was purified by flash chromatography on silica
gel (4:1 =xane: ethyl acetate) to provide 490 mg (76%) of compound 111 and 96 mg

(21%) of unreacted starting mater
IR (neat): 2974, 1728, 1490, 1261, 1148, 1032 cm™".

'"H NMR (500 MHz, CDCls): & 8.27 (s. IH. ArCH), 7.4 (dd, 1H, J =8, 1.2 ArH), 6.97 (d,
IH, J = 1.2, ArH), 690 (d, 1H, J = 8.0, ArH), 6.06 (s, 2H, « “H,0), 5.20 (s, 2H,

CH>OCO), 1.24 (s, 9H, C(CH;)3).
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13C NMR (125.77 MHz, CDCly): § 178.1 (OCO), 150.9 (ArC), 148.9 (ArC)). 144.0
(CNOy), 10.1 (ArC), 1269 (CE  'NO,), 125.1 (ArC), 109.6 (ArC), 109.3 (ArC), 102.2

(OCH,0), 58.3 (CH,0OCO), 39.2 (C(CH3)3), 27.3 (C(CH3)3).

MS (CI): m/z 206.0 (M=((CH;);CO,H)+H).

/
N O-Si
\
O,N Ph
\
(@]
.

(E)-3-( nzo(d)(1,3)dioxol-6-yl)-2 troprop-2-en-1-(S)-2-(z-butyldiphenylsilyloxy

methyl) rrolidine (113): To a solution of the catalyst 91 (20 n , 6.00x10 mmol) in
dichlorc  thane (1.0 mL) were lded acetone (0.21 mL, 2.9 mmol) and the nitroalkene
111 (85 mg, 0.29 mmol). The mixture was stirred for 28 h at ambient temperature and
concentr: :d. The residue was purified by flash chromatography on silica gel (6:1 hexane:

ethyl acetate) to provide 15 mg (12%) of 113.
IR (neat): 2932, 2857, 1554, 1503, 1487, 1444, 1427, 1248, 1113, 1039 cm’".

'H NMR (500 MHz, CDCly): 5 8 (s. IH. C/ NO,), 7.65-7.62 (m, 4H, ArH), 7.49
d, 1H, J=1.5, AtH), 7.~ 7.33 (m, 6H, ArH), 7.17-7.15 (dd. ., J =8.1, 1.5, ArH),
6.75 (d, 1H, J = 8.1, ArH), 5.98 (d, IH, J = 1.3, OCH,0), 5.88 (d, 1H, J = 1.3, OCH-0),
414 (d, 1H, J = 13.5, NC,C=C), 3.85-3.82 (dd, 2H, J = 10.3, 6.2, CI,0), 3.83 (d, 1H, J

= 13.5, 1H, NCH,C=C), 3.59-3.55 (dd, 2H, J = 10.3, 6.2, CH,0), 2.91-2.88 (m, IH,
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NCH),2 -2.76 (m, IH, NCH,), 2.42-2.37 (q, 1H, J= 8.5, m, IH, NCH>), 1.92-1.87 (m,

IH, CH>CHb), 1.69-1.57 (m, 3H, C  CH,), 1.00 (s, 9H, C(CHs)s).

LCMS ’Clneg.): m/z 544.3 (M+);
(APCI pos.): m/z 545.2 (M+H).
HRMS pos.): m/z 544.2394 (544.2393 cal. for C3;H3,N>OsS1, M+).

SR
0 NCH,
Ph

CH,4

0
\sr?h
/

Ph N
(E)-3-(Benzo(d)(1,3)dioxol-6-yl)-2-nitroprop-2-en-1-(1R,25)-2-(methylamino-1-
phenylpropan-1-diphenyl trimethylsilanol (114): To a solution of the catalyst 93 (16.0
mg, 4.0x10 mmol) and acetone (1.0 mL) was added the nitroalkene 111 (0.07 g, 0.22
mmol). The solution was stirred at ambient temperature for 3 d and concentrated. The
residue was purified by flash chromatography on silica gel (6:1 he ane: ethyl acetate) to

provide mg (66%) of 114.
IR (neat): 2932, 2857, 1503, 14¢ 1447, 1245, 111, 1039, 934 cm’".

'H NMR (500 MHz, CDCl;): & 7.t (s, IH, ArCH=C), 7.61 (m, 2H, Arf), 7.41 (m, 1H,
ArH), 7.39-7.27 (m, SH, ArH), 7.15 (t, 2H, J = 7.5, ArH), 6.99 (m, 2H, ArH), 6.94 (t, 2H,
J =123, ArH), 6.86 (m, 1H, ArH), 6.76 (dd, 1H, J = 6.6, 1.5, ArH), 6.72 (br s, 1H, ArH),

6.65 (d, 1H, J = 8.1, ArH), 598 ( |, 2H, J = 7.3, 1.2, OCH,0), 443 (d, 1 J = 8.5,
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CHOSI), 3.79 (d, 1H, J = 13.8, NCH,), 3.16 (d, 1H, J = 13.8, NCH,), 2.92-2.87 (m, 1H,

CHCHj;) 1.96 (s, 3H, NCH5), 1.1 (d, 3H, J= 6.5, CHCHs), 0.93 (s, 9H, C(C H3)3).
MS (APCI pos.): m/z 609.3 (M+1).

HRMS (CI positive): m/z 609.2777 (609.2785 cal. for C3¢H4/N,OsS1, M+H).

2-(2-(4-Methoxyphenoxy)ethyl)-1,3-dioxolane (119):*® To a solution of p-methoxy
phenol (120 mg, 1.0 mmol) acet : (7.0 mL) was added K,CO3 (270 mg, 2.0  mol) and
the mixture was stirred for 10 min 2-(2-Bromoethyl)-1,3-dioxalane (117, 0.12 mL, 1.0
mmol) was added and the mixture was heated to reflux for 62 h. The mixture was cooled
to ambient temperature, concent ar the residue was dissolved in ethyl acetate. The
solution was washed with aqueous NaOH solution (2.0 M, 2.0 mL). The organic layer
was dried (Na;SO,) and concentra 1 to provide 220 mg (98%) of 119 as pale yellow

liquid.

'"H NI (500 MHz, CDCl;): & 6.84-6.77 (m, 4H, ArH), 5.09 (t, IH, J = 4.9,
CH(OCHa,),), 4.07 (t, 2H, J = 6.5, ArOCH,), 4.01-3.98 (m, 2H, OCH,CH,0), 3.90-3.86

(m, 2H, OCH2CH,0), 3.75 (s, 3H, ArOCH»), 2.14 (q, 2H, J = 6.5, ArOCHCH>).
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3-(4-Metho: >henoxy)propanal (120): Compound 119 (2.2 g, 9.6 mmol) was dissolved
in THF (20 mL) and aqueous HCI (7.0 M, 20 mL) was added over a period of 15 min.
with coo 1g. The mixture was stirred at room temperature for 20-30 min (monitored by
NMR) ¢  concentrated. TI residue was dissolved in ethyl acetate and the solution was
washed ith brine. The organic layer was dried (Na,SO4) and concentrated to provide

160 mg (91%) of 120 as a yellow-brown liquid.

'"H NMR (500 MHz, CDCl;): § 9.84 (t, 1H, J = 1.6, CHO), 6.83 (d. 2H, J =1 , ArH),
6.76 (d, 2H, J = 1.0, ArH), 4.25 (1, 2H, J = 6.0, ArOCH>), 3.76 (s, 3H, ArOCf1;), 3.91-

3.85 (dt, 2H, J = 1.6, 6.0, ATOCHx(  1).

(E)-6-(4-Methoxyphenoxy)hex: -2-one (122): 3-(4-Methoxyphenoxy)propanal (120)
(340 mg, 1.9 mmol) was dissolved in THF (10.0 mL) and the W ig reagent ( 11) 600
mg, 1.9 mmol) was added. ..ae mixture was heated to reflux for 34 h, cooled to ambient
temperature and concentrated. The idue was purified by flash chromatography on silica

gel (4:1 hexane: ethyl acetate) to provide 220 mg (29%) of 122.
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'H NM... (500 MHz, CDCL;): § 6.91-6.85 (m, 1H, CH=CHCO), 6.83 (s, 4H. ArH), 6.19
(d, 1H, J = 20, CH=CHCO), 4.05 (t, 2H, J = 6.3, AtOCH,), 3.77 (s, 3H, ArOCHj), 2.70-

2.66 (dgq, 2H,J=6.5, 1.3, CH,.CH,CH=CH), 2.26 (s, 3H, COCH}>).



47

References

1. Dalko, P. I.; Moisan, L. Angew. Chem. Int. Ed. 2004, 43, 5138.

2. Rasi i, M. S.; Potdar, M. K.; Mohile, S. S.; Salunkhe, M. M. J Mol. Cat. A:
Chemical 2005, 235, 2¢ ..

3. Hoashi, Y.; Yabuta, T.; Takemoto, Y. Tetrahedron Lett. 2004, 45, 9185.

4. Reyes, E.; Jiang, H.; Milelli, a.; 1 ner, P.; Hazell, R. G.; Jorgensen, K. A. Angew.
Chem. 1. Ed. 2007, 46, 9202.

5. Alexakis, A.; £ drey, O. Org. : 2002, 4,3611.

6. Hayashi, Y.; Gotoh, H.; Hayato, . Org. Lett. 2007, 9, 5307.

7. List, B.; Pojarliev, P.; Martin, H.  Org. Lett. 2001, 3, 2423.

8. Betancort, J. M.; Barbas III, C. F. Org. Lett. 2001, 3, 3737.

9. Alexakis, A.; Andrey, O.; Ben nelli, G. Org. Lett. 2003, 5, 2559.

10. Mitchell, C. E. T.; Alexander, A.; Cobb, A.J. A.; Ley, S. V. Synlett 2005, 611.

11. Hayashi, Y.; Gotoh, H.; Hayashi, T.; Shoji, M. Angew. Chem. Int. Ed. 2005, 44,
4212.

12. Huat  H.; Jacobsen, E. R. J. Am. Chem. Soc. 2006, 128, 7170.

13. Terakado, D.; Takano, M.; Oriy  a, T. Chem. Lett. 2005, 34, 962.

14. Pansare, S. V.; Pandya, K. J. Am. Chem. Soc. 2006, 128, 9624.

15. Liu, F.; Wang, S.; Wang, N.; Peng, Y. Synlett 2007, 2415.

16. Seebach, D.; Missbach M.; Calderari, G.; Eberle, M. J. Am. Chem. Soc. 1990, 112,
7625.

17. Enders, D.; Meyer, O.; Raabe, G. Synthesis 1992, 1242.






49

71, 4336.

33. Ku wa, M;; Shindo, T.; Suzuki, M.; Nakajima, N.; Ishihara, K.; Sugai, T.
Tetrahedron: Asymmetry, 2003, 14, 1323.

34. Moha, R.; Rastogi, N.; Namboothiri, I. N. N.; Mobin, S. M.; Panda, D. Bioorg. Med.
Chem. 2006, /4, 8073.

35. Mch ty, J.; Steere, J. A.; Wolf, S. Tetrahedron Lett. 1998, 39, 8013.

36. a) El-Qisairi, A. K.; Qaseer, H. A.; Henry, P. M. J. Organomet. Chem. 2002, 656,
168. b) Vogel's Text Book of Practical Organic Chemistry, Addison Wesley Longman
Ltd:Essex, England, 1996, p 986.

37. Ramirez, F.; Dershowitz, S. Synthesis 1957, 41.




50

Chapter 2

Organocatalytic Synthesis of (+)-Lycoperdic Acid

Introduction

In 1978, Rhugenda-Banga et . isolated lycoperdic acid (1) as a non-
proteinogenic o-amino acid, from 2 mushroom Lycoperdon perlactum.' Later on, in
1979 these authors explored the ¢ ictural details of lycoperdic acid t ed on

spectroscopic and X-ray crystallographic studies.>”

This unusual a-amino acid is structurally similar to (S)-glutamic acid d it was
therefore expected to have antagonistic (a ligand or drug, which binds the rec or but
does not induce biological respon , but blocks the agonist mediated res; nses) or
agonistic (a guest or drug, that binds and alters the receptor activity) activity for the
glutamate receptor in the mamn ian central nervous system.* The total synthesis of 1
has been reported in the literature by Yoshifuji,”* Hatakeyama,’ Hamada,* Ishibashi’ and
Chamberlin, respectively.® In most of these total syntheses, chiral starting materials were

used.
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The interesting biological activity, unique structure and its low natural
abundan:  attracted our attention to the total synthesis of lycoperdic acid, using an

organocatalytic reaction as the key step involving homocitric acid.

Discussion

The first total synthesis of lycoperdic acid was reported by Yoshifuji et al. in
1992 Their approach is based ¢ a Sml.-mediated formation of a spirolactone at the C4
position of commercially available trans-4-hydroxy-L-proline (2 Scheme 1) and

oxidation of the pyrrolidine ring using RuOj to a pyroglutamic acid derivative.

HO,, H o]
Z—X\ i) SOCl,, MeOH 4 )\ Ru0;.xH,0 ?—)\
H COOMe M
' (efe]e} N N COOMe
H i) Boc,0, Et5N Boc Nalo4 Boc
97% 3 84% 4
CH,=CHCOOCHS,,
Smi,. HMPA
@ 2 81%
o% ¥ 0§(\
s o Ru0..xH,0 s
o= + e _ (0] +
A X NalO4
0”7 'N” "COOMe 07 'N” "COOMe N~ COOMe
| |
Boc Boc Boc
6a (43%) 6b (33%) 5a 5b

i) 6N aqg. HCI, reflux, 12h.

ii) Dowex 1x8 (2N AcOH)

77%

lycoperdic acid (1)
Scheme 1: Yoshifuji's synthesis of lycoperdic acid.
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Trans-4-hydroxy-L-proline (2) was converted to the methyl ester and protection
of the secondary amine with a Boc group gave compound 3. Oxidation of 3 w | RuO,
gave compound 4 in 84% yield.® The key step in this synthesis is the reductive cross
couplit  © of methyl acrylate and compound 4 with Sml,. The reaction rest :d in a
mixture of two inseparable, diastereomeric spirolactones 5a and 5b in 81% yield. RuO4.
mediate o: ation of this mixture was done by using Yoshifuji's protocol'' to obtain
pyroglu nic acid derivatives and 6b, which were separated by c¢ imn
chromatography. The stereochemistry in 6a and 6b was determined by NOE experiments,
which proved that 6a is the proper astereomer for lycoperdic acid. Removal of the Boc
protecting group, ester hydrolysis . 1 amide hydrolysis in compound 6a were hiceved
with refluxing aqueous 6.0 M HC to provide lycoperdic acid. The crude acid was
purified by ion exchange chromatography (Dowex 1x8, eluted with aqueous 2.0 M
AcOH) followed by recrystalisation from water (77% yield). A similar hydrc ssis of 6b

gave epi-lycoperdic acid.

In 2002, Hatakeyama et . reported a new stereo-controlled approac for the

synthesis of lycoperdic acid. This approach was based on a palladium-catalyzed cross-

coupling reaction (Scheme ~.°



53

MPMO

i) n-BuLi, HMPA  MPMO
a) i) NaH,AI(OCH,CH,0CH,),

THRO, "omMPMm .-
; > || . i N
i) PPTS, MeOH, b) tert-BuMe,SiCl,
reflux
OH Et;N, DMAP
7 9
MPM = (4-methoxyphenyimethyl) 77% OTBS
8
i)11, Benzene, DMAP
HN BocHN 11, -
OB;C /‘\/I Zn-Cu. ber\zene-DMA> " OOC/‘\/ZM Pd(PPh;,),,
) _— - e
c sonication, 45°C 80°C, 89%
10 11 ii) AcOH, H,0,
THF
OMPM OMPM
BocHN o rtrate, Ti(O-i-Pr),. BocHN
MeOQOC - . MeOOC AN
t-BuOOH, 4°” molecular sieves
OH -30°C, 79% 12 OH
13
DDQ.DCM,
H,0, 82%
oH i) Pb(OAc),. THF
! Cla: + MeQOC
BocHN o PPTS. DCM MeOOC\.//,' -20°C N
- < ’ B
MeOOC BocHN -
74% . O i) HyCrO,. Acetone BocN
HO
OH 67% °
HO 16
14
15
RuCly, NalO,
97%
H NH, 6M. HCL reflux ~ MEOOC |
, o} s, o
HoOC - :
: 83% BocN
HOOC o
1 17

Scheme 2: Hatakeyama's synthesis of lycoperdic acid.

In the synthesis of rcoperdic acid, Hatakeyama used tetrahydro-2-(2-
propynyloxy)-2H-pyran (7) asa  rting material (Scheme 2). Lithiation of 7 fc owed by

alkylation with 1-iodo-3-(4-methoxyphenylmethyl)-propane and subsequent removal of
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the THP ether with PPTS gave propargyl alcohol 8. Alcohol 8 was treated with Red-Al'?

and the resulting alkenyaluminum complex was reacted with iodine followed by
protectic  of the primary alcohol : its TBS ether to provide 9. Thus a stereo- and
regioselective synthesis of (Z)-iodoalkene 9 was obtained. Palladium-catalyzed coupling
of 9 with organozinc reagent 11 (Scheme 3) prepared in situ from 11 using Jackson's
protocol,"” followed by desilylation with AcOH, gave alcohol 12. Catalytic as metric
epoxidation of 12 using the Katsuki-Sharpless protocol'* provided epoxide 13. Diol 14
was then obtained by treating epoxide 13 with DDQ to remove the MPM protecting
group. Cyclization of diol 14 with ] TS gave tetrahydrofuran 15 with complete inversion
of stereochemistry at one of the epoxide stereocenters. Tetrahydrofuran 15 was directly
subjecte to Pb(OAc), oxidation and Jones oxidation to obtain lactam 16 in 67% yield.
RuO, oxidation'" of lactam 16 thus provided compound 17 in excellent yield. The total
synthesis of lycoperdic acid was completed by subjecting compound 17 to acid

hydrolysis (83% yield).*

In 2002, Hamada and co-workers* reported the synthesis of lycoperdic acid by
using the known chiral bicyclic lactam'® 20 (Scheme 4), which was prepared through
Thottathil's protocol.”’ Pyr¢ “utamic acid (18) was converted to an ester which was then
reduced to alcohol 19." Bicyclic lactam 20 was obtained from 19 as a single

diastereomer by reaction with benz.  Ichyde in acidic medium.
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ﬂ i) ROH/H* ﬂ PhCHO/H" H
o) COOH - -~ 07Ny  TCH,0H ——= o7

18 19
20

Scl  ne 4: Synthesis of bicyclic lactam 20.

The bicyclic lactam 20 was treated with lithium diisopropylamide (LDA)

followed by addition of allyl bromide at -78°C for 4 h to gave a l:l mixture of

diastercomers 21 (Scheme 5).

ﬁ

H .
-~ i)LDA, ~~~">n )LDA MoOPH N
© N 78°C, 4h .
\\-\_0 c. in 78 C. 2h, \—o
P A 77%
endo:exo = 1:1
20 21

) BH3 THF, ii) H,O,, NaOH
0°C-rt, 4h, 85%

o=( S\ /\/

o . H 'Nalo, O~ H Jones oxidation
5 o.__Ph _ - -
0 ﬂ T 38h, 80% 07" N (CHa)zCO
© 0 Lo -15°C. ah, \_o
25 Ph 67%
24
86N HCI (aq) 23
reifux, 16h

64%

o WH
HOOC N
N COOH
Scheme 5 amada’s synthesis of lycoperdic acid.

In the key step, reaction of diastereomers 21 with LDA and freshly-pr ared
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NH, 0
SOCI,, EtOH:
HOMOH 2 R NH
o o KOH: 150°C
88% COOEt
27 28
LiBH,
72%
0 0
i) TBDSCI, Et;N, DMAP )—L
N -—Boc NH
i) Boc,0, Et;N, DMAP
OTBDPS CH,OH
72%
30 29

Scheme 6: eparation of compound 30.

by protection of the secondary amine with Boc anhydride to provide compound 30 in

72% yie

Deprotonation of compound 30 (Scheme 7) followed by a reactic  with 3-
(tert-butyldimethylsilyloxy)propanal in the presence of BF;.0Et, provided an inseparable
mixture of diastereomeric aldol adducts 31 in 96% yield. Dehydration of compound 31
with triphenyl phosphonit  iodide in the presence of imidazole rovided 32 as a 5:1
mixture of £/Z isomers based on NI analysis.u The 3,5-substituted pyrrolidine 33 was
obtained as a single diastereomer  :r hydrogenation of compound 32. Bromination of
33 gave a separable mixture of ¢ stereomers 34a and 34b (6:1 based on NMR of crude

reaction mixture) in 95% yield.
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TBSO OH TBSO H
i) LIHMDS, -78°C H \
- Ph,P. I, Imidazole
o} N -
\ B
Boc OTBDPS i) TBSO(CH,),CHO o ,\I‘ CH,Cl,. 95% o I\|l
BF; O Boc OTBDPS Boc OTBDPS
10 96%
31 32
H,. Pd/C
EtOAc

96%

TBSO/L TBS( TBSO

. BT TMSOTF, Et4N

+ -~ -
o N NBS, CH,Cl,
1 L 95% ]
Boc OTBDPS Boc OTBDPS Boc OTBDPS
34b 34a 33

Scheme 7: Synthesis and b nination of 3,5-disubstituted pyrrolidine 31.

The stereochemistry at C . in compound 34a was helpful for the stereospecific
generation of the oxolane ring in ¢ 1pound 35 (Scheme 8). The major unti isomer 34a
was assigned on the basis of earlier studies on similar y-lactones or y-lactams.22 Oxidative
annulation of lactam 34a was achieved using Jones reagent followed by basic work-up to
provide spirolactone 35 in 79% yield. Boc protection of 36 followed by desilylation with
TBAF gave pyroglutaminol 36. uthenium tetroxide-mediated oxidation of alcohol 36
followed by esterification of the resulting acid with TMSCHN; afford methyl ester 37 in
76% yield. Acid hydrolysis of methyl ester 37 followed by ion-exchange
chromatc -aphic separation and recrystalisationl5 gave pure (S)-(+)-lycoperdic acid in

56% yield.






COOEt
OH

COOEt

TBDPSCI, Imidazala
—_— OTBDPS

E
DMF. 91%

38 39

60

HO
DIBAL-H, CH,Cl,
o OTBDPS
93%
40
CH,4(OEY);,

cat, C,HsCO,H
145°C, 65%

o\&o 0__0
P 41: . : ,[@;r EtO0C EtOOC
o PRoNg s TBAF THF
M OH . OTBDPS
; MgBr, OEt,, CH,Cl, 65%
Et0OC 94%. 919 v »
44
i) Hy, PA(OHR),/C
MeOH,
i) Boc,O, CH3CN
ag. NaHCO,
72%
NHBoc
NHBoc NHBoc NaQOOC
o o)
PDC, DMF, NaOH, MeOH o
0~ o} COONa
~~—OH 82% “NCOOH H,O
e100c—" E00c —"
46 47
HCI -HCOOH
87%
HoN,, H
COOH
COCH

Scheme 9: Ishibashi's synthesis of lycoperdic acid (1).

PDC to the corresponding acid 4

in 82% yield. Hydrolysis of the lactone ring and

translactonization in 46 was achieved by treatment with aqueous methanolic NaOH to
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afford the sodium salt 47. Acidification of 47 with formic acid and aqueous 1.0 M HCl

provided crude lycoperdic acid which was purified by ion exchange chromatography.

The stereochemistry in cycloadduct 44 can be explaine on the basis of the
propo transition states (TS) shown in Figure 1. The structure of TS I shows that the

re-face of nitrone 43 is greatly shielded by the phenyl ring as compared to the si-face.”’

2 OH
R°00C Ph ’O#H Ph /O#H
\< Y re-face N on N\e\\‘ llll MgBr,
Ph 0O H e 0 O“/\
@/ Br2Mg A H \ ~_:
COOR? OH

&) -
N\O H : R?00C
H si-face HO
- RZOOC‘K/OH - S
endo unfavourable exo favourable
TS| TSl TS NI

F 1re 1: Transition states for cycloaddition of Nitrone 44 with allyl alcohol.

The add on of MgBr,.OEt; increa  the rate of cycloaddition reaction by chelating with
nitrone and allyl alcohol as shown 1 TS II and IIL* TS I is m : crowded than T. S.

III (exo). hence the latter leads to tl  obtained product.
Proposed retrosynthesis of ycoperdic acid

The strategy employed for the synthesis of lycoperdic acid by this ithor is
based on an organocatalytic Mukaiyama-Michael addition » acrolein and an

organocatalytic a-amination reaction. ~ e retrosynthesis is summarized in Scheme 10.
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0
0 © TIPSOTf  TIPsO— © ) sBuLi TIPso—° N
17 e U S BnOC i} \ /9" “pn
Et;N 95 % i) BhOCOCI
40 %
52 53 51

Scheme 11: Preparation of furan nucleophile ¢

followed by acylation with benzyl chloroformate to provide 51 in 40% yield. The
purification of compound 51 was achieved by column chromatography followed by
distillation. Impurities present in ¢ chromatographed product were distilled over at

120 °C (0.2 mm of Hg), whereas pure 51 remained in the pot.

As the purification of 51 is time-consuming we atter ted to prepare it by

using a different method. L-(+)-glutamic acid (54, Scheme 12) was treated with HCI and

o] 0 H H
d h
HCI, NaNOQ 00~ OH  (coch. Et.N 00N O~P
oo — Y - UY
NH, H,0, -5°C-rt. 0 BnOH, 0°C-rt. 0
19h, 83% 55 26h, 52% 56
DIPA, -78°C
H,0, nBuli th,
PhSeCl, 1h
\ €
\
0 H H
TIPSO O TIPSOTf 0. 0.~ 0~_Ph H,0, 0,0\ O~ Ph
[0 N, T m  SORREEEEERES
EzN 0 0
o . PhSe
57

Scheme 12: Preparation of compound 52.
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NaNO; in the presence of water to obtained (R)-tetrahydro-5-oxofuran-2-carboxylic acid

(55) in % yield following the reported procedure.®” The carboxylic acid group in
compound 55 was protected as  benzyl ester (56). Attempted p nylselenation of 56
(LDA/PhSe( to provide 57 was unsuccessful. Consequently this synthetic route, which

would have provide * 38 via selenoxide elimination from 57, was abandoned.

Nevertheless, with fur  nucleophile 51 in hand, we planned to react it with
acrolein  an organocatalytic Mi aityama-Michael addition reaction employing iminium

ion catalysis (Scheme 13).

o o
~Ph
TIPso - - =7 T CHO 05,0 @
\ 0 Ph > "u/\n/H
it 59 or 60 ==
e}
51 50

Scl  1e 13: Proposed organoc:  lytic Mukaiyama-Michael addition to acrolein.

For this purpose, the use of lacMillan’s second generation catalystw 59 and its

enantiomer 60 (Figure 2) was planned.

o. / 0N 7
P I
I — /\\“ ,\I‘ "“§

Ph H " Acid
59 60

Figure ~ MacMillan’s catalysts.
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= proposed mechanism for the organocatalytic Mukaiyama-Michael addition to
acrolein is as shown in Figure 3. According to MacMillan, e imidazoline salt 59 forms
an iminium ion such as 62.>' Two factors for stereocontrol can be identified in the

reaction.
1) Selective formation of £ iminium ion 61 (Figure 3)*'

2) The benzyl group on the catalyst shields the si-face of the iminium ion but the re-face

is less hindered for nucler ilic attack.”’

Taking into considerati ese aspects, the furan nucleophile should approach
from the less hindered re-face of e iminium ion as shown in 62, which will form
enamine 63. Hydrolysis of ni 3 will give aldehyde 50 and regenerate the catalyst

for further catalytic cycles.
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o ©oocccF,
OOCCCF, o

o] N/ o] N/ o N
®
TIPSO -© —~
ﬁ“ ° o 80X
: —~
_— —_—
H'TFA K\H (‘ H
,{ Bno\n/[t—)}\ra/TlF’S
- K 61 — e}

0]
62

re-face

0 /
N
Jat ~
N N
H H,0
h‘l N - - 74 H
H - \7‘_,

BnO
T oS0
(o]

63
Figure 3: Proposed reaction mec’ nism for the organocatalytic Mukaiyama-Michael

59 50

addition to acrolein.

To optimize the enantios ctivity in the conjugate addition reaction, a solvent-
effect study was performed using | «cMillan’s second generation catalyst §9. In all the
reactions, 1 equivalent of benzyl er and 3 equivalents of acrolein were used. All
reactions were done with 20 mol% catalyst and 20 mol% acid additive at different

temperatures and in different solvents. The experimental results are summarize in Table

1.
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0 °C gave 41% yield in 48 h, however, the ee was only 41%. The use of chloroform as a
solvent in the presence of TFA provided 50 with moderate-to-good ee (78-66) (Entry 3).
Also, TFA in dioxane gave , % ee and 46% yield after a nger period of time (Entry 4).
However, the use of solvents like her (Entry 5) resulted in low yield as well as low ee at
0 “C. A reaction without any acid additive in THF proceeded with very low

enantioselectivity (13%) thereby emphasizing the importance of the acid additive.

To continue this study, the effect of TFA or other acids as additives was

investig :d by controlled experiments performed in THF (Table 2).
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Table 2: Organocatalytic Mukaiya a-Michael addition of furan S1 to acrol 1, in the

presence of catalyst 59.

/"Z¥N
0 N \ ]
- 0 0O Ph ; 0 OBn
1 30 H *Acid 0 7
N/ 0Bn + VJ\H - , _ '//\n/H

20 mol%
51 0

¢+ reactions were performed using 1 equiv. benzyl ester 51 and 3 equiv. acrolein and 20

mol% catalyst. Except noted as  footnote.

Entry Acid Sohv it Temp.°C  Time Yield® ee’
additive® (h) (%) (%)
I TFA? TH 0 48 29 69
2 TFA“ Tt 0-rt 50 50 59
3 TFA® Tt 4 72 24 61
4 TFA' Tt -7 72 27 48
5  ClL,CHCOOH®  THF 0 80 43 2
6 TFA" DME 0 68 41 58
7 TFA' Tt 0 46 29 55'
8 TFA® THF 0 115 43 59/

20 mol% acid additive. "Isolated yield. ‘Determined by chiral HPLC (AS-H column). “1.79 mmol of
ester in 14 ml THF. °0.74 mmol ester in 7 ml THF. '0.16 mmol of ester in 3 ml THF. ¥0.5 mmol ester in

4 ml .THF. "0.226 mmol ester in 1 ml DME. '30 mol% catalyst and 30 mol% id. 'l equiv. acrolein.
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The reaction at 0 °C gave low yield (29%) and moderate ee (69%) (Entry 1).
Increasing the reaction temperature to 4 °C gave 61% ee and only 24% yield (Entry 3).
However, cooling the reaction to -7 °C gave only 48% ee and low yield (Entry 4). The
use of dir loroacetic acid instead of TFA was not beneficial, and nearly racemic product
(Entry 5) was obtained. TFA in DME as the solvent gave 41% yield and 58% ee (Entry
6). However, use of 30 mol% catalyst in the presence of TFA gave 55% ee (Entry 7).
Changing the ratio of ester to acrolein from 1:3 to 1:1 gavc better yield (43%) and
moderate ee (59%) (Entry 8). Table 2 indicates that there is no specific trend in the yield
as well as in the enantiomeric excess in the THF/TFA system. However, the importance

of TFA is highlighted by the low ee with dichloroacetic acid.

Table 1 (Entry 4) shows at the use of TFA in dioxane provides 51% yield with
75% ee. This relatively good result suggested that further optimization of the reaction
should be based on these ¢ litions. The studies were con 1cted with the enantiomeric
catalyst 60, in dioxane as solvent d in the presence of TFA as an additive using 1:3

ratio of ester: acrolein (Table 3).
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Table 3: Organocatalytic Mukaiyama-Michael addition of furan 51 to acrolein, in the

presence of catalyst 60.

o

7/
N
e )"‘
Tlpso\CJ//z 2 PN N o O\\\
H ' TFa 0 V" 0Bn
+ N 60 30 mol% o}
L) osa ¢+ A 2 .
dio: e
51 50 O

All reactions are performed using 1 equiv. benzyl ester 52 and 3 equiv.

acrolein and 30 mol%  alyst. Except noted as a footnote.

Entry Temp. ( C ) Time (h)  Yield” (%) ee’ ("/0)_

1 ! 144 45 % 68 %
2 0 120 23 % 10 %
3 0¢ 96 30 % 25 %
4 rt! 240 Nd® -
*all reactions were do  sing 2 % acid additive. "Isolated yield. etermined

by chiral HPLC (AS-H column). 0.4 mmol ester in I ml dioxane. °0.266 ester in
1 ml dioxane. '0.82 mmol ester in 2 ml dioxane. *Reaction at double dilution.
e reaction in dioxane at 1 m tempcrature gave 44% yield and good ee (68%)
(Entry | However, decreasing the temperature to 0 “C gave low yield and nearly
racemic aldehyde (Entry 2, 3). Since dioxane freezes at 0 °C, these reactions were not

homogenous and the reaction medium was a slurry.
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The substituent effect of a change in the ester moiety was examined with furan 64
(methyl ester instead of benzyl ester). For the preparation of furan 64 (Scheme 14),
triisopropyl silyloxy furan (53) was treated with sec-butyl lithiu  and to the resulting

reaction ixture methyl chloroforn 2 was added, producing compound 64 in 53% yield.

O

o} i) sBuLi
TIPSO~ . T1Pso O _
i) MeOCOCI \ 0
53 %
} 64
0 /
2 N o)
Ph : X \)LH
* TFA
39 THF
20 mol% 30
\j
0 0

0O (0]
Omzé — 2R -(+)-2, 3-butanediol, oij\{/(o/
_ 0 -~ E— - __
g\ p-TSA, benzen, reflux L?O
0

90 min, quantitative

65
66

Scheme 14: Preparation of chiral acetal 67.

Compound 64 was treatc ~ with « alyst 59 and acrolein (ester: rolein 1:3) in the
presence of TFA to yield aldehyde 65 in low yield (30%). The enantiomers of aldehyde
65 were inseparable on chiral A and AD columns. It was therefore converted to a
chiral acetal. Thus aldehyde 65 was refluxed with 2R3R-(+)-2,3-butanediol in the
presence of a catalytic amount of p-toluenesulfonic acid in benzene, to provide the acetal

66 in quantitative yield.*> Chiral I.. _C analysis of 66 (chiral AS ) indicated an ee of
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59%. This observation indicates that the benzyl ester is a better option which provides up

to 69%

1e results obtained so

enantiol

examine the prolinol ether 72 (Scheme 15) as catalyst.

demonstrated the applicability of 72 in iminium ion catalysis.33

by usii  the known method

(3o

0 )/Lk [ :1
EtOCOCI, K co3

r with MacMillan’s catalyst were promising, but the

ric excess of aldehyde 50 was not very high. It was therefore decided to

Previous studies have

Catalyst 72 was prepared

n proline (67) (Scheme 15).

MgBr

Fs [}XOH

N MeOH, 99% THF, 0°C
H 0/\ 77% O/\
67 68
KOH
MeOH, 98%

SAnnn ArA Ar
where Ar = oTMs OH
F3C CFy N EtsN, 83% N
H
71

Scheme 15: P

varation of the catalyst 73.

The secondary amine and carboxylic acid in proline were protected as the ethyl

carbamate and methyl ester, respectlvely

Gignard reagent 69 to provide 70 (. . /). Hydrolysis of the carbam

with KOH ir  :thanol to produce «

* The resulting compound 68 was reacted with

» in 70 was achieved

yound 71 in 98% yield.”* The tertiary alcohol in
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71 was selectively protected as its TMS ether to provide catalyst 72 in 83% yield.™

th catalyst 72 in hand its efficiency in the Michael-Michael conjugate addition
of 51 to acrolein was examined in a variety of solvents. Initial idies with TFA and

dioxane »vided aldehyde 50 with low ee (Entries | and 2, Table 4).
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Table O nocatalytic Mukaiyama-Michael addition of furan 51 to acrolein, in the

presence of catalyst 72.

CF,y

JASZS?
( Ver
0 o N OTMS 3 [e) o\\\
TIPso —° NG ¢ ' _ 0 - ~0Bn
\ /} OBn H > . H

20 moi%
51 50 (6]

All reactions were perfor using 1 equiv. of benzyl ester 51 and 3 equiv. of

acrolein and 20 mol% catalyst. Except noted as a footnote.

Entry  Solvent® Temp. Time (h)  Yield’ (%)  ee (%)

THF rt. 91 74 35

2 Dioxane rt. 163 47 33
3 DCM rt. 120 33 44
DMF . 48 22 30

Toluene rt. 168 19 78

6 CHCl; rt. 120 36 89
CHCl, t. 168 42 90

CHCl; rt. 180 50 64°

%0.133 mmol ester in 0.5 ml solvent. "Isolated yield. ‘Determined by chia nPLe (AS-H column).

3¢ 1% catalyst and 30 mol%.

Reactions in dichloromethane and D! gave low yield of the target product as
well as low ee. Surprisingly, the reaction in toluene gave high ee (78%) but in less yield

(19%) ( try 19). Interestin. -, cl ng the solvent to chloroform (Entries 6 and 7)
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gave a moderate yield of 50, but also the highest ee so far (89 % and 90%).
Unfortunately, this enantioselective reaction could not be reproduced ar  despite
numerc - attemipts, provided 50 only as a racemate. The enantiomeric excess of 50 was
confirme by conversion to the chiral acetal 73 and analysis by chiral HPLC (Scheme

16).

o 0
0 0 °

Oiﬁ(o,sn 2R.3R-(+)-2, 3-butanediol, *(_ﬁ&o/sn
. — — —_— —

Lf p-TSA, benzen, reflux g\
0 o

H 90 min, quantitative 0
50 73 Y\

Scheme 16: Preparation of chiral acetal 73.

The inexplicable irreproducibility of the reaction in chloroform prompted a study
of the effect of additives on this reaction. Table 5 summarizes this study from which
methanol emerged as a good add for ee (78%), but not for the yield of 50 was found

to be only 15%.






Table 6:

0

o N OTMS
TIPSO + N '
\@/Qoan \/U\H - i

51

0]

All reactions were performed us

CF,

F,C CFy
CF,

20 mol%

Tect of water on organocatalytic Mukaiyama-Michael addition reaction.

1 1 equiv. benzyl ester 51 and 3 equiv. acrolein

and 20 mol% catalyst. Except noted as a footnote

78

Entry Solvent % H,0 Time Yield® (%) ee’ (%)
I - 100 17 h 80 2
2 97.5¢ 2.5 144 40 2
3 95¢ 5 108 45 84%-1°
4 90°¢ 10 144 47 2
5 80° 20 144 50 3
6 50° 50 144 55 0
7 - - 144 nd -

8 CHCI,' - 144 10 1
9 ACS CHCI3# - 144 5 3
10 IPA® - 24 20 9
11 DCE® 5 144 40 1

—— -
1so1atea yieia.  Determined by chiral

T (AS-H column). «nloroform.

7o €C dAILCT 10 NOUrs.,

‘% ee after 4.5 days. '0.133 mmol ester in 0.5 ml moist chloroform. “0.133 mmol ester in 0.5 ml

solvent.
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curiosity one reaction was conducted in 10 M aqueous glucose solution (Entry 6) to
examine the effect of a chiral environment on the reaction in the absence of a catalyst.

However, this reaction gave 50% yield of almost racemic aldehyde.

Considering that acrolein

tends to undergo polymerization at room

temperature, we examined acrolein dimethyl acetal as an alternative to acrolein in a
reaction

italyzed by 72. However, there was no significant change in the enantiomeric
excess of 50 obtained (64% ee after 3 h).

The moderate-to-low ¢  itiomeric excess obtained in these reactions may be
explained as illustrated in Figure

Presumably, the lack of a B-substituent on the
acrolein accounts for the low enan

iselectivity.

g

Snwwo
RJ\@/L '
NT TR
| (l
G G
o o]
0~ O -0,
TIPS S\ , BnO \v/) OTIPS
v v
R =BnorH, R = Bnor H,
R'=t-Bu or C(Ar )TMS R'=t-Bu or C(Ar),0TMS
l o l o
/Ph
oo Yo

-.,I/\H/H
0
50

'S'enantion

‘R'enantiomer

Figure 5: Possible transition states leading to "R" and *S" 50.
|
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Synthesis of (§5)-(+)-homocitric acid

Naturally occurring (-)-(R)-homocitric acid is an intermediate in the
biosyntl iis of lysine in yeast and in some fungi. In nature, homocitric acid is produced
by enz  itic condensation of R-ketoglutarate and acetyl CoA.*® Shah and B in 1977
first dis vered that homocitrate is an essential component in nitre >n fixation (Fe-Mo
cofactor).”” Because of t ¢ interesting biological properties, mocitric acid is of
interest 1 the development of antifungal therapies.”® Biellmann et al. reported the first
enantioselective total synthesis of atural and unnatural homocitric acid from (-)-L-lactic
acid and (-)-L-serine respectively.’® The synthesis was based on a Diels-Alder reaction.
In 2005, Tatsumi and co-workers r orted a three-step synthesis of homocitric acid from
D-malic id.*® In 2007, Pansare and Adsool reported the enantioselective synthesis of
homoci : acid from an ephec lerived morpholinedione.*’ To date, several total
syntheses of homocitric acid have been reported in the literature, but none of these
synthe  zmploy organocatalysis.

Given the interest in homocitric acid, 1t was decided to = empt to convert the

aldehyde ) to homocitric acid via a dehomologation sequence as shown in Scheme 17.

0 o .
o © OBn dehnmanlanation o 0 OBn o o OH
,',,/\H/H _ - ) / o
° H/LO OH
50 T6 .

Scheme 17: Hmocitric acid 77 from aldehyde S0.
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In the present study, aldehyde 50 in 65% ece, obtained frc 1 the organocatalytic
reaction :ntry 8, Table 4), was employed as the starting material. The first attempt at the

dehomologation 50 is shown in Scheme 18.

0 0
o o OBn THF. 4A ) O#O¢\OB” KmnO, / o 0 0Bn
~, H + “ H 4 < .
— /\r N 16h /\( Al,O5, acetone —
o H N
50 78 79 O 80

Scheme 18: Dehomologation of aldehyde 50.

S garam’s method*' which relies on enamine oxidation ; the key step was
chosen. Unfortunately, although the enamine 79 could be obtained, further oxi ition with

KMnO4 Isorbed on alumina was u uccessful.

As an alternative, it was decided to convert 50 to its enol ether and to oxidize the
enol ether for the dehomologation. To this effect, aldehyde 50 was treated with methyl
orthofo 1ate in the presence of aca ytic amount on indium triflate for 10 min at room
temperature® to obtained dimethyl acetal 81 in 82% yield (Scheme 19). Dimethyl acetal

81 was converted in to the enol ether 82 by using Gassman'’s methodology.43
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(0] 0 o

0#0\)\0% In(OTf); , CH(OMe), o:@)\osn DIPEA 00 OBn
i H OMe > :
— 2 _OMe
/\n/ 10 min.  82% /\( TMSOTH — Y

ee = 65% 0 OMe 0
° 81 62% 82
0s0,, NalO,
95%
0 0 0
o o OBn H. Pd/C o o OBn NaClO,. o 0 OBn
- (o] g - L (9] ey
4 EtOAc =/ NaH,PO, — /L
OH OH 6]
84 85% 83 76% 6 H
i) 2M NaOH (aq)
i) HCI (aq}

quantitative

o)
OH
)
) ,<o
OH
77

(S)-(+)-homocitric acid

65 % ee

[ .4];3: +21
Scheme J): Synthesis of (S)-(+)-homocitric acid (77).
Acetal 81 was converted to the enol ether 82 by treatment with ¢ sopropyl ethylamine
and TMSOT{. Compound 82 was obtained as a 2:1 mixture of isomers ('H NMR) in 62%
yield. Chemoselective oxidation of enol ether 82 with osmium tetroxide/NalOy4 in water
gave 95% yield of the dehomoli ited aldehyde 76, which was oxid :d to carboxylic
acid 83 using Pinnic oxidation** conditions. Compound 83 was hydrogenated to reduce
the double bond in the lactone ri1 id to effect debenz' ition. However, hydrogenation

at atmospheric pressure reduced only the double bond and the benzyl ester remained
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An alternative approach to t|  required a-amino aldehyde derivative cor 1 involve

an iminium ion-catalyzed addition of triisc

ipyl silyloxy furan to an a-amino acrolein

derivative. Both of these approaches are shown in Figure 7.

87

Figure 7: Organocatalytic apprc hes to potential intermediate

COOR
) ROOC ra 4\ COOR COOR
N~ /COOR
03
ROOC f6) OTIPS — COOR/P
g~
— 0O f6) N_
H
H
94 (0]

lycoperdic acid.

Initially, we examined the iminium ion-catalyzed approach with the a-amino

acrolein derivative 97 and . _

20.

which were prepared from serinol (9¢ as shown in Scheme
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H
OH BnO. _N
HZN{ - hig OH
OH EtsN, 52%

© OH
95
96
i} Phthalic anhydride, 160°C DMSO, Et;N
i) DMSO, Et;N, (COCI),, -78°C
(COCI),,
? o] 0
H
BnO N
N\”)LH m/ \”)LH
o}
0
¢ 97

Scheme 20: Preparation of compound 97 and 98.

The primary amine in serinol (95) was protected with b zyl chloroformate in
the presence of triethylamine to form 52% of compound 96, which was oxidized with
oxalyl chloride and DMSO in the presence of triethylamine to provide benzyl-1-
formylvinyl carbamate (., in (S¢ ne 20).%¢ Compound 98 was prepared in a similar

manner by treating serinol (95) wi  phthalic anhydride followed by oxidation.*’

Unfortunately, both 97 and 98 were completely unreactive in attempted
iminium ion-catalyzed conjugate addition reactions with 51 (Scheme 21). Presumably,
the electron-donating a-amino st tituent reduces the electrophilicity of the a.f3-
unsatura | aldehyde. Consequen , the anticipated products 99 and 100 could not be

obtained.



88

H O °
B0 N K 00 OBn
o, CHCly \/ — y
O’ /N
N / HN
— .\ 0
N b)
o} Ph HTFA BnO
TIPSO \0 osn — 74 26 days 99
Y/

2 (o]
52 ()i: \H/LL o OBn
N H 0
0 CHCI : ; —
-nn 3' O H
\4!3 N
F,C O CF3 0
(0]
Cher,

N OTMS

100
720r74 26 days

Scheme 21: Organocatalytic a-amination.

We therefore examined the alternative approach of an organocatalytic a-
amination of aldehyde 50 with a. dicarboxylates. The results from these studies are

summarized in Table 9.
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Table 9: Organocatalytic a-amir ion:

(0]
(0] .R
0 I e
\\ _R BnO N O-R
0 (0] OBn r\lll 0 Catalvst o o 0 f\ll“é
H o+ -
_LO_ _N o
e R Y solvent = H
0 0 0
50
93 101 R=Bn, 102 R= t-Bu

All the reactions were performed using 1 equiv. of aldehyde 50, 1.1 equiv. of dialkyl

azodicarboxylate and 20 mol% catalyst. Except noted as a footnote.

Entry ) Catalyst R Solvent Time % yield"

1 85 Bn DCM  T2h 13

2 85 Bn CHCl; 48 h 0

3 85 Bn CH-CN 48 h decomposition
4 85 Bn MeOH 8h 5

5 72 Bn DCM 72 h 0

6 72 Et DCM 17h 50

7 72 t-Bu DCM 48 h 53

8 72 t-Bu CHCl; 6h 67

20mol% caalyst. isolated yieias.
Reaction of aldehyde 50 with dibenzyl azodicarboxylate 87 (Table 10) in
dichloromethane and methanol solv ts (Entry 1 and Entry 4) gave very low yield of a-

amino aldehyde 101 which could nc be isolated pure. The re :tio w’' " catalyst I~ did
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not work in chloroform (Entry 2) and in acetonitrile (Entry 3) decomposition of the
aldehyde was observed. Reaction using catalyst 72 with dibenzyl azodicarboxylate in
dichloromethane (Entry 5) was not successful. Using diethyl azodicarboxylate instead of
dibenz' azodicarboxylate in dichloromethane (Entry 6) gave a good yield (50%) of the
require roduct. However, the purity of the product was not satisfactory (despite
chromat raphy). The use of di-fert-butyl azodicarboxylate in dichloromethane (Entry 7)
provided the required product in 53% yield and good purity. The use of chloroform as
solvent was beneficial (Entry 8) in the presence of catalyst 72 and the required product
102 was obtained in 67% yield in only 6 h. The stereochemistry of the amination reaction

was not determined during this st ly.

The aldehyde 103 (Scheme 24) was oxidized to the corresponding acid 104 by
Pinnic oxidation.*® Thus, 103 was t ted with sodium chlorite in a solution of 2-methyl-
2-butene and f-butanol in the presence of aqueous sodium dihydrogen phosphate to
provide 67% vyield of acid 104 5 h. Compound 104 was treated with TFA for Boc
removal to provide compound 105 in 76% yield. Unfortunately, attempted hydrogenation
of 105 (Ra-Ni/H, with sonication) led to unidentifiable produ = and 106 was not

obtained.
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Oﬁ ~~0Bn
—/ H
/\[01/

50

It was therefore decided

OBn
Catalyst 72 0= 2
20mol% _ NaCin-
H H,
Dt-BAD o, N o NaH,rU,
60% \\/H\N//{ 2h, 89%
0 O/t—Bu
t-Bu”
103

:Rn Ni, H~

MeOH
3h, sonication

I,

Lycoperdic acid
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TFA
2h. 76%

(o]
OBn

0 0

O L]
N

HN 9o
NH,; COOCF,

105

Scheme 20: Towards the synthesis of lycoperdic acid 106.

change the sequence of reactions. First, the double

bond was hydrogenated and the benzyl ester in compound 104 was hydrogenolyzed (Ha,

1 atm, Pd/C) to form diacid 108 (Scheme 21) in quantitative yield, in 24 h. Compound

108 was

109 as

hydrazine salt in =~

eated with TFA in dichloromethane for 2 h to obtain the

o yield.

protected compound
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o o

OBn OH
o o 0 o o} o}
_ H.. Pd/C.
OH — - > OH
0 N O 24h O N 0
\\\/HN% quantitative \\\/H\N%
_0 o—tBu o—t-Bu
t-Bu t-Bu”
104 108
TFA
2h, 72%
o} 0
OH OH
Oﬁ)T 0] bond cleavage Oé\/ojk 0]
H,N HN go
NH, C F
106 109 3.CO0CF,

Lycoperdic acid

Scheme 21: Tow ds the synthesis of lycoperdic acid 106.

With the hydra = - salt 109 in hand; lycoperdic acid was just one step away.
Several  :thods for N-N bond : ‘:avage in hydrazines have been reported in the
literature. For example, reductive cleavage has been achieved with hydrogen in the
presence of Raney-Ni,*” or with d/C, at high pressure;’’ with Zn/AcOH,”' with
samarium diiodide;** with hydrogen and PtO,>* with hydrogen and Pd(OH),.** and with

dissolvir metal reduction ™ /NH5, °°

Samarium diiodide was first chosen to react with diacid 10 to obtain compound

110 (Scheme 22), which on Boc deprotection, would provide lycoperdic acid.
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Unfortunately, compound 108 was  :rt to samarium diiodide, and no N-N bon cleavage

was observed (Scheme 22).

Scheme 22: Samarir  diiodide-mediated N-N bond cleavage.

Attempted reductive clea e of 109 with Ra-Ni or PtO, as cat ssts was

unsuccessful (Scheme 24). No further studies with 109 were conducted.

Raney Ni, OH
o} 0
H AN 0
1 atm / §<—7>T
icati OH

sonication” \

on H,N
oﬁ? o 106
S —

HN @ o
NH; COOCF,

109 '
PtOa. Ha \ %

1 atm

OH
106

Scheme 24: Attempted reductive cleavage of the N-N be  11in 109.
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Concli on

Extensive studies were conducted on the organocatalytic conjugate addition of
silyloxy furan nucleophiles to acrolein. The highest enantiomeric excess that was
obtained (90%) is the best obtained to date, using acrolein as an electrophile.
Organoc.  lytic a-amination of the conjugate addition product was also achieved and an
advanced intermediate to (S)-lyc lic acid has been prepared. A short synthesis of (+)-

homocitric acid lactone involving o inocatalysis was also achieved.
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Experimental

O

Tlpso\@/[(
\ OBn

Benzyl-5-triisopropylsiloxy-2-fur. e (51): A solution of sec-Buli (12 ml, 11 mmol,
0.9 M sc 1tion in cyclohexane) was added dropwise to a stirred solution of (furan-2-
yloxy) triisopropylsilane (2.4 g, 10.1 mmol) in 12 ml THF at -78 °C under nitrogen and
the reaction was stirred the me temperature for 1 h. A solution of benzyl
chloroformate (1.5 ml, 10.5 mmol) in 13 ml THF (cooled at -78 °C) was added and the
mixture was stirred for 90 min and en warmed to room temperature. The mixture was
concentr :d and the residue was dissolved in ethyl acetate (20 ml). The solution was
washed th aqueous saturated NaHCO; (2 x 10 ml) followed by brine (20 ml). The
o mic er was scparated, dried over Na;SO,; and concentrated. The residue was
subjected to  1sh column chron aphy 77:3 hexane:ether). Fractions containing the
required oduct were pooled . | concentrated. This material had a volatile impurity
which was removed at 120 °C (0.2 mm) to provide 1.5 g (40%) of pure 51 as an orange

coloured oil.
IR (neat): 2947, 2869, 1720, 1604, 1531, 1303, 1123 cm’

'H NMR (500 MHz, CDCl3): & 7.42-7.31 (m, SH, Arf), 7.13 (d, 1H, J = 35,
CH=CC=0), 5.30 (d, IH, J = 3.5, CH=CO), 5.28 (s, 2H, PhCF{>), 1.33-1.26 (sept, 3H,

SiICH), 1.11 (d, I8H,J=17.5,CH;C ).
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BC NV (125.77 MHz, CDCly): & 159.9 (COSi), 158.4 (C=0), 136.43 (CC=0), 33.9
(ArCipso). 128.7 (ArC), 128.3 (ArC), 128.3 (ArC), 1222 (C=CC= . 87.7 (C=CO), 66.0

(PhC), 7.7 (CH3;CH), 12.4 (CH3;CH).

HRMS I): m/z375.1999 (375.1992 Calc. for C2,H;,04S1, M+H).

Ot

OH

Tetrahydro-S-oxofuran-2-carboxylic acid (55):*° L-(+)-Glutamic acid (10.0 g. 68
mmol) was dissolved in concentrated HCI (20 ml) and water (40 ml) and the solution was
cooled to -10 °C. To this mixture, a solution of NaNO» (7.0 g, 0.10 mol) in water (20 ml)
was adc  dropwise over a period of 30 min. The mixture was st -ed at -10 °C for | h
and then  room temperature for 18 h. The mixture was then concentrated (below 50 °C)
and the residue was dissolved in ¢ yl acetate (30 mL). The ethyl acetate solution was

filtered and the residue was washed with ethyl acetate (20 mL). The organic filtrate was

dried (Na;SQy) and concentrated to  ovide 7.4 g (83%) « 55 as a pale yellow oil.

"H NM___ (500 MHz, CL.;): & 1.60 (bs, 1H, COOH), 5.05-5.02 (dd, 1H, J = 8.6, 4.8,
CHCOC ), 2.70-2.63 (m, 1H, COCH,CH3;), 2.58-2.54 (m, 2H, COCH,CH>), 2.36-2.3 1

(m, 1H, COCHCH>).
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Benzyl- rahydro-5-oxof n-2- -boxylate (56): Oxalyl chloride (0.20 ml, 2.2
mmol) w added to a solution of 55 in dichloromethane (3.0 mL) at 0 °C under nitrogen.
The rea  on mixture was allowed to warm to room temperature, stirred for 2 and then
cooled to 0 °C. Triethylamine (0.31 ml, 2.2 mmol) and benzyl alcohol (0.23 ml, 2.2
mmol) were added and the solu was stirred at room temperature for 24 hours. The
mixture was was diluted with dic metlt e (6.0 ml) and the solution was washed with
water (2 x 2 ml) followed by aque¢ s saturated NaHCO; (2 x 1 ml). The organic layer
was dried (Na;SO4) and concentrated. The residue was purified by flash chromatography
on silica gel (3:1 hcxanc: cthyl acetate) to provide 0.23 g (52%) of 56 as a pale yellow

solid.

'H NMR (500 MHz, CDCl;): & 7.40-7.34 (m, 5H, ArH), 5.26-5.21 (AB system, 2H, J =
12.1, PhCH>0), 4.98-4.96 (dd, 1H, J = 8.3, 4.3 OCH), 2.57-2.45 (m, 3H, C' "H,CH,),

2.34-2.25 (m, 1H. COCH.CH,).

(R)-Benzyl-2-(formylethyl)-2,5-dihydro-5-oxofuran-2-carboxylate (50): To a solution
of the imidazolidinone or pyrrolidine catalyst (20 mol%) in chloroform was added

acrolein (0.54 ml, 0.80 mmol) at room temperature. The reaction mixture was cooled to
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0 °C and compound 51 (0.10 g, 0.27 mmol) and water (21.0 ul, 0.53 mmol) were added.
The mi: ire was warmed room temperature and stirred for 7 d. The mixture was
concentrated and the residue was purified by flash chromatography on silica gel

(hexanes:ethyl acetate, 7:3) to provide 32 mg (45%) of aldehyde 50 ; a gum.

Other reactions of 51 with acrolein (employing different solvents and/or catalysts at

selected temperatures) followed the same general procedure described above.
IR (neat): 3092, 2929, 2735, 1768, 1102 cm™.

'"H NMR (500 MHz, CDCl;): 8 9.71 (s. 1H, CHO), 7.41 (d, 1H, 'H=CHC=0, J = 5),
7.39-7.32 (m, 6H, ArH), 6.17 (d, 1H, J = 5), 5.21 (s, 2H, CH,Ph), 2.59-2.47 (m, 3H,

CH,CH CH,CH,CHO), 2.30-2.22 (m, 1H, CH,CH2CHO).

13C NMR (125.77 MHz, CDCl3): 8 199.6 (CHO), 171.1 (OC=0), 167.1 (CO,Bn), 154.4
(C=CC=0), 134.7(ArCpps,), 129.0  C), 129.0 (ArC), 128.6 (ArC), 122.7 (C=CC=0),

88.9 (OCC=0), 68.5 (CH,Ar), 37.8 (CH,CHO), 27.7 (CH,CHa).
HRMS (CI): m/z 275.0917 (275.091 Calc. for CsH,50s, M+H).

Ee: 90 % (fr: 51.7 min; t5: 69.6 min (Chiralpak AS-H, 210 nm, hexanes: iPrOH, 85:15, 1

mL/min).
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o
TIPSO\@/U\O/

Methyl-5-triisopropylsilyloxy-2-furoate (64)" A solution of sec-BuLi 2.8 ml, 1.9
mmol, 0.70 M solution in cyclohexane) was added dropwise to a stirred solution of
(furan-2-yloxy) triisopropylsilane (450 mg, 1.9 mmol) in THF (2.0 mL) at -78 °C under
nitrogen 1d the reaction was stirred at the same temperature for  hour. A solution of
methyl chloroformate (0.15 mL, 1.9 mmol) was added and the mixture was stirred for 90
min and then warmed to ro«  ter erature. The mixture was concentrated and the residue
was dissolved in ethyl ace e (20 mL). The solution was washed with aqueous saturated
NaHCO: ! x 10 mL) followed by brine (10 mL). The organic layer was separated, dried
(Na>SO4) and concentrated. The residue was purified by distillation to provide 290 mg

(53%) of 64 (b.p. 220 °C (0.2 mm of Hg)).

'"H NMR (500 MHz, CDCl;): & 7.10 (d, 1H, J = 3.5, C=CHCH=CCO), 530 ( 1H,J=
3.5, C=CHCH=CCO), 3.82 (s, 3H, OCH;), 34-1.28 (sept,3H,J=7.4,CH(C ), L.11

(d, 18H, J = 7.4, CH(CH),).

(S)-Methyl-2-(2-formylethyl)-2,5-dihydro-5-oxofuran-2-carboxylate (65): This was
prepared from 7 (150 mg, 0.50 mmol), acrolein (0.10 ml, 1.5 mm¢ and catalyst 59 (24

mg, 0.10 mmol) and TFA (76 pl, 0.10 mmol) in THF (2.0 mL) and water (18 pul. 1.0
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mmol). ..ie reaction was stirred for 4 days and 17 hours to provide after purification by
flash chromatography on silica gel (hexanes:ethyl acetate 40:60) 30 mg (30%) of the

aldehyde 65.

'"HNV (500N i, CDCls): 8 9.77 (s, 1H, CHO), 7.44 (d, 1H, J = 5.6, COCH=CH).
6.20 (d, 1H, J=5.59, COCH=CH), 3.82 (s, 3H, COOCHs), 2.63-2.52 (m, 3H,

CH,CH,CHO), 2.33-2.27 (m, 1H, CH,CH,CHO).

An accurate enantiomeric excess mination was not possible for this aldehyde due to
a lack of resolution of the enantiomers on chiral columns. Hence, it was converted to the

acetal w 1 (2R,3R)-2,3-butanediol and this acetal was analyzed for enantiomeric excess.

(S)-Methyl-2,5-dihydro-2-(2-((4R,5R)-4,5-dimethyl-1,3-dioxolan-2-yl)ethyl)-5-

oxofuran-2-carboxylate (66): A solution of the aldehyde 65 (0.01 g, 0.05 mmol),
(2R.3R)-2,3-butanediol (5.8 pl. 0.07 mmol) and p-toluene sulphonic acid (1.9 mg, 0.01
mmol) in benzene (1.0 mL) was heated to reflux for 1 h under nitrogen. The mixture was
cooled to ambient temper: e and |uted with ethyl acetate. The ulting solution was
washed with aqueous NaHCOs;, dried (Na,SO4) and concentrated to provide 15 mg

(quantitative) of acetal 66.
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Enantic ric excess: 59% (Chiralcel AS-H column, hexanes/isopropyl alcohol 96/4;

210nm; Iml/min.; fminor = 27.28 min.; fmajor = 29.32 min.).
IR (neat): 2974, 1773 (br), 1 5, 1385, 1235, 1111, 1001, 907 cm’.

'THNM (5 MHz CDCly): 8 7.43 (d, 1H, J= 7.8, COCH=CH), 6.16 (d, 1H, J = 7.8,
COCH=CH), 5.06 (t, 1H, J = 4.3, CHCH>), 3.79 (s, 3H, OCHs). 3.64-3.54 (m, 2H,
CHCH;), 2.36-2.29 (m, 1H, CH,CH,CH), 2.09-2.03 (m, 1H, CH>,CH,C , 1.72-1.61 (m,

2H, CH,CH,CH), 1.27 (d, 3H,J = 5.7, CHCH,), 1.22 (d, 3H, J = 5.7, CHCH;).

13C NMR (125.77 MHz, CDCly): § 171.4 (OCC=C), 168.2 (CO,( 1), 154.7 (OCC=C),
122.52 (OCC=C), 102.1 (CH,CH,CH), 89.7 (Cyuar), 80.1 (CHCH;), 78.6 (CHCH3), 53.5

(OCHj;), 29.8 (CH3), 28.5 (CHy), 7 (CHj3), 17.0 (CHa).

HRMS (ClI pos.): m/z 271.1176 1182 calc for C3H,s0¢ (M+H)).

N 0

.

($)-Eth: methyl pyrrolidine-1 ~ dicarboxylate (68):** L-proline (1.0 g, 8.7 mmol) was
dissolved in anhydrous methanol ACS grade, 14 ml) under nitrogen. Anhydrous K,CO;
(1.2 g, 8.7 mmol) was added, followed by dropwise addition ethyl . loroformate (1.8 ml,
19 mmol) over a period of 6 min. at room temperature. The reactic mixture was stirred

for 17 h. at ambient temperature. methanol was removed under reduced pressure and
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water (20 ml) was added and the aqueous solution was extracted with chloroform. The
combined organic layers were washed with brine, dried (Na>SO,) and concentrated to

provide 1.8 g (99%) of 68 as a colourless liquid.

'"H NM (500 MHz, CDCl;): / _roximately 1:1 mixture of rotamers: & 4.38-4.37 (dd,
IH,J= 7,35 NCH), 4.30 (dd, IH, J= 8.6, 3.9, NCH), 4.25-4.20 (m, 3H, OC H,CH3,),
4.11-4t (m, 1H, OCH,CHj;), 3.74 (s, 3H, OCH,), 3.72 (s, 3H, OCH3), 3.59-3.42 (m,
4H, NCH,), 2.28-2.15 (m, 2H, CH H,), 2.03-1.84 (m, 6H, CH.CH,), 1.27 (t, 3H, J =

7.1, CH.CH3), 1.20 (t, 3H, J= 7.1, OCH.CH}).

0" o\

(S)-Ethyl 2-(bis(3,5-bis(trifluoromethyl)phenyl)(hydroxy) :thyl)pyrrolidine-1-
carboxy e (70):34 Asolu 10f68(C 7 1.0 l)anh ~ >us THF (2.0 mL) under
nitrogen was cooled to 0 °C and 3,5  s-(trifluoromethyl)phenyl magnesium bromide (69,
8.0 mL of 0.50 M soln. in THF, 4.0 mol) was added. The mixture was stirred at 0 °C for
2.5 h and aqueous saturated N} 71 (2.0 mL) was added. The mixture was warmed to
ambient temperature, the organic layer was separated and the aqueous layer was extracted

with chle »form. The combined organic layers were washed with brine, dried (Na,SOs)
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and concentrated. The residue was purified by flash chromatography on silica gel (initial
elution with 3 column volumes of hexanes to remove non-polar impurities, followed by

elution with 9:1 hexanes:ethyl acetate) to provide 460 mg (77%) of 70 as a brown solid.

'"H NM (500 MHz, CDCl3): 8 7.89 (s, 1H, ArH), 7.86 (s, 3H, ArH), 7.82 (s, 2H,
ArH), 4.88-4.85 (m, IH, NCH), 20-4.15 (m, IH, OCH,CH: 4.14-4.08 (m, IH,
OCH,CHj3), 3.56-3.54 (m, 1H, NCH,), 2.97-2.92 (m, 1H, NCH,), 2.15-2.05 (m, 1H,
CH,CH,), 1.85-1.75 (m, 1H, CH,( ), 1.67-1.57 (m, 1H, CH,CH>), 1.22 (t, 3H,J=17.1,

OCH,CH;), 1.05-0.98 (m, 1H, NCH,CH,).

CF,
FsC O oFs
\~ OH
H

Bis(3,5 bis(trilfuoromethyl)phenyl)((S)-pyrrolidin-2-yl)methanol (71):** To a solution
0t 70 (0.24 g, 0.39 mmol) in me 1inol (3.0 mL, ACS grade) was added KOH (0.56 g. 10
mmol). The mixture was heated at reflux for 4.5 h, then the methanol was removed under
reduced  essure and water (2.0  _) was ¢ led. The aqueous solution was extracted with
chloroform, the combined extra were washed with brine, dried (Na,SQ,) and
concentrated. The residue was purified by flash chromatograp + on silica gel (5:1

hexane:cthyl acetate) to obtain 200 mg (98%) of 71 as a brown soli
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'H NMR (500 MHz, CDCl3): 8 8.C (s, 2H, ArH), 7.96 (s, 2H, ArH), 7.77 (d, 2H, J = 5,
ArH), 4.34 (t, 1H, J =7.6, NCH), 3.10-3.02 (m, 2H, NCH>), 1.83-1.75 (m, 2H, CH,CH>),

1.62-1.4 (m, 2H, NCH.CH,).

(8)-2-(Bis-(3,5-bis(trilfuoromethy henyl)-trimethylsilanyloxy- ethyl)-pyrrolidine

(72):35 To a solution of 71 (0.200 g, 0.39 mmol) in anhydrous dichloromethane (6.0 mL)
under nitrogen was added triethylamine (0.07 ml, 0.50 mmol). The solution was cooled to
0 °C ar trimethylsilyltriflouromethanesulfonate (91.0 pl, 0.50 mmol) was added. The
mixture s stirred for 5 min. at 0 °C, warmed to room temperature, and stirred for 1.5
hours. Water (8.0 mL) was added, the phases were separated, and the aqueous phase was
extracted with dichloromethane. e combined extracts were dried (Na,SQ,) and
concentrated. The residue was purified by flash chromatography on silica gel (90:10 ethyl

acetate:hexane) to provide 0.190 g (83%) of 71 as a colourless gum.

'H NMR (500 MHz, CDCl3): & 8.01 (s, 2H, ArH), 7.84 (d, 2H, J = 5 ArH), 7.76 (s, 2H,
Arf), 4.21 (1, 1H, J = 7.3, NCH), 2.95-2.90 (m, IH, NCH>), 2.59-2.54 (m, 1H, NCH>),
1.73-1.66 (m, 1H, CH,CHy), 1 ' 46 (br m, 2H, CH,CH,, N/{), 1.48-1.38 (m, IH,

CH-CH,), 1.15-1.07 (m, 1H, CH  H>), -0.08 (s, 9H, OSi(CH3)3).
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(S)-Benzyl-2,5-dihydro-2(2-((4R,5R)-4,5-dimethyl-1,5-dioxolane-2-yl)ethyl)-5-

oxofuran-2-carboxylate (73): A solution of the aldehyde (50) (30 mg, 0.09 mmol),
(2R.3R)-2,3-butanediol (0.01 ml, 0 % mmol) and p-toluenesulfonic acid (5.0 mg, 0.03
mmol) in dry benzene (3.0 mL) was heated to reflux under nitrogen for 1 h. The reaction
mixture was cooled to room tempe ure, diluted with ethyl acetate, and the solution was
washed with aqueous saturated NaHCO;. The organic layer was dried (Na;SO4) and

concentrated to provide 36 mg (¢ o) of 73 as a colourless oil.
IR (neat): 3523, 2931, 1773, 14¢ 1456, 1177, 1098, 906.

'H NM (500 MHz, CDCls): 8 7.41 (d. IH. J = 5, CH=CHC=0), 7.38-7.31 (m, SH,
ArH). 6.15 (d, 1H, J = 5, CH=CHC=0), 5.2 (s, 2H, CH,Ph), 5.04 (t. 1H. J = 5,
CH(OCH,),), 3.61-3.52 (m, 2H, OCHCH;3) 2.37-2.30 (m, 1H, CH,), 2.09-2.02 (m, IH,

CH,), 1.69-1.60 (m, 2H, CH>), 1 "5(d. 3H,/J=5,CH;) 1.25(d, 3H,J =5, CHs).

3C NMR (125.77 MHz, CDCL): & 171.4 (OCOC=C), 167.6 (OCC=0), 154.6
(C=CC=0), 134.9 (ArCipso), 128.9 (ArC). 128.5 (ArC), 122 (C=CC=0), 102.0
(OCC=0) 89.7 (CH,CH), 80.1 (CHCHs), 78.6 (CHCHs), 68.3 (CH,Ph), 29.7 (CH.), 28.6

(CH3), 17.4 (CH3), 17.0 (CH3)a.

LCMS (CI positive): m/= 347.1 (M+H).
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(CH=CHCO), 103.7 (CH(OCHj;),), 89.7 (OCCO,CH,Ph), 68.3 (CH;Ph), 53.5 (OCHa;),

53.1 (OCH,3), 30.7 (CH,CH(OCH3),), 26.8 (CH,CH(OCH;),).

HRMS (CI): m/z 320.1255 (320.1260 Calc. for C7H2006 M+).

0]

o= 7-,)L°B”

"X _OMe
(R)-Benzyl 2,5-dihydro-2-((E)-3-methoxyallyl)-5-oxofuran-2-carboxylate (82):

Dimethyl acetal 81 (150 g, 0.47 mmol) was dissolved in dichloromethane (0.80 ml) and
N.N-diisopropyl ethylamine (9.7x10? ml, 0.56 mmol) was added at room temperature.
The reaction mixture was cooled to -20 °C and TMSOTF (9.3x107 ml, 0.52 mmol) was
added dropwise. The reaction was warmed to room temperature and stirred for 2.5 h after
which it was concentrated and filt d through a short silica gel column (hexanes:ethyl
acetate, 7:3). The filtrate was concentrated to provide  mg (62%) of 82 as a 2:1 mixture

of 1somers.
IR (neat): 2936, 1768, 1655, 1456, "~ "3, 1107, 1027, 922 em’

'H NMR (500 MHz, CDCl3): Ma:  isomer: & 7.40 (d. 1H. J = 5, CH=CHC=0), 7.36-
732 (m, SH, ArH), 633 (d, IH, J = 12.7, CH=CHOMe), 6.16 (d, IH, J = 56,
CH=CHC=0), 5.2 (m, 2H, OCH,Ph), 4.54-4.49 (m, 1H, CH=CHOMe), 3.43 (s, 3H,
OCH;), 2.78-2.73 (dd, 1H, J = t, 8, CELC=CHOMe), 2.58-2.54 (dd, IH, J = 14, 7,

CH,C=CHOMe). Visible peaks of minor isomer: 8 6.12 (d. 1H, J = 5.6, CH=CHC=0),
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5.99 (d, 1H, J = 7.3, CH=CHOMe), 4.24-4.2 (q, IH, J = 7.3, CH=CHOMe), 3.55 (s, 3H,
OCHs), 2.91-2.86 (dd, IH, J = 7.3, 14.5, CH,), 2.83-2.80 (dd, 1H, J = 7.3, 14.5,

CH,C=CHOMe).

BC NM @ (125.77 MHz, CDCLy): & 171.4 (C=CCO), 167.3 (CO,CH2Ph), 154.4
(C=CCC 151.7 (C=COMe), 150.2 (PhCipso), 134.9 (PhC), 128.9 (PhC), 128.6 (PhC),
122.8 (C=CCO), 93.1 (C=COMe), 90.2 (OCCO.Bn), 68.1 (CH2l ). 56.1 (C=COCHs).
35.0 (¢ ,C=CHOMe). Visible zaks of the minor i1somer: & 171.7 (C=CCO), 167.5
(CO,CF ~"h), 154.6 (C=CCO), 121.9 (PhC), 128.8 (PhC), 128.8 (PhC), 128.4 (CPh),
122.2 (C=CCO), 96.5 (C=COMe), 89.9 (OCCO,Bn), 68.1 (CHAl ), 59.9 (C=COCHs;),

30.5 (CH,C=CHOMe).

HRMS: (CI): m/z 288.1000 (288.0998 Calc. for Cj¢H 605 M+).

(S)-Homocitric acid (77): A soli on of osmium tetroxide (4% in water, 0.09 ml,
1.4x10™ mmol) was added to a stirred solution of the enol ether 82 (0.08 g, 0.28 mmol) in
acetone (4.3 ml) and water (0.5 ml). The mixture was stirred for 10 min. and sodium
periodate (0.12 g, 0.55 mmol) was added. The mixture was stirred for 20 min. and filtered
through a pad of celite. The celite was washed with acetone and the | rate was
concentrated to provide an aqueous solution which was extracted with ethyl acetate (3 x 5

ml). The combined organic layers were dried (Na,SO,4) and concentrated to provide 64
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mg (95¢  of (R)-benzyl-2-(formylmethyl)-2,5-dihydro-5-oxofuran-2-carboxylate (76)

as a gum. This was used further without purification.

'"H NMR (500 MHz, CDCl3):  9.71 (s, IH, CHO), 7.56 (d, 1H, J = 5.6, CH=CHCO),
7.38-7.30 (m, SH, ArH), 6.24 (d, 1H, J = 5.6, CH=CHCO), 5.24-5.18 (AB, 2H, J = 15.0,

OCH,Ph), 3.23-3.13 (AB, 2H, J = 20.0, CH,CHO).

The ald  yde 76 (0.06 g, 0.26 mmol) was dissolved in ¢-butanol (5.2 ml) and 2-methyl-2-
butene (0.55 ml of a 2.0 M solution in THF, 1.1 mmol). To this was added a solution of
NaClO, (0.07 g, 0.79 mmol) an NaH,PO, (0.03 g, 0.28 mmol) in water (1.3 ml). The
mixture was stirred at room temperature for 3 hours and concentrated. The aqueous
solution obtained was extracted with ether (3 x 5 ml). The ether layer was separated and
the aqueous layer was cooled (<5 °C) and acidified (0.50 M aqueous HCI, 3.0 ml) and the
acidic solution was extracted with ether (3 x 5 mL). The combined extracts were dried
(Na,SO4) and concentrated to provide 64 mg (95%) of the acid 2-((R)-2-
((benzyloxy)carbonyl)-2,5-dihydr 5-oxofuran-2-yl)acetic acid (83). This was used

further without purification.

'H NV (500 MHz, CDCl5): & 9. 3.0 (br. IH, CO.H), 7.56 (d, 1H, J = 5.6,
COCH=CH), 7.37-7.29 (m, SH, PhH), 6.24 (d, 1H, J = 5.6, COC//=CH), 5.22 (s, 2H,

PhCH,0),3.20-3.05 (AB,2H,J=1 9, CH,COOH).

The acid 83 (0.05 g, 0.17 mmol) w « solved in ethyl acetate (3.0 ml), Pd/C (10 %, 10

mg) was added and the mixture was stirred under hydrogen at atmospheric pressure for
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PR
<:>)<OTMS

i

H
(S)-2-(I 1 yl-trimethylsi n methyl)-pyrrolidine (85):35 To a s ition of
diphen:  S)-pyrrolidin-2-yl)methanol (0.22 g, 0.84 mmol) in dichloromethane (7.0 ml )
under nitrogen was added triethylamine (0.15 ml, 1.0 mmol). The mixture was cooled to
0°C, T. 3OTf(0 ") ml, 1.] mmol) was added and the mixture was allowed to warm to
room temperature and stirred for 1.5 h. Water (5.0 mL) was added, the mixture was
extracted with dichlorom: ~ane, dried (Na-SO,) and concentrated. The residue was

purified by flash chromatography on silica gel (5:1 hexane:ethyl acetate) to provide 220

mg (82%) of 85 as a yellow oil.
'H NMR (500 MHz, CDCl3): § 7. (d, 2H, J = 7.2, ArH). 7.36 (d, 2H, J = 7.3, ArH),
7.29-7.1 (m, 6H, PhH ), 4.03 (t, IH, J = 7.3, NCH), 2.88-2.83 (mm, 1H, NCH>), 2.81-

2.76 (m, 1, NCH>), 1.75 (bs, IH, NH), 1.60-1.52 (m, 3H, CH,CH>),1.40-1.33 (m, 1H,

CH,CH>), -0.10 (s, 9H, Si(CH3)s).

OH
BnO.__N
hig OH
o
Benzyl-1,3-dihydroxyproj 1e-2-ylcarbamate (96):*° To a solution of serinol (1.8 g,

20.0 mmol) in ethanol (60 ml) at 0 °C was added triethyl amine (3.1 ml, 22 mmol) and

benzyl chloformate (2.9 ml, 21 mm¢ and 2 mixture was stirred for 30 min after which
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it was: owed to warm to room temperature, stirred for 2 h and concentrated. The residue
was suspended in acetone (30 ml) and the mixture was filtered. The solid residue
remaini  was washed with acetone and the combined filtrates were concentrated to
provide crude 96. This was purified by flash chromatography on silica gel (2:1

dichlorc ethane:methanol) to provide 3.2 g (70%) of 96 as a colou :ss powder.

"H NN... (500 MHz, CDCl3): § 7.4-7.3 (m, SH, ArH), 5.45 (bs, 1H, NH), 5.12 (s, 2H,

PhCH,C 3.90-3.75 (m, SH, CH(C ),).2.20 (bs, 2H, OH).

Benzyl-1-formylvinylcar] ate (97):*° To a solution of oxalyl chloride (0.16 ml, 2.0
mmol) in dichloromethane (1.6 ml) at -78 °C, under nitrogen, was added a solution of
DMSO (0.89 ml, 13 mmol) in dich romethane (1.0 ml) and the mixture was stirred for
10 min. A solution of 96 (0.30 g, 1.3 mmol) in dichloromethane (0.80 ml) and DMSO
(1.5 mL, 22 mmol) was added dropwise to the above mixture and stirring was continued
for 20 min at the same temper. ire. Triethyl amine (0.88 ml, 6.3 mmol) was added
dropwise and the mixture was stirred for 20 min. after which it was gradually warmed to
-10 °C (ethylene ‘“ycol-dry ice ba  and water (4.0 mL) was added. The mixture was
extracted with chloroform; the combined organic layers were washed with aqueous citric

acid (10%, 5.0 mL) and | e, dric over (Na,SO4) and concentr :d. The residue was
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purified  flash chromatography « silica gel (2:1 dichlomethane:methanol) to provide

130 mg (48%) of 97 as a pale yellow oil.

'H NV (500 MHz, CDCls): 8 9.16 (s, |H, CHO), 7.38 (s, SH, ArH), 7.21 (bs, 1H,

NH), 6 (s, IH, CHy=C), 5.47 (s, IH, CHy=C), 5.18 (s, IH, PhCH,0).

2-(1,3-D ydroxypropane-2-yl)isc doline-1,3-dione (98):4(’ A mixture of serinol (1.5
g, 17 mmol) and phthalic anhydride (2.4 g, 17 mmol) was heated (without solvent) at
160 °C under constant stirring for 2 h 15 min. The mixture was cooled to room

temperature and the solid obtained (3.5 g) was used further without purification.

'"H NMR (500 MHz, CDCl3): & 7.89-7.85 (m, 2H, ArH), 7.77-7.74 (m, 2H, ArH), 4.48

(m, 1H, NCH), 4.13-4.04 (m, 4H, ¢ ,OH), 2.99-2.96 (m, 2H, OH).

o}
0O
CLg
o}
2-(1,3-Dioxoisoindolin-2-yl)acry Idehyde (99):*" Prepared by ¢ pting the procedure

for making aldehyde 97. Thus reaction of the diol 98 (3.5 g, 17 mmol) in DMSO (8.2

mL) and dichloromethane (25 mL) by oxidation (oxalyl chloride (2.2 mL, 25 mmol),
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DMSO (8.2 mL) in dichloromethane (25 mL) and triethylamine (11 mL, 78 mmoL)

followed by a quench with water (50 mL)) provided 1.65 g (50%) ¢ 99.

'"H NMR (500 MHz, CDCl3): 8 9.59 (s, ., CHO), 7.93-7.92 (m, 2H, ArH), 7.80-7.78

(m, 2H, H),6.58-6.56 (dd, 2H, J=1.16, 1.15, CH,=C).

Gener: procedure for a-amir :ion of aldehyde: The aldehyde 50 was dissolved in
solvent at room temperature and the pyrrolidine catalyst was ad :d. The mixture was
stirred for 5-10 min and the dialk azo-dicarboxylate was added in one portion. Upon
completion of the reaction, the n . e was concentrated and the product was isolated by

flash chromatography on silica gel. 1e reaction time is mentioned under each product.

(R)-Ber  /1-2-(2-(di--butoxycarbonylhydrazino)-2-formylethyl)-2,5-dihydro-5-

oxofuran-2-carboxylate (103): Pr  red from aldehyde 50 (0.10 g, 0.36 mmol), catalyst
(43 mg, 7.2x10* mmol) and di-tert-butyl azodicarboxylate (9.2x107  0.40 mmol) in
chloroform (0.20 mL) according to > general procedure. The mix re was stirred for 5 h
to provide 130 mg (67 %) of 103 ¢ :r pur cation by flash chromatography on silica gel

(2:8 ethyl acetate:hexane).

IR (neat): 3310, 2970, 1734, 1718, 1700, 1684, 1369, 1278, 1246, 1134 c¢m’".
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'"H NMR (500 MHz, CDCl;): Mixture of rotamers and diasterecomers: 8 9.90 (s, 1H,
CHO), 9.85 (s, 1H, CHO), 9.64 (s, 1H, CHO), 9.58 (s, IH, CHO), 7.92 (br s, 1H, NH),
7.70 (bs, 1H, NH), 7.47-7.44 (m, |H, COCH=CH), 7.38-7.31 (m, SH, ArH), 6.50 (br m,
IH, CC H=CH), 6.18-6.13 (br m, 1H, COCH=CH), 5.27-5.00 (m, 2H, PhCH,), 4.38-
425 (br m, 1H, NCH), 2.77-2.72 (m, 1H, CH,CHCHO), 2.39-2.28 (m, IH,

CH,CHCHO), 1.47 (s, 9H, C(CH3)3), 1.45 (s, 9H, C(CH3)3).
LCMS (APCI neg.): m/z 503.3 (M-H)

HRMS (Cl neg.): m/z 504.2130 (5C 2108 Calc. for C;  32N,0q, M+).

0
0 OBnO

o e
_ >/Z<OH
(o) N 0
\/H‘NJ<
t-Bu/O ©

—t-Bu

3-((R)-2-((benzyloxy)carbonyl)-2,5-dihydro-5-oxofuran-2-yl)-2-(di-s-

butoxycarbonylhydrazino)-propa )ic acid (104): To a solution of the amination
product 103 (190 mg, 0.37 mmol), in s-butyl alcohol (7.3 ml) was added 2-methyl-2-
butene (0.78 ml of 2.0 M solution in THF, 1.6 mmol). A solution ¢ NaClO, (0.10 g, 1.1
mmol) and NaH,POy4 (0.05 g, 0.39 mol), in water (1.8 ml) was added dropwise to this
mixture. The resulting mixture was stirred at room temperature for 2 h and concentrated.
The residue was diluted with ether | the solution was acidified with aqueous HC1 (0.50
M) to pH 6. The organic layer was separated, dried over Na,SO,4 and concentrated to

provide . . J mg (89%) of the acid 104.
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'"H NMR (500 MHz, CDCl;): Mixture of rotamers and diasterec ers: & 7.52-7.47 (m,
1H, COCH=CH), 7.39-7.32 (m, 5H, Arf), 6.82 (bs, 1H, CHN#H), 6.20-6.16 (m, 1H,
COCH=CH), 5.28-5.25 (m, 1H, PhCH?2), 5.20-5.15 (m, 1H, PhC#H>), 3.12-3.08 (m, 1H,

NCH),2 )-2.38 (m,2H, CH,CHCOOH), 1.53-1.42 (m, 18H, C(CHj)3).

LCMS: (APCI negative): m/z 519.2 (M-H).

OH
o

O N 0
\/H\N/(
t-Bu/O 0

—t-Bu

(S)-2-(2-  i-t-butoxycarbonylhydrazino)-2-carboxyethyl)-tetral 1ro-5-oxofuran-2-

carboxylic acid (108): The hydrazino acid 104 (35 mg, 0.07 mmol), was dissolved in
ethyl ace ite (2.0 mL). To this s¢ 1ition Pd/C (10 mg) was added and the mixture was
stirred under H, at 1 atm. for 24 h (monitored by NMR). The mixture was filtered
through a pad of celite and the residue was washed with washed with ethyl acetate. The

combine filtrates were concentrated to provide 29 mg (quant) of d  id 108.
IR (neat): 3400-3100 (br), 2. ), .. .7, 1480, 1369, 1252, 1147 cm™".

'"H NMR (500 MHz, CDC ): 84 5 (bs, 1H, NCH), 2.63-2.53 (m, 4H, COCH,CH.,

CH,CHCOOH), 2.42-2.31 (COCH,CH>). 1.52 (s, 9H, C(CH3)3), 1.48 (s, 9H, C(CH3)3).

HRMS: (Cl negative): m/z 431.1 (M-1).
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