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separated and subjected to reductive debromination (»Bu3;SnH) followed by acidic
hydrolysis to provide the target a,a-dia yl-a-hydroxy acids (Scheme 11).

Scheme 11

{)—coon (e L0
H Kl. 13, NayCOa.
N P 2 782 - 0] + e
o)\)\r\’2 Fo 0" IR, 0" g,
R, R 2 R,

1) nBu;SnH

2) H,0*

HOOC HOOC
7(\'?2 X R,
HO Ri HG Ri
98% ee
In 1996, Jacobson and Reddy3 > scribed the asymmetric reactions of chiral imide
enolates (obtained from Evans’ N-acyl oxazolidones®®) on a-ketoesters to generate 2-

hydroxy-2,3-trisubstituted succinates, ieit with poor to moderate diastereoselectivities

(4-66% de, Scheme 12).

Scheme 12
o 0 R, oHO ©O
/U\ J L 78°C.THE Rro. > I
V7 arcoccor ~ Y T P
-2 — ! 0 R —/
\ /\
4-66% de

More recently, it was shown that the Bayer-Villiger rear ngement can be
employed for regioselective and stereoselective oxidation of a,a-disubstituted-p-
ketoesters to provide o,a-dialkylated-a-hydroxy acid acetates.>’ Thus, utilizing the fact

that the Bayer-Villiger rear  zement proceeds with retention of configuration at the
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migrating carbon, it was demonstrated that enantiomerically enriched substrates®® provide

enantiomerically enriched a,a-disubstituted-a-hydroxy acids (Scheme 13).

Scheme 13
0o o0 ~ 0y ' 0
mCPRA TfOH | HiOH, THF \<lk
- =~ 0 . —» HO
> TOR T ¢ QOR R
Me R, "R, Me R,

In 2007, Woerpel unveiled a iique diastereoselective strategy where a-keto-
esters were converted into a-hydroxy acids (>97% de). The methodology involves metal-
catalyzed silylene transfer, 6r-elect clization, Ireland-Claisen rearrangement, and

hydrolysis (Scheme 14).%

Scheme 14
tBu e tB ]
\ _tBu N
0 o o 50
R)H]/o\/\/ , AgOTs (10 mol %) Q
1 > O
0 °C, toluene Ry
O~ Re
t-Bu L _
\S_/t-Bu
l [4
i) / \_/ - AgOTs (10 °) 6 electro-
-25°C cyclization
ii) HF . Pyr, it
3 -B
- /t Bu t—Bu\ /t u
HO, COOH Si~o A0
P Pyr, rt 0 0
Ry N - o -———— R, —
R2 Ry _\\/\Io
>97% de | R,

Importantly, this reaction sequence is stere« :lective and tolerates alkyl and aryl
substituted a-keto ester subst es. The hydroxy acids are obtained in moderate to good

yields, and with excellent diastereoselectivites (47-84%, >97% de).
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The Pansare group demonstratc the use of (S)-prolinol as a chiral auxiliary for
the synthesis of a,o-disubstituted a-hydroxy acids.** Bis-acylation of (¢ prolinol with
benzoylformyl chloride followed by selective ester hydrolysis in the amido ester
intermediate gave the corresp dingl iacetal. This hemiacetal could be reacted with a
variety of Grignard reagents (ca. 10 molar equivalents) to yield the corresponding o-
hydroxy amides. Hydrolysis ¢« the amides afforded a-hydroxy acids in good yields and
enantioselectivity (62-68%, 82-87% ee, Scheme 17).

Scheme 17

COCOCI, EtsN, H
m( WAP, CH,Cl, N
N ii) NaOH, THF O4l><0
Ph OH

RMgX
benzene or THF

. 1M H,S0, <DV
oY h . R
%ﬁ/,OH 90 °C O)w/’

OH
Ph Ph

The Pansare group also rep :d a synthesis of a-hydroxy acids based on
asymmetric carbon-carbon bond formation on an ephedrine-derived template.* Using a
commercially available and cheap sta g material like (1R.2S5)-ephedrine and acylating
it with aliphatic a-keto acid chlorides forded the corresponding hemiacetals (Scheme
18) in good yields (65-71%). The configuration of the hemiacetal stereocenter was
established as ‘S, based on X-ray crystallographic analysis. In the pivotal step of this

sequence, the hemiacetals were ally ed with allyltrimethylsilane/TiCly to give the
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allylated morpholinones in good to excellent yields (67-97%), and as single

diastereomers.
Scheme 18
Me | Me
Me R,
Me.* Ph RCOCOCI F+-N Nmap Me‘N/'\/Ph Sk TiCk, Me‘N/H’Ph
- yN —_— > o > 5
Cl'H OH CH,Cl, 0~ CH,Cl,, 40 °C 0

 on H —\\

single diastereomer

Removal of the eph ine porti  followed by reduction of the double bond and

hydrolysis of the amide provi d o,a-disubstituted chiral a-hydroxy acids (Scheme 19).

These products were assigni the ‘R’ configuration, by comparison of their optical
rotation with reported values.

Scheme 19

Me. Ph |
N)\f NH 1) H,, Pd/C oH
o O > oOH —— o OH
78 °C 0" 7 2) 3M H,S0,

R _\\ R“"—\\ R "—\

Later, the group reported a modified one-pot synthesis of the hydroxy acids
starting with an ephedrine-derived morpholine-dione.*® The chiral dione was obtained
from (1R,2S5)-ephedrine and oxalyl chloride (65%) and could be re ted with several
Grignard reagents (Scheme 20) to generate the correspondit  hemiacetal salts. These
could then be allylated in situ to y d the corresponding dialkylated morpholinones

which, in turn, had served as the intermediates in the synthesis of a,a-disubstituted-a-





















hapter 2

Formal Total Synthesis of (-)-Quinic Acid and Total Synthesis of

(R, c...c tric Acid Lactone

Part of the work described in this chapter has been published in
Organic i fters 2006, 8, 2035
&

L Arahedron ctters 2007, 48, 7099
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General introduction

The art of organic synthesis is perhaps best illustrated by the applications of newer
and better synthetic protocols tow s definite targets. Indeed, development of a synthetic
technique can be thought to be complete only when it is explained and applied towards a

specific target.

Over the past few ye , =] isare group has devised and reported a unique
protocol for the synthesis of o ydroxy acids' by using an ephedrine-derived morpholine-
dione as a chiral starting material. Th highly enantioselective strategy can serve as a
useful alternative to the existing methods reported in the literature. To complete this
study and also to elaborate t| s ifii 1ce of this protocol, it was decided to apply it
towards the synthesis of natural produc falling in the class of a-hydroxy acids. Towards

this end, (-)-quinic acid and (! homocitric acid were chosen as the targets.

Chapter 2 is divided into two  :tions to describe the synthesis of each of the
natural products separately along wit a literature overview of the known approaches

towards these targets.
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Part I: A concise and nanti ;elective formal total synthesis of

(-)-quinic acid.

Introduction

HO. .COOH OOH
Ho“’k.J\OH HO™ i ~OH
- OH
1 2
(-)-Quinic  :id (-)-Shikimic acid

Figure 1. Quinic acid and Shikimic acid.

Over the past few decades (-) iinic acid (1, Figure 1) has proven to be a useful
chiral building block in asy aetric  1thesis and has been employed as the starting
material in numerous syntheses.”? Rece y, the synthetic utility of (-)-quinic acid (1) has
been highlighted because of its use : a starting material for the synthesis of viral
neuraminidase inhibitors for the trea  nt of influenza.’ In fact, the current industrial
procedure for the synthesis of Oselta vir (3, Figure 2), an antiviral drug manufactured
by Hoffmann-La Roche (Roche) under the trade name Tamiflu® uses both (-)-quinic acid

(1) and (-)-shikimic acid (2) as starting materials.?

O:©/COOEt
Acl

NH, . H3PO,
3

F 1re 2. Oseltamivir (Tamiflu®)
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the conversion of the bromolactone 8 into racemic quinic acid (Scheme 1), the above

sequence accounts for a formal synthesis of the natural product.

Scheme 6
0 0O O o)
0 1) LDA, 1™~ ‘ :/\//\/\ Grubbs 1(2 mol%), >L<
& > N 0 : > > \‘\“ -
N 2)LDA, Bre N CgHg 25°C :
26 27
Cl, |IDCY3
= ‘Ru= HCI, MeOH
Grubbs | = L eho o\ '
Cl"pCy; Ph
0
HO, ,COOH HO HO, ,COOMe
Y NaOH, MeOH =
| - (e~ T
HO" Y “OH iiy Bra
OH Br
1 29
(-)-quinic acid

(89% ee after one recrystalisation)
Very recently, and after we reported our ap; »ach to (-)-quinic acid (1)," Stoltz
and co-workers reported a catalytic e1 1itioselective formal synthesis of (-)-quinic acid 1
(Scheme 7)."% This synthesis utilized  illadium-catalyzed asymmetric alkylation of the
silyl enol ether derivative 32 1 obtain dioxanones 33. An appropr e intermediate (33, R
= allyl) was converted into the cyclohexene intermediate 7 (Scheme 1) in the Wolinsky

synthesis8 (Scheme 1).




Scheme 7

H]\‘ 3 steps

O

]

78N

31

M

o)
ﬁPh}1~?

Ry
TESCI, Et;N
——

Nal, CH,CN

1By (5.5 mol%)
[Pd(dmdba),] (5 mol%)
TBAT (1 equiv)

di(R,-all  carboi

HO, ,COOH
Qo -
7

93 % ee

2 (1.05 equiv)

PhMe, 25 °C, 5-10 h

T

83%

0
ANy
<o

33

86-94% ee

32
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It was decided to target the lactone 8 which was an intermediate in the Wolinsky
synthesis of quinic acid (Scheme 1). It was reasoned that the lactone could be obtained
via a bromolactonisation reaction of the hydroxy amide 34, which should be accessible
from the diene 35. In the forward sense, this can be achieved by subjecting the diene to a
ring closing metathesis reaction followed by removal of the ephedrine portion. The diene
35 should be readily obtained from the dione 36, by following the dialkylation protocol

previously reported by our grc

The previously reported synthesis'® of the enantiomer of 36 employed (1R,2S)-
ephedrine and oxalyl chloride to provide the morpholine dione in 55% yield after
purification by column chromatc a y (Scheme 8). In order to « minate this low
yielding step at the beginning of the synthesis it was decided to optimize the reaction
conditions. After a brief study, ethyl oxalyl chloride was determined to be a better
alternative to oxalyl chloride. This r¢ :nt is presumably less electrophilic than oxalyl
chloride and this is reflected an in  sed reaction time (48 h, as compared to 5 h for
oxalyl chloride). However, a signific ly improved yield (85%) of 36 was obtained.
Moreover, the | ‘ficationv  r " : to simple = ‘turation of the crude product with
9:1 hexanes:dichloromethane, ™ 1s iminating the need for chromatographic purification.

Using this modified procedure, dione 36 could be prepared on a 10 g scale.
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Scheme 9
SN AN B < wPh Sk \N/\.‘\Ph
O)\n/o sher0Clonah A0 TiCl, 40 °C, 5 n 0 O/ﬁ
I OH (68%) |
P N
36 37 35

Fortunately, it was determined that using TiCly as the Lewis acid and
allyltrimethylsilane as the nucleophile at -40 °C, provided the re 1iired dialkylated
glycolamide derivative 35 in good yield (68%) and excellent diastereoselectivity (single

diastereomer by '"H NMR).

At this stage, the stereoct 11 of the newly generated stereocenter in 35 was
assigned the ‘S’ configuration on the basis of a NOE experiment, which indicated a syn

orientation of the allyl group¢ Itheb zylic hydrogen in the morpholinone ring.

O

NP
< O Hq

. H 3%NOE

H\\J

Fig -e 4. NOE measurement on 35.

This result was probably the tcome of a stereoelectronically control 1 axial allylation

of the oxocarbenium ion in a boat-like nsition state assembly (Scheme 10).
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Scheme 10
Me:;Si\/\
~ _+Ph e j y ~A__Ph
— >
_ CH 68 % k/
= 3 =
37 - . 35

Having obtained the diene 35, the stage was set for a ring-closing metathesis
reaction to generate the cyclohexene derivative frc  the diene. Gratifyingly, use of the
Grubbs (generation I) catalyst (7 mol%, CH,Cl,, room temperature) resulted in a swift
and efficient (1 h, 96%) ring losing 1etathesis reaction to yield the spirocyclohexene
derivative 38 (Scheme 11). Cyclohexene 38 was then subjected to dissolving metal
reduction (Na/NHs, -78 °C) to remove 3 ephedrine portion and provide hydroxy amide

34 in good yield (82%) and high enantiomeric excess (96%).

Scheme 11
- \Ph CI"!ZSf Ph
N/\O o p C:\Dh | \’}I/E‘\ Na NH-
) ,/ﬁl CH,Cly, it,1h - ij -78°C, 2.5 min |
“ 96% XN 82 %
. 38 34

Details of this homobenzylic C-N bond cleavage are not known at present. It is
plausible that, at some stage in the reduction, a benzylic carbanion is generated (Figure 5)

and it undergoes facile S-elimination « e N-acyl moiety. '*
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COOH
(OMe),(0)PO" " ~OH
0 ref.15 OTBDMS
HO, (¢) shikimate derivative
ref.8,15 40
X ref\
HO, ,COOH
X=Br(+)8 CI\
X =1(+) 39 -
) HO" ™~ “OH
OH
() quinic acid
1

Figure 6. Halolactones 8 ¢ 1< as precursors to quinic acid and shikimates.

Cor~lusions:

In conclusion, a short, 1antic :ctive route to (-)-quinic acid that is extendable
to shikimic acid derivatives ©  :n " veloped. It is noteworthy that this method can
provide access to either enantiomer of these biologically important metabolites since both
enantiomers of ephedrine are comm  ally available. The oxalate dialkylation is an
alternative to the convention dialky ion of glycolate enolates and has potential for
applications in the synthesis of polyhydroxylated cyclopentanes and cyclohexanes, as
well as functionalized medium-sized carbocycles by variation of the alkenyl groups in

morpholinone 38 (Scheme 9).
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Experimental:

General

All reactions requiring anhydrous conditions were performed under a positive
pressure of nitrogen using oven-dried glassware (120 °C) that was cooled under nitrogen.
THF was distilled from sodium benzophenone ketyl and dichloromethane was distilled
from calcium hydride. Commercial precoated silica gel (Merck 60F-254) plates were used
for TLC. Silica gel for column chromatography was 230-400 mesh. All melting points
were uncorrected. IR spectra were rec  led on a Bruker TENSOR 27 spectrometer. 'H
NMR and '*C NMR spectra were recorded on a Bruker AVANCE-500 instrument.
Coupling constants (J) are given in Hz. Mass spectra were obtained on an Agilent 1100
series LC/MSD chromatographic system. High-resolution mass spectra were obtained on
a Waters GCT Premier Micromass ma spectrometer. Optical rotations were measured at

the sodium D line on a JASCO-DIP 370 digital polarimeter at ambient temperature.

(5R,65)-4,5-Dimethyl-6-pher morp )line-2,3-dione (36):

~N : _\\Ph
N
\n/o
0]

To a stirred solution of (1S,2R)-ephedrine hydrochloride (2.0 g, 9.9 mmol) and
DMAP (60 mg, 0.49 mmol) in d oromethane (200 mL) at 0 °C was added
tricthylamine (5.5 mL, 40 mn |). The mixture was stirred for 10 min and a solution of
oxalyl chloride (1.3 mL, 15 mmol) in dichloromethane (100 mL) was added dropwise

over a period of 3.5 h at 0 °C. The mixture was stirred at 0 °C for an hour and water (50
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mL) was added. The mixture was warmed to ambient temperature and the biphase was
separated. The dichloromethane layer was washed with water (100 mL), dried (Na;SO,)
and concentrated. The residue was purified by flash column chromatography on silica gel
(1/2 hexane/ethyl acetate) to f  ish 1.2 g (55%) of 36 as a white solid.
Mp: 181-182 °C.
'"H NMR (500 MHz, CDCl,):
3 7.46-7.39 (m, SH), 589 ( 1 J=29),3.71-3.68 (dq, 1H.J=2.9, 6.8), 3.20 (s,
3H),1.13(d, 3H,J=6 )
BC NMR (125.8 MHz, CDCly):
8 156.6,153.5,134.1,129.2,129.1, 125.7, 79.8, 58.9, 33.8, 12.3.
IR (solid):
2933, 1752, 1698, 1409, 1290, 5, 1142, 1001 cm™
[@]?p = +185.0 (c 2, CH,Cl,).
MS (APCI):
220.1 (M+1, 100).
HRMS (CI):

m/z 220.0965 (220.0974 lc. . C;;H1aNO3, M+H).
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(5R, 6S)-2-But-3-enyl-2-hydroxy-4, S-dimethyl-6-phenylmorpholin-3-one (37):

\N/\“‘Ph
0 0
OH
=

To a suspension of 36 (219 mg, 1 mmol) in anhydrous ether at 0°C was added 3-
butenylmagnesiumbromide (prepared from 720 mg of Mg and 0.35 mL of 4-bromobutene
in ether (10 mL) and the mi: re was warmed up to ambient temperature. The reaction
mixture was stirred 3 h at aml nt ten erature and the precipitated solids were dissolved
with saturated aqueous NH,4Cl solution. The resulting mixture was extracted with ethyl
acetate (3 x 10 mL), the combined org iic layers was dried (Na;SOy4) an concentrated.
Purification of the crude product by flash chromatography on silica gel (2/1 ethyl
acetate/hexanes) gave 204 mg (74%) ¢ 37 as a white solid.

"H NMR (500 MHz, CDCls):

0 7.41-7.30 (m, 5H), 5 7-5.81 , 1H),5.19 (d, 1H, J=3.4), 5.0 (br m, 1H), 4.9

(d, 1H, J =10.3), 4.3 (s, 1H), 3.51 (dq, 1H, J=3.4, 7.3), 3.0 (s, 3H), 2.42-2.37 (m,

1H), 2.25-2.2.1 (m, 3H), 1.05 (d, J= 7.3, 3H).
3C NMR (125.8 MHz, CDCI

5169.8, 138.4, 137.4, 128.6, 127.9, 125.7, 114.8, 9¢ = 73.6, 59.4, 35.1. 34.0,

26.3, 12.7.

Visible peaks of the minor diastereom
'H NMR (500 MHz, CDCl5):

55.5 (d, 1H, J = 3.0), 3.04 (s, 3H), 0.99 (d, J = 6.6, 3H).
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3C NMR (125.8 MHz, CDCl
8 168.5, 138.2, 137.7, 128.5, 127.8, 125.9, 115.0, 97.8, 71.5, 59.5, 38.7, 33.8,
28.0, 12.8.
IR (solid):
3306, 1645, 902, 735, 695, 668 cm’.
MS (APCI, positive):
m/z 148.1 (25), 164.1 (10), 258.1 (10), 276.1 (M+1, 75).
HRMS (CI):

m/z 276.1587 (276.1599 calc. for. C|cH»nNOs3;, M+H).

(25,5R,65)-2-Allyl-2-but-3-enyl-4,5-dimethyl-6-phenylmorpholin-3-one (35):

SN : wPh
b
(M
e

To a solution of 37 (275 mg, 1 mmol) in dichloromethane at —78 °C was added
TiCly (0.66 mL, 6 mmol) and allyltri  thylsilane (0.95 mL, 6 mmol). The mixture was
gradually warmed to — 40 °C and allowed to stir at this temperature for 4.5 h. Saturated
NH,4CI solution was added and the mixture was warmed to ambient temperature. Water
was added and the mixture was extrac ~ with CH,Cl,, dried (Na,SO and concentrated
under reduced pressure. The residue was purified by flash chromatog: Hhy on silica (2/1

ethyl acetate/hexane) to give 203 mg (68%) of 35 as a colorless gum.
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"H NMR (CDCl;):
8 7.39-7.29 (m, SH), 5.89-5.80 (m, 2H), 5.26 (d, 1H, J = 2.4), 5.10-5.00 (m, 3H),
4.97 (d, 1H, J = 10.5), 3.51 (dq, 1H, J= 6.5, 2.4), 3.03 (s, 3H). 2.85 (dd, 1H), 2.55
(dd, 1H), 2.42-2.38 (m, 1H), 2.05-2.00 (m, 2H), 1.92-1.85 (m, 1H), 0.98 (d, 3H,
J=6.5).

BC NMR (125.8 MHz, CDCI3):
8 171.4, 138.7, 138.3, 133.1, 128.6, 127.8, 125.8, 118.5, 114.8, 82.0. 71.8, 59.5,
40.4, 37.5,34.0,28.8, 13.4.

IR (neat):
2978, 1640, 1146, 913, 759, 700 cm™".

[a]®p =+ 44 (¢ 1, CH,Cl, ).

MS (APCI, positive):
m/z 258.1 (7), 300.1 (M+1, 100).

HRMS (CI):

m/z 300.1953 (30019f cale. for. C]9H26N02, M+H)

(2S,3R,¢ ,-3,4-Dimethyl-2-phenyl-1-oxa-4-azaspiro|5.5]undec-8-en-5-one (38):

\N/\"\Ph

To a solution of 35 () 2 3.2 mmol) in dichloromethane (350 mL) at room

temperature was added Grubbs I catalyst (175 mg, 0.21 mmol, 6.6 mol%). The reaction
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mixture was stirred for an hour at room temperature and the solvent v s removed under
reduced pressure. The residue was pr ied by flash chromatography on silica gel (1/1
ethyl acetate/hexane) to give 830 mg (96%) of 38 as a white solid.
Mp: 78-79 °C.
'H NMR (CDCl;):
0 7.37-7.28 (m, SH), 5.79-5.77 (m, 1H), 5.57-5.54 (m, 1H), 5.13 (d, 1H, J = 2.5),
3.51 (dq, IH, J = 6.4, 2.5),3. (s, 3H), 2.67-2.62 (m, 1. , 2.50-2.42 (m, 1H),
2.42-2.38 (m, 1H), 2.22-2.05 (m, 2H), 1.95-1.91 (m, 1H), 0.98 (d, 3H, J = 6.4);
C NMR (125.8 MHz, CDCI
& 172.4, 138.4, 128.3, 127.4, 126.1, 125.5, 123.2, 77.4, 71.7, 59.1, 33.9, 31.8,
30.8,21.3,12.7;
IR (solid):
2934, 2362, 1635, 1092, 700, 668, 656 cm™.
[@]Pp =-15.6 (c 1, CH,Cl, ).
MS (APCI, positive):
m/z270.1 (7), 372.1 (M+1, 10(
HRMS (CI):

m/z 272.1647 (272.16¢ calc. for. C;7HNO,, M+H).
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MS (APCI, positive):
m/z 138.1 (40), 156.1 (M+1, 100).
HRMS (CI):
m/z 156.1022 (156.1025 calc. for CgH;43NO,, M+H).
HPLC:
Enantiomeric excess: %, Chiralpak AD-H column, hexane/isopropy!l alcohol

9/1, flow rate 1 mL/min, tR (major): 6.6 min. tg (minor): 6.3 min.

(15,4R,5R)-4-Bromo-1-hydroxy-6-oxabicyclo[3.2.1]octan-7-one (8):

To a solution of 34 10 mg, 0.26 mmol) in THF (1 mL) was added N-
bromosuccinimide (70 mg, 0.39 mmol). The reaction mixture was stirred for an hour at
room temperature, saturated  ieous aHSO; solution (1.5 mL) was added and the
mixture was then extracted w  ethyl tate (3 x 3 mL). The combined organic layers
were dried (Na;SO4) and concentrated under reduced pressure and the residue was
purified by flash chromatograp on silica gel to give 31 mg (54%) of 8 as a white solid.
Mp: 119-120 °C.

'H NMR (CDCl;):
54.83(t, 1H,J=15),4.34 (t, 1H,J=4.5),2.90 (s, 1H), 2.84 (d, IH. J = 12), 2.51-

47 (m, IH).” "~ 7 73 (m, 1H), 2.29-2.15 (m, 2H), 1.83-1.80 (m, 1H).



BC NMR (125.8 MHz, CDCl5):
§177.8,77.7,74.4,43 38.9,31.1,28.6.
IR:
3485, 2925, 1763, 1128, 856, 668 cm.
[a]®p =-11.1 (c 2, CH,Cly).
MS (APCI. positive):
m/z 111.2 (20), 149.1 (46), 177.1 (100), 199 (20), 221 (M+1, 5).

HRMS (CI):

m/z 220.9810 (220.9814 calc. for C;H;(BrO;, M+H); GC: g = 51 min,

Rt-BDEXsm column, 4 280 °C, 2 °C/min.
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It was not until three dec: s later that Biellmann and co-workers published
the first enantioselective synthesis (Scheme 14) of the natural isomer of homocitric acid
lactone 42 starting from (-)-L-lactic acid.®’ In a sequence centered around a
stereoselective Diels-Alder reaction, the authors used reported methods®’ to make the key

starting material 45 from lactic ac

Scheme 14
> C
PhCH
COOH v, O 0 N 3 ﬂ 0
ref. 26
S ma T N T
H \ 120 °C, 48 h
51%
(-)-L-lactic acid °
45
i) O3
ii) H,0,
HO 90%
0 j 0
/ 5 H*, H,0 H;( =0
”, 0O -~ _
HOM 16% OS \COOH
O \—cooH
42 47

Dioxolanone 45 was subjec 1 to a Diels-Alder reaction with 1,3-butadiene to
obtain the cyclohexene derivative 46. Ozonolysis of 46 followed by oxidative workup
provided the diacid 47. Hydrolysis of - dioxolanone 47 provided (R)-homocitric acid
lactone 42 in low yield (16%, 96% ee). In the same report, the authors also describe the

synthesis of (S)-homocitric acid 41 om ent-45 which was prepared from (S)-serine.
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22a

phenylalanine (Scheme 19).”* This strategy relied on using the phen: group as a latent

carboxyl group.”’

Scheme 19
/
H O 0 HO._.0O
ph/j_( 1) LDA THF, pp
COOH _,. _» o_.0 78 ° o. 0 —» O=0
Ph/\‘/ NS —_—'» ~ >HO S
NH, Bu 2 A fBu _\\O
(S)-phenylalanine 62 63 ent-42

Thus, compound 62 was prepared from (S)-phenylalanine using a known
procedure’” and then stereoselectively  kylated with allyl jodide?’ to give dioxolanone
63. Compound 63 could be converted into the antipode of the naturally occurring
homocitric acid lactone (overall yield of 12%) by conversion of the benzyl group in 63 to

an acetate side chain and by oxidation of the allyl group to a propionate side chain.





















63

acetate side chain. The synthesis is therefore well suited for the preparation of labelled

homocitrates”®®

that may be of interest in biological studies.
Lastly, it should be mentioned that this route in conjunction with the

stereoselective synthesis of (-)-quinic acid, clearly illustrates the utility of the protocol for

the synthesis of a-hydroxy ac
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"H NMR (500 MHz, CDCls):
§5.53 (d, 1H, J=3.0), 3.04 (s, 3H), 0.99 (d, J = 6.6, 3H).
3C NMR (125.8 MHz, CDCl5):
& 168.5, 138.2, 137.7, 128.5, 127.8, 125.9, 115.0, 97.8, 71.5. 59.5, 38.7, 33.8,
28.0,12.8.
IR (solid):
3306, 1645, 902, 735, 695, 668 cm’.
MS (APCI, positive):
m/z 148.1 (25), 164.1 (10), 258.1 (10), 276.1 (M+1, 75).
HRMS (CI, methane):

m/z 276.1603 (276.1600 ¢ c. r. C;¢H2oNO3, M+H).

(2R,58,6R)-2-Allyl-2-but-3-enyl-4,5- nethyl-6-phenylmorpholin-3-one (68):

\NJ\(Ph
O
"1,/\
=

To a solution of 67 (1.8 g, 6.6 mmol) in dichloromethane (65 L) at —78 °C was
added TiCly (4.3 mL, 39.3 mmol) an allyltrimethylsilane (6.3 mL, 39.3 mmol). The
mixture was gradually warmed to — 40 °C and allowed to stir at this te; erature for 4.5 h.
Saturated NH4C1 was added & | the mixture was warmed to ambient temperature. Water
was added, the biphase was separated  d the aqueous layer was extracted with CH,Cl, (3

x 10 mL). The combined ext ts were dried (Na,S ) and concentrated. The residue was
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purified by flash chromatography on silica (2/1 ethyl acetate/hexane) to give 1.34 g (68%)

of 68 as a colorless gum.

'"H NMR (CDCl;):
5 7.38-7.28 (m, 5H), 5.89-5.80 (m, 2H), 5.26 (d, 1H, J = 2.4), 5.10-5.00 (br m,
3H), 4.97 (br d, 1H, J = 10.5), 3.51 (dq, 1H, J = 6.5, 2.4 Hz), 3.03 (s, 3H), 2.86
(dd, 1H, J=14.7,6.2.), 2.55 (dd, 1H, J = 14.7, 8.4), 2.42-2.38 (m. 1H), 2.05-2.00
(m, 2H), 1.92-1.85 (m, 1H), 0.98 (d, 3H, J = 6.5).

3C NMR (125.8 MHz, CDCl3):
5 171.4, 138.7, 138.3, 133.1, 128.6, 127.8, 125.8, 118.5, 114.8, 82.0, 71.8. 59.5,
40.4,37.5,34.0,28.8, 13.4.

IR (neat):
2978, 1640, 1146, 913, 759.7 cm™.

MS (APCI, positive):
m/z 258.1 (7), 300.1 (M+1, 10

HRMS (CI. methane):
m/z 300.1968 (300.19  calc. for. CjoHysNO,, M+H).

Enantiomeric excess (HPLC):
Chiralpak AD-H column, hex 1e/isopropyl alcohol 98:2, flow rate 1 mL/min, r
(major): 7.6 min., fr (minor): 8.4 min., 98% ee.

[a}Pp =- 48 (¢ 1, CH,Cly).



67

(2R)-2-Allyl-2-hydroxy-/N-methylhex-5-enamide (65):

NH

O "’//\

=
To anhydrous liquid ammonia listilled over sodium) was added Na (0.68 g. 29.4
mmol) at —78 °C and the mixture was stirred for 15 min. To the resulting blue solution
was added a solution of 68 (1.15 g, 4.2 mmol) in anhydrous 1 F (2.5 mL) and the
mixture was stirred for 4.5 m . A mixture of 2/1 methanol/water (3mL) was added and
the reaction mixture was brot "it to ambient temperature and stirred for 30 min to remove
ammonia. The resulting solut | wasc entrated under reduced pressure and the residue
was purified by flash column 1rom: raphy on silica gel (3/2 ethyl acetate/hexane) to
yield 65 (620 mg, 81%) asav ite solid.
Mp: 75-76 °C.
"H NMR (500 MHz, CDCl;):
8 6.90 (bs, 1H), 5.84-5.73 \, _.1), 5.17 (br m, 2H), 5.02 (br dd, 1H. J = 8.8, 1.6),
4.95 (brd, 1H, J=10.1 Hz,), 3.05 (s, 1H), 2.82 (d, 3H, J= 5.4 Hz), 2.68 (dd, 1H,
J=143,6.7),234(dd, 1. J 14.3,8.2),2.24-2.16 (m, 1H), 2.03-1.94 (m. 2H),
1.69-1.63 (m, 1H).
BC NMR (125.77 MHz. CDCls):
8 175.2,138.3,132.8, 120.0, 1 1.9, 77.5, 44.2,38.4, 28.1, 26.0.
IR (solid):

3346,2949, 1641, 155 1127.993, 953,903 cm™.
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pressure to yield 170 mg (91%) of 69  a white solid. This material was pure (lH NMR)

and was used directly in the next step.

Mp: 90-91 °C.

'H NMR (500 MHz, CDCls):
0 5.87-5.78 (m, 2H), £ ~1-5.00 (br m, 1 H), 5.19 (d, 1H, J=5.9), 5.07 (br dd, 1H,
J=15.6,14),499 (dd, 1H, J= 8.7, 1.4), 3.00 (broad, 1H), 2.60 (dd, 1H, J= 6.8,
13.8), 2.46 (dd, 1H, J=13.8, 7.2), 2.32-2.25 (m, 1H), 2.06 (s, 1H), 2.10-2.01 ((m,
1H), 1.94 (m, 1H), 1.82 (m, 1H).

3C NMR (125.77 MHz, CD,Cl,):
0 177.7,138.3,132.4, 120.3, 115.5, 77.7, 44.3, 38.3, 28.5.

IR (solid):
3078, 2954, 1718, 1642, 1094, 15,915 cm’™.

MS (APCI, negative):
169.1 (M-1, 100).

HRMS (CI, methane):
m/z 169.0866 (169.( 55 calc. for. CoHi303, M-H).

[@]*h =-10.6 (c 1, CH,Cl,).
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(R)-5-Carboxy-5-carboxymethyl-dihydrofuran-2(3H)-one (42):
HO\fO
0]

To a solution of 69 (120 mg, 0.71 mmol) in acetone (3 mL) was added a solution
of KMnOj; (34 mg, 0.22 mmol) in water (20 mL). The mixture was stirred for 10 min,
solid NalO, (1.8 g, 8.5 mol) was added and the purple mixture was stirred for 48 h at
ambient temperature. Methanol (5 mL) and conc. HCI (0.4 mL) were added and the
mixture was stirred vigorously for 15 n. The resulting brick red mixture was filtered,
the solids were washed with acetone the combined filtrates were concentrated under
reduced pressure. The resid obta :d was dissolved in saturated aqueous sodium
bicarbonate the solution was washed v h ethyl acetate (2 x 15 mL). The aqueous layer
was acidified with aqueous 6 N HCI and the acidic solution was concentrated to dryness.
The residue was extracted with acetone (3 x 1 nL) and the combined acetone extracts
were concentrated under red :ed pressure. The solid obtained was purified by flash
chromatography on a short silica :l column (2/1 hexane/acetone) to yield 85 mg (64%)
of 42 as a white solid.

Mp: 146-147 °C (Lit.' mp: 1+ 148 °C
'"H NMR (500 MHz, D,0):
03.22(d, 1H,J= 16 Hz), 2.96 (d, 1H, J = 16 Hz), 2.72 (br t, 2H, J = 7.5), 2.37-

2.33 (m, 1H), 2.33-2.2 (m, 1H).
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'H NMR (500 MHz, dg acetone):
§3.21 (d, 1H, J=17.1 3.02 (d. 1H, J =17.1), 2.71-2.68 (m, 2H), 2.57-2.52 (m,
1H), 2.49-2.42 (m, 1H).
BC NMR (125.77 MHz, dg acetone):
§176.9,174.2,171.1, 83.9, 42.3. 32.4, 28.9.
IR (neat):
2952, 1793, 1683, 995, 945 cm™.
MS (APCI, negative): 187.1 (M-1, 100).

[@]?p =-57.0 (c 1, H,0); lit*  (J*°p = -48.9 (c 0.38, H,0).
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Chaptor 3

Enantioselective Synthesis of Functionalized Medium-Sized

Oxacycles

Part of the work described in this chap  has1 :npubl 1edin

C anic Letters 2006, 8, 5897
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Introduction

A significant number of natural products contain medium-sized oxacycles in their
molecular framework. These natural | ducts range from complex ladder-like polyethers
such as brevetoxin, to other f :tionalized monocycles such as laurencin, Hbatrienol and
rogioloxepane (Figure 1). Several members of this class are under pharmacological
investigations owing to their high ion-channel blocking,' antiviral’ and antifungal

activities.’

brevetoxin B

Br
7 : @ |
0]
\\.\“ 7 o D
H N
AcO /
o 4
(+)-rogioloxepane (+)-lobatrienol (+)-laurencin

Figure 1. Natural products having the medium-sized oxacycle framework.
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Scheme 10
OTBS SUNL -
z
7 ...,/ NalO4 Ni O, '/ DBU, toluene
& — = B O d -
o MeOH, H,0 7]/ 0 No—"Y0TBS
SePh \
35 36 37

* Ring-closing metathesis (RCM)

The scope of the methods des »ed above is limited to specific medium-sized
frameworks and is largely de 1ed by the ring-closing transformation. Fortunately, with
recent advances in the field of organc ztallic catalysis for the ring-closing metatheses
(RCM) reaction, a more gener  approach to these systems is now available. " In a typical
example of RCM, two double bonds in an acyclic precursor I undergo metathesis in the
presence of an organometallic cat /st to yield II with the evolution of ethane gas (Figure

2).

Figure 2. The ring closir  metathesis strategy for the synthesis of medium-sized
oxacycles.

Thus, with a relatively simple disconnection, one can easily define an acyclic
intermediate that can provide the nec iy ta :t. Moreover, the reaction conditions are

generally mild and product isolation is simple. Indeed, the metathesis protocol has just
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been a boon to organic synthesis on a small scale, but also for preparations on industrial
scale. Several RCM catalysts are commercially available. 1

Nonetheless, the challenge of synthesis of the medium-sized o» ycles now lies in
the construction of the acyclic RCM substrate and, not surprisingly, this has been the
focus of some recent studies.”™ ¢ At the outset of these studies towards the synthesis
of functionalized medium-sized oxacycles, it was :cided to focus on the synthesis of

chiral dienes and rely on the RCM rea  »n for generation of the cyclic ethers.
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Objective:

The objective of this investigation was to explore the applicability of the
ephedrine-based methodology described earlier (Chapter 1 and Chapter 2) for the
enantioselective construction of functionalized seven-, eight-, and nine-membered

oxacyles.

Results and discussion

From the viewpoint ¢ retrosynthetic anal: s of the medium-sized oxacycles,
acyclic diene V was identified as the -imary target. It was envisioned that the diene V
could be obtained from epoxide VI via an epoxide opening/allylation sequence. The
cyclization of the diene V can be achei 1 by employing the RCM protocol to provide the

unsaturated oxacycle IV (Figt ~ 3).

~ Ph
N/'\f ~ /'\rph
o N
0 ,.0
N A
o) =0
(
m v Vi
/&

Figure 3. Retrosynthetic strateg  for functior zed medium-sized oxacycles.

Removal of the ephedrine portion in IV would re' 1l oxacycle III having the versatile
chiral a-hydroxy amide functionality, which in turn, can be used as a handle for further
functionalization of the framework via nsannular reactions.'

The first task was the synthesis of the spiro-epoxide 40 (Scheme 11). The

synthesis of 40 began with the ephedrine-derived morpholine-dione 38 which was readily
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was possible that concomitant allyl ether cleavage was responsible for the diminished

yield of 45.
Scheme 14
Ph
\N/'\fph \N/'\r
NaH, allyl bromide
0 0 > 0 ©
THF,0°Ctort A\
OH N 88% o)
42 4;\§
PC
. _CL ™ Grubbs |
rubbs | = Cl(l?u— CH2C|2, rt
PCy; Ph 70%
\N/H,Ph
P NH,
- )
THF, -78 °C
47% O J
45 44
Efforts to open the ¢ xide 40 at the terminal carbon were successful when

alkoxide nucleophiles were used (Sc  ne 15). Thus treating the epoxide 40 with the
sodium salt of 3-methyl-3-1 :en-1-ol, or propa ' alcohol cleanly generated the
hemiacetals 46 and 47, respe vely. v sumed that the epoxide opening occured

with inversion of configuration.
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In a related sequence, generation of the diene 53 (90%) via enyne metathesis
could be achieved by utilizing the Grubbs generation I catalyst (Scheme 18). Subsequent
dissolving metal reduction of 53 generated a complex mixture of products and the
required product 54 could not be detected. Presumably, the diene functionality in 53 is

susceptible to reduction under the dissolving metal reduction conditions.

41' 5 Na/NH3, THF O—;{’ OH

O MRrnihhe | ’
AN =,

Scheme 18

k 90% e

1 O \\
49 _\\ 53 54

In addition to the epoxide- ed routes described above, the utility of the

alkylidene morpholinone 39 for the preparation of functionalized dienes has also
examined. In this direction, the Prins reaction®® of 39 with formald: yde provided the
spirodioxane 55 as a single d tereomer (Scheme 19). The absolute configuration of the
newly generated stereocenters in 55 is  signed on the basis of earlier studies in Pansare
group, which had demonstratt that t! Prins reaction of alkylidene morpholinones such
as 39 was stereospecific and proceeds with retention of the alkene stereochemistry.”’

Scheme 19

'y IS U

~ Ph ~ Ph ~ Ph

N ! aq HCHO N N T o//l"'- 0

O)I H,SO,, Dioxane | C 7 C 7 l/ ’ j3
45% \~.-OH H\C

55 (dr>19/1)
39
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allyl bromide (91%, Scheme 22). As anticipated, t ring-closing metathesis of 60 with

the Grubbs I catalyst yielded oxocane 61 (72%).

Scheme 22
Ph
\/'f/'\f CH,Cl, N a
” BBT3, Hz 2
O/ y O / )’1 O
7/ | 78°Ctort y
/\J 21h
O 76%
56
NaH, /S'\/\
0°Ctort,2h

91%
Gruhhe I

N
7
\ux 21h \6—/
0,
2% o NF

Previous results with oxepane  (Scheme 15) had suggested that the allyl ether

funtionality in 61 would ive dissolving metal reduction con tions. However,
treatment of 61 with Na/NH; failed to give the desired product and a complex,
inseparable mixture was obtained instead. It was then decided to use calcium as an
alternative to ¢odium in the reduction of oxocane 61. It is known that Ca in NHj is a
milder reducing agent that Na in NH;.25 For example, Ca/NH; exhibits better selectivity
for debenzylation in the presence of other reducible functionalities. Therefore, the
selective reduction of the phenyl ring in the morpholinone 61 with Ca/NH; over the allyl
ether was anticipated. Howey , actual implementation of these conditions yielded the
olefin 62 (40%, Scheme 23) instead, suggesting that the reduction of the phenyl ring was

accompanied by reduction of the C-O bond in the allylic ether functior “ty.2
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Scheme 23

~ Ph
) Mo
=1, pO Ca/NH;, THF .oy
Complex mixture < Na/NH5, THE Q kel o]
-78 °C, 3 min -78 °C to -33 °C, |

61 40% 62

Given the difficulties countered in the dissolving metal reduction of 61, it was
decided to examine the functi ilizat  of the double bond in 61 prior to the removal of
the ephedrine portion. Accordingly, dihydroxylation of 61 (OsOs, NMO, H,O/THF)
provided the diol 63 in good yield and diastereoselectivity (83%. 78% de. Scheme 24).
Exposure of 63 to Na/NHj gave triol 6 (30%) as a single diastereomer, possibly due to
losses during the isolation/purific  on | )cess. No~ Hly, triol 64 was found to be highly
water soluble.

Scheme 24

(.20 Na /NHj
! —_—
( “OH .78 °C, 2 min
o v, 00
OH 30%
61 63 (78% de) 84 (96% ee)

The major diastereon  in 63 was assigned the shown stereochemistry on the
basis of a preferred conforr ion for 61 that was determined by molecular modeling
studies with the Spartan softv  : (MM2 calculation). In this conformation, the top face of

the double bond in 61 is shielded .y =z phenyl ring in the morpholinone portion of the
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spirocycle (Figure 8). The chirality of the ephedrine can thus be ut zed not only for
stereochemical control in the orpholinone ring but also for remote stereocontrol in the

appended oxacycle.

?ﬁ

g

: M . /_\ disfavoured
¢
) \/ favoured

Figure 8. Proposed origin of stereoselectivity for the dihydroxylation of 61.

Conclusion:

In conclusion, versatile approaches to functionalized, enar omerically pure
oxacycles have been developed. The overall strategy is quite flexible and permits the
construction of seven-, eight- or nine-membered oxacycles from read / available chiral
precursors, namely the alkylidene mo _ 10linone 39 and the epoxide 40. Incorporation of
unsaturation and positioning of the ring oxygen at specific locations in the ring are
achieved by the judicious ch ce of irting materials. The overall efficiency of this
protocol coupled with the h 1 enantioselectivity strongly advocates an invest” tion on
the application of these me ods in the synthesis of selected, naturally occurring

oxacycles and their analogues.
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Experimental

General experimental techniques that have been described in the experimental section

of Chapter 2 were followed.

(Z,55,6R)-2-Ethylidene-4,5-dimethy  -phenylmorpholin-3-one (39):"°

\NJ\,Ph
o%\EO
To a suspension of the dione 38 (2.87 g, 13.2 mmol) in ether (25 mL) was added
ethylmagnesium bromide (prepared from magnesium metal (0.740 g, 30.4 mmol) and
ethyl iodide (2.22 mL, 27.3 mmol) in :r (10 mL)) at 0 °C and the mixture was stirred
at room temperature for 3 h. A satur. d aqueous solution of ammonium chloride was
added and the mixture was extracte with ethyl ‘tate (3 x 10 mL). The combined
extracts were dried (Na;SO4) d conc rated to provide 3.2 g (98%) of the hemiacetal.
This was dissolved in dichloromethane (60 mL), the solution was cooled to -78 °C and
BF; etherate (5 mL, 38.5 mm:  was added. The solution was stirred at room temperature
for 18 h. and cold v “2r 7~ was added. The mixture was extracted with
dichloromethane (3 x 30 mL) and : combined extracts were dried (Na;SO4) and
concentrated to provide the crude pro¢ t. Purification by flash chromatography on silica
gel (2/1 ethyl acetate/hexane) furnishc  2.90 g (95% over 2 steps) of 39 as a pale yellow

gum. Spectroscopic data for 39 was identical to the reported data.'®
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(28,3S,5R,6S5)-5-Phenyl-2,6,7-trimethyl-1,4,dioxa-7-azaspiro[2,5]octan-8-one (40):

To a solution of 39 (1.00 g, 4.30 mmol) in dichloromethane (15 mL) was added
mCPBA (1.20 g. 6.90 mmol) at -78 °C and the mixture was warmed to room temperature
and stirred for 45 min. Saturated NaHCOj3 solution was added and the mixture was
extracted with ethyl acetate (3 x 20 n ™~ and the combined organic layers were dried and
concentrated under reduced presst The residue obtained was purified by flash
chromatography on silica gel (ethyl acetate) to give 0.860 g (80 %) of 40 as a white,
crystalline solid.

Mp: 141-142°C.
'H NMR (500 MHz, CDCl;):

d 7.39-7.36 (m, 2H), 7.33-7.3 (m, 3H), 5.48 (d, IH. J = 2.2), 3.84 (q. IH, J =

5.2).3.64 (dq, 1H, J = 3.5, 6.3), 3.10 (s, 3H), 1.51 (d. 3H, J=5.2), 1.03 (d. 3H. J

=6.3).
>C NMR (125.77 MHz. CDCl;):

5 163.4,136.6.128.5, 128.1, 125.4, 82.0, 75.9, 59.2. 58.5.33.8. 12.8, 12.4.
IR (solid):

2360, 2344, 1665, 1291, 923, 891 cm’".

MS (APCI):

248.1 (M+1, 100).
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HRMS (CI):
m/z 247.1202 (247.1208 calc. f  C14H,sNO3, M),

[a)®p : -161.9 (c 1, CH,Cl,).

(2R,55,6R)-2-Chloro-2-(1-hy -oxyethyl)-4,5-dimethyl-6-phenylmo1 holin-3-one

Ph
e
0
0
el
“OH

To a solution of 3 (0.710 g, 2.90 mmol) in dichloromethane (35 mL) at —78 °C

(@1):

was added TiCly (1.90 mL, 17.4 mmo and allyltrimethylsilane (2.80 mL, 17.4 mmol).
The mixture was gradually warmed to — 40 °C and allowed to stir at this temperature for 9
h. Saturated NH4Cl was added and ¢ mixture was warmed to ambient temperature.
Water was added, the bipl : was s rated and the aqueous layer was extracted with
CH,Cl; (3 x 10 mL). The con ined extracts were dried (Nay;SO4) and concentrated. The
residue was purified by flash chromat:  aphy on silica (2/1 ethyl acetate/hexane) to give
0.350 g (43%) of 41 asa color 35 im.
'H NMR (500 MHz, CDCl5):
6 7.42-7.29 (m, 1H), 5.65 (d, .J=3.3), 36-4.31 (m, 2H), 3.64 (qd, 1H, J =
3.3,6.6),3.08 (s, 1H),1.44 (d, H,J1=6.1),0.99 (d, 1H,J =6.6)
BC NMR (125.8 MHz, CDCl,):

0 165.2,135.6,128.4,128.2, 125.5, 101.3, 73.8, 71.8, 58.3, 34.1, 16.6, 13.2.
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MS (APCI):

284.1 (M+1, 100).

(28,58,6R)-2-Allyl-2-((S)-1-hydroxyethyl)-4,5-dimethyl-6-phenylmorpholin-3-one

Ph
W

o 0
HO™ N\

(42):

To a solution of 40 (0.770 g, 3.1 mmol) in dichloromethane (25 mL) at -78 °C was
added allytrimethylsilane (3.00 mL, 18.6 mmol) followed by BF;.Et,0 (2.30 mL, 18.6
mmol). The mixture was stirred at -78 °C for 15 min and then warmed to ambient
temperature and stirred for 3 . Cold water was added and the resulting mixture was
extracted with dichloromethane (3 25 mL). The combined organic layers were
concentrated under reduced pressure and the residue was purified by flash
chromatography on silica gel (2/1 ethyl etate/hexane) to provide 0.360 g (40%) of 42 as
a white solid.
'H NMR (500 MHz, CDCl3):

3 7.40-7.37 (m, 2H), 7.33-7.27 m, 3H), 5.95 (m, 1H), 5.41 (d, 1H, J = 2.2), 5.17

(dd, 1H, /=14, 16.1), 05(d, 1H,J=10.3), 4.05 (dq, IH, J= 6.5, 2.7), 3.88 (d,

1H,J=2.7),3.52 (dq, IH,J= 6,2.2),3.06 (s, 3H), 2.96 (m, 1 , 2.65 (dd, 1H,

J=79,149),137(d,3H,J=6 ,0.98(d, 3H,J=6.6).
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C NMR (125.77 MHz, CDCl):
o 171.6, 137.9, 134.3, 128.6, 127.9, 125.7, 118.4, 81.9, 73.2, 72.0, 59.3, 37.0,
33.9,16.9, 13.0.
IR (solid):
3394, 2974, 2936, 2896, 1622, 978, 887 cm™.
MS (APCI):
290.1 (M+1, 100).

HRMS (CI):

m/z 289.1669 (289.1678 calc.  C;7H»;3NO;, M+).

(25,55,6R)-2-Allyl-2-((S)-1-(ally! .y)ethyl)-4,5-dimethyl-6-phenylmorpholin-3-one

(43):

To a solution of the alcohol 42 (0.300 g, 1.l mol) in THF (15 mL) at 0 °C was
added KH (0.0500 g, 1.25 mmol). TI mixture was stirred . 0 °C fc 15 min and allyl
bromide (0.270 mL, 3.12 mmol) was ed dropwise. The mixtt  was then warmed up
to ambient temperature, stirred for 3 h and cold water was added. The mixture was

extracted with ethyl acetate (3 x 20 mI and the combined organic layers were dried and
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concentrated under reduced pressure. The residue was purified by flash chromatography
on silica gel (2/1 ethyl acetate, :xane) to provide 0.30 g (88 %) of 43 as a yellow gum.
'"H NMR (500 MHz, CDCl):
8 7.39-7.29 (m, 5H), 6.0-5.91 (m, 2H), 5.31-5.26 (m, 2H), 5.17-5.02 (m, 3H),
4.20-4.16 (m, 1H), 4.10-4.06 (m, 1H), 3.81 (g, 1H, J=6.5), 3.50-3.47 (dq, 1H, J =
6.1,2.9), 3.04 (s, 3H), 2.83 (dd, 1H, 2.6, 6.5), 2.72 (dd, 1H, J = 6.5, 6.7), 1.37 (d.
3H,J=6.5),1.02(d,3H,J=6 .
3C NMR (125.77 MHz, CDCls):
0 169.6, 138.5, 135.6, 33.8, 128.5, 127.7, 125.9, 118.0, 116.9, 84.6, 79.9, 72.4,
71.7, 59.3, 38.8, 34.0, 15.4, 12.9.
IR (neat):
2980, 1636, 1451, 1379, 1071, 1030, 919 cm™.
MS (APCI):
330.2 (M+1, 100).
HRMS (CD):

m/z 329.1982 (329.1991 calc. for C0H27NO3, M+).
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(2R,35,6S8,75)-2-Phenyl-3,4,7-Trime yl-1,8-diox: -azaspiro[5.6]dodec-10-en-5-one

(44):

Ph

6]
o)

o |

To a solution of 43 (0.220  0.670 mmol) in dichloromethane (90 mL) was added
Grubbs I catalyst (0.0250 g, 0.0300 mmol, 4.50 mol %). The mixture was stirred at room
temperature for 5 h and the solvent was removed ur ~ r reduced pressure. The residue was
purified by flash chromatog 1y on lica gel to ve 0.140 g (70 %) of 44 as a pale

yellow oil.

"H NMR (500 MHz, CDCl5):
§ 7.37-7.36 (m, 4H), 7.30-7.27 (m, 1H), 5.71-5.68 (m, 1H), 5.65-5.62 (m. 1H).
5.16 (d. 1H, J =3.5), 43¢ 46 (m, 2H), 4.26-4.22 (m, 1H), 3.53 (dq. IH../ = 6.1,
3.4), 3.01 (s, 3H), 2.89 (dq. ", J=6.6,4.7), 1.31 (d. 3H, J = 6.2), 0.97 (d. 3H. J
=6.1).

13C NMR (125.77 MHz, CDCl5):
§ 170.5, 138.2, 130.5, 1. 5, 127.7. 175.7, 125.4, 83.8, 80.7. 71.2, 69.1, 59.1.
33.9,33.8,16.8, 13.4.

IR (neat):

2938, 1628, 1448, 1402, 1380. 1027. 900 cm™.
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3C NMR (125.77 MHz, CDCl3):
5174.1,131.3, 1283, 82.6, 76.4, 69.2. 38.9,25.8, 17.4.
IR (neat):
3435, 3015, 1737, 1686, 1537, 1215, 745 cm™,
MS (APCI):
186.1 (M+1. 100).
[a]®p = +53.6 (¢ 1, CH,Cl).
HRMS (Cl):

m/z 185.1043 (185.1052 calc. f CoH5sNO;, M+).

(25,55,6R)-2-((S)-1-(3-Meth: ut-3-enyloxy)ethyl)-2-hydroxy-4,5-dimethyl-6-

phenylmorpholin-3-one (46):

- J\rPh
(0]
O)\Eou

W O

To a solution of 3-n  hyl-3-b :ne-1-0ol (0 ! mL.4.40 0l) in THF (35 mL)
at 0 °C was added NaH (0.121 g, 04 mmol). The mixture was then stirred for 15 min at
0 °C and the epoxide 40 (0.900 g, 3.60 mmol) was added as a solid. The reaction mixture
was warmed to ambient temperature, stirred for 3 h, cold water was added, and the
mixture was extracted with ethyl acetate (3 x 20 mL). The combined organic layers were

dried and concentrated und reduced pressure. The residue was purified by flash
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chromatography on silica gel (1/1 ethyl acetate/hexane) to provide 1.00 g (83 %) of 46 as

a colorless gum.

'H NMR (500 MHz, CDCl;):
0 7.37-7.33 (m, 4H), 7.31-7.27 (m, 1H), 538 (d, 1H, J = 2.6), 4.71 (s, 1H), 4.67
(s, 1H), 4.04 (s, 1H), 3.88 (q, IH, J=6.4), 3.67 (m, 1H), 3.46-3.41 (m, 2H), 3.02
(s, 3H), 2.23-2.20 (m, 2H), 1.70 (s, 3H), 1.36 (d, 3H, J = 6.4), 1.03 (d, 3H, J =
6.2).

3C NMR (125.77 MHz, CDCL):
o 168.8, 143.0, 137.0, 128.5, 127.8, 126.1, 111.5, 97.6, 79.2, 72.9, 68.3, 59.8.
38.4,33.7,22.7,12.1, 12.0.

IR (neat):
3347,2940, 1641, 147~ 1109, 124,891 cm™,

MS (APCI):
334.2 (M+1, 100).

HRMS (CI):

m/z 333.1933 (333.1940 calc. Ci9H27NO4, M+).
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IR (solid):

3294, 1658, 1449, 1195, 1148, 78,1014, 967 cm’".
MS (APCI):

304.1 (M+1, 100).
HRMS (CI):

m/z 303.1481 (303.147 calc. for C17H21NO4, M+).

(2S,5S,6R)-2-((R)-1-(3-Methylbut-3-enyloxy)ethyl)-2-allyl-4,5-dimethy-6-

phenylmorpholin-3-one (48):

To a solution of 46 (0.500 g, 1 mmol) in dichloromethane (20 mL) at -78 °C was
added allytrimethylsilane (1.50 mL, 9 mmol) followed by BF;.Et;O (1.10 mL, 9 mmol).
The mixture was stirred at -78 °C for 15 min and then warmed to ambient temperature
and stirred for 36 h. Cold wa 1s added and the mixture v 5 extracted with
dichloromethane (3 x 20 mL). The ¢«  bined organic layers were dried and concentrated
under reduced pressure. The residue was purified by 1sh chromr graphy on silica gel
(1/1 ethyl acetate/hexane) to provide 0.232 g (43%, 63% based on recovered starting

material (0.160 g)) of 48 as a colorless oil.
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"H NMR (500 MHz, CDCl5):
§ 7.38-7.34 (m, 4H), 7.30-7.27 1, 1H), 6.02-5.96 (m, 1H), 5.30 (d.1H. J=2.5),
5.09 (dd, 1H, J = 13.3. 1.0). 4.70 (d, 1H, J=10.1), 4.72 (s, 1H), 4.67 (s, 1H), 3.81
(q, 1H, J = 6.3), 3.68-3.63 (m, 1H), 3.46-3.40 (m, 2H), 3.02 (s, 3H), 2.63 (dd, 1H,
J=14.1, 7.4), 2.53 (dd, 1H. J = 14.1, 7.2), 2.21 (brt, 2H, J = 6.5), 1.72 (s. 3H),
1.32(d, 3H, J=6.3), 1.01 (d, 3H, J=6.2).

BC NMR (125.77 MHz, CDCls):
§ 170.1, 143.2, 138.9, 134.5, 128.4, 127.6, 126.0, 117.8, 111.4, 84.0, 80.4, 73.4,
68.4,59.5,40.8, 38.5, 33.8,22.8, 13.0, 12.2.

IR (neat):
2982, 1737, 1605, 1402, 1310, 1 36, 1090, 1068, 852 cm™.

MS (APCI):
358.3 (M+1, 100).

HRMS (CI):

m/z 357.2305 (357.2304 ¢ c. r CyH3INOs3, M+).
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IR (solid):

1703, 1580, 1421, 1389, 1135, 1054, 1010 em™.
MS (APCI):

328.3 (M+1, 100).
HRMS (CI):

m/z 327.1835 (327.1834 calc. for C;0H,sNO3, M+).

(2R ,35,6S5,75)-3,4,7,11-Tetra e 1_ phenyl-1,8-dioxa-4-azaspiro[S.7|tridec-11-en-

\NJ\(Ph
T
T,
OQ

To a solution of 48 (0.100 € 0 mmol) in dichloromethane (28 mL) was added

S-one (50):

the Grubbs 1I catalyst (0.0560 g, 0.C. )0 mmol, 20 mol %). The reaction mixture was
stirred at room temperature for 48 h¢  the solvent was removed under reduced pressure.
The residue was purified by flash chromatography on silica gel to give 0.0800 g (87 %) of
50 as colorless oil.
'H NMR (500 MHz, CDCls):
8 7.39-7.28 (m, 5H), 5.25 (br, 2H), 4.17 (br dt, 1H, J=12.0, 2.8),3.58 (q, I1H, J =
6.3),3.51 (dg, IH,J= 7,3.1),3.41 (t, IH, J=12.0), 3.17 (dd, 1H, J = 14, 10.4),
3.01 (s, 3H), 2.89 (br t, IH, s 12),2.60 (dd, 1H, J= 5.8, 14), 1.78 (s, 3H), 1.75

(dd, 1H,J=12.2,2.8), 1.19 (d, 3H, J = 6.3), 0.92 (d, 3H, J = 6.7).
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Mp:
102-103 °C;
"H NMR (500 MHz, CDCls):
0 6.72 (br s, 1H), 5.32 (br s, 1H), 4.22 (br s, 1H), 4.01 (br s, 1H), 4.68 (br q, 1H),
3.53 (br t, 1H), 2.89 (d, 3H, J = 5.4), 2.75 (br s, 2H), 2.17 (br s, 1H), 1.84 (br s,
4H), 1.02 (d, 3H,J=6.3); a s sfactory '°C spectrum could not be obtained due
to atropisomerism resulting in peak broadening.
IR (solid):
3354, 2920, 1700, 1684, 1540, 1088, 968, 895 cm™.
[a]®p : -109 (¢ 1, CH,CL).
MS (APCI):
214.1 (M+1, 100).
HRMS (CI):

m/z 213.1371 (213.1. 5 calc. for C; | H9yNO3, M+).

(15,25,6R,75)-2-Bromo-7-hydroxy-2,6-dimethyl-5,9-dioxa-bicyclo[S.2.1]decan-8-one

(52):

)
HO \}{

O
3 k
—'Br

To a solution of 51 (0.0400 0.190 mmol) in THF (1 mL) was added N-
bromosuccinimide (0.0500 g, .280 :  ol) and the solution was stirred for 3 h at room

temperature. Saturated aquec  NaHSO; solution (1.5 mL) was added and the mixture
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was extracted with ethyl ace 2 (3 x 3 mL). The combined organic layers were dried

(Na;SQy), concentrated and the residue was purified by flash chromatography on silica

gel (7/3 ethyl acetate/hexane) to "ve 0.0270 g (54%) of 52 as a colorless gum.

"H NMR (500 MHz, CDCls):
0 4.77 (dd, 1H, J=11.5, 1.5), 4.12 (ddd, 1H, J = 13, 6, 2), 3.8 (dd, 1H, J=13.0,
9.0), 3.76 (q, 1H, J=6.3),3.20 (dd, 1H, J=15.5,2),2.78 (dd, = |, J=15.5, 11),
2.72 (br s, 1H), 2.36 ( 1d, 1H, J = 16.5, 10.0, 2.0), 2.25 (dd, H,J =16.5, 6.0),
1.95 (s, 3H), 1.37 (d, 3H, J=6.3).

3C NMR (125.77 MHz, CDCly):

0177.7,83.5,81.4,76.4,¢ 6, 17,444, 388,34.2,15.9.

(2R,3S,6S,75)-3,4,7-Trimethyl-2-phenyl-10-vinyl-1,8-dioxa-4-a: ipiro[S.6]dodec-10-

en-5-one (53):

To a solution of 49 (0.0500  0.150 mmol) in dichloromethane (15 mL) was
added Grubbs I catalyst (0.01 ) g, 0.0200 mmol, 10 mol%). The mixture was stirred at
room temperature for 48 h and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography on silica gel to give 0.045 g (90%) of 53 as

colorless oil.
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'H NMR (500 MHz, CDCls):
8 7.39-7.28 (m, 5H), 6.23 (dd, 1H, J = 9.2, 6.9), 5.61 (t,J = 6.4), 5.16 (d, 1H, J =
3.6),4.93 (d, 1H, J = 13), 4.90 (d, 1H, J = 18.5), 4.78 (br d, 2H), 4.54 (dd, 1H, J =
13.3, 2.6),3.79 (q, 1H, J = 6.8), 3.51 (dq. J = 3.6, 6.5, 1H). 3.47-3.44 (m, 1H), 3.0
(s,3H),2.60 (q, 1H.» 15,9.0), 1.28 (d, 1H, J=6.8), 0.95 (d, 3H,J = 6.5).

B3¢ NMR (125.77 MHz, CDCl,):
8 169.6, 138.0, 138.0, 128.5, 127.8, 1...0, 125.8, 111.4, 89.3, 79.5, 72.8, 72.3,
59.0, 33.7, 30.5, 17.0, 12.5.

IR (neat):
1646. 1452, 1399, 1380, 1253, 146, 1123, 1097, 991 cm".

[a]Pp: +24 (¢ 1, CH,CLy).

MS (APCI):
28.3 (M+1, 100).

HRMS (CI):

m/z 327.1834 (327.1834 calc. fi  CyoHysNOs, M -).
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(5R,6R,8R,95)-8-Phenyl-5,9,10-trimethyl-1,3,7-trioxa-10-azaspiro([5,5]undecan-11-

\N/lﬁ’Ph

A, L0

2 0]
o

one (55):

To a solution of 39 (0.562 g, 2.40 mmoles) in glacial acetic acid (10 mL) was
added formaldehyde (0.406 g, 13.5 mmoles) and H>SO4 (0.1 mL). The reaction mixture
was stirred at 85 °C for 8 h and saturated NaHCO; solution was added and the mixture
was extracted with ethyl acetate (3 x ~) mL). The combined organic layers were dried
(Na;S0,) and concentrated ur  r reduced pressure. The resulting residue was purified by
flash chromatography on silica gel (2/3 ethyl acetate/hexanes) to provide 0.340 g (45%)
of 55 as a white solid.

Mp: 134-135 °C.
'H NMR (500 MHz, CDCls):

8 7.44-7.28 (m, 5H), 5.51 (d, 1H, J=3.5),4.81 (d, 1H,J=15.8),5.04 (d, IH.J =

5.8),3.90 (dd, J=11,5),3.80(t,J=11),3.! (dq, IH,J=6.1,3.5), 3.07 (s, 3H),

3.01 (m, 1H),0.99 "~ 77 . 6.1),0.89(d, 1H,J=6.7).
3C NMR (125.77 MHz, CD __):

d164.7,137.4,128.8,128.1, 17 6,100.0, 96.8, 70.4, 68.1, 59.2, 34.7, 34.1, 13.0,

11.7.

[a]®p =-47.3 (c 1, CH,Cly).
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IR (neat):

2977, 1756, 1663, 1153, 985, 967, 881 cm’".
MS (APCI):

292.1 (M+1, 100).
HRMS (CI):

m/z 291.1472 (291." "1 calc. for CgHz;NOy4, M+).

(2S5,58,6R)-2-Allyl-2-((S)-1-(but-3-enyloxy)propan-2-yl)-4,5S-dimethyl-6-

phenylmorpholin-3-one (56):

To a solution of 55 (0.310 g, 1.06 mmol) in dichloromethane (3.5 mL) at -78 °C
was added allytrimethylsilane (3.40 mL, 21.2 mmol) followed by BF;.Et;O (2.65 mL,
21.2 mmol). The mixture was stir at — 78 °C for 15 min an then at ambient
temperature for 96 h. Cold water was added and the resulting mixture was extracted with
dichloromethane (3 x 20mL). The combinc organic layers were drie  concentrated
under reduced pressure and the residue was purified by flash chromatography on silica
gel (1/1 ethyl acetate/hexane) to provide 0.290 g (76%) of 56 as a yellow oil.
IR (neat):

2978, 1643. 1452, 13¢ 1378, 1246, 1103, 1001, 913 cm™.
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purified by flash chromatography on silica gel to provide 0.0340 g (° %) of 57 as pale

yellow oil.

'H NMR (500 MHz, CDCl5):
87 7.3 (m, 5H), 5.8 (m, 2H), 5.34 (d, 1H, J = 3.5), 4.1 (t, IH, J = 11.5), 3.85-
3.82 (brm, 1H), 3.54 (dq, 1H, J= 6.7, 3.1), 3.35-3.30 (m, 2H), 3.07-3.05 (m, 1H),
3.05 (s, 3H), 2.95-2.89 (m, 1H), 2.68 (m, 1H), 2.32-2 "7 (m, 1H), 2.16-2.10 (m.
1H), 0.95 (d, 3H, J=6), 0.80 (d, 3H, J=6.7).

>C NMR ( 25.77 MHz, CDCl):
5 138.8, 135.7, 129.8, 1. 3, 128.4, 128.0, 126.0, 83.3, 73.3, 71.0, 70.7, 60.1,
59.1,57.7,34.9,33.8, 29.5, 13

IR (neat):
2920, 2852, 1742, 1640, 1451, 1379, 1124, 1036 cm™.

MS (APCI):
330.2 (M+1, 100).

HRMS (CI):

m/z 329.1986 (329.19¢ calc. for C;0Hy7NO3. M+).















139

"H NMR (500 MHz, CDCls):
§ 7.60-7.47 (m, 5H), 5.83-5.75 (m, 2H), 5.47 (d, 1H, J=3.7), 4.68 (brd, 1H, J =
17.4), 433 (dd, 1H, J = 17.4, 1.8), 427 (t, 1H, J = 11.8), 3.75 (dq, 1H, J = 6.9,
3.2), 3.69 (dd, 1H, J = 11.8, 3.7), 3.42-3.38 (m, 1H), 3.24 (s, 3H), 3.23-3.13 (m,
2H), 1.17(d, 3H,J=9 ,1.06 (d, 3H, J=6.9).

BC NMR (125.77 MHz, CDC
§ 172.1, 138.6, 132.0, 128.5, 27.7, 125.7, 123.8, 82.2, 73.7, 71.4, 71.0, 59.1,
37.3,33.8,33.7,13.3, 13.1.

IR (neat):
2940, 1636, 1452, 1380, 1146, 1132, 1037 cm’".

MS (APCI):
316.3 (M+1, 100);

HRMS (CI):

m/z 315.1830 (315.1834 calc. for C;gH»sNO3, M+).

(S,E)-2-Hydroxy-2-((R)-1-hydroxypropan-2-yl)-N-methylhex-4-enamide (62):
NH
2., jOH
o)
OH
To refluxing anhydrous liquid ammonia (distilled over sodium) was added Ca

metal (0.0530 g, 1.33 mmol) 33 °C and the mixture was stirred for 15 min. To the

resulting blue solution was ad 1 a solution of 61 (0.0600 g, 0.400 mmol) in anhydrous



140

THF (1 mL) and the refluu g mixture was stirred for 40 min. A mixture of 2/1
methanol/water (3 mL) was added and the reaction mixture was | jught to ambient
temperature and stirred for 30 min to remove the ammonia. The resulting solution was
concentrated under reduced pressure and the residue was purified by flash column
chromatography on silica gel (ethyl acetate) to provide 0.0150 g (40%) of 62 as a
colourless oil.
"H NMR (500 MHz, CDCl;):
3 6.85 (bs, 1H), 5.66 ( , 1H), 5.41 (m, 1H), 4.07 (m, 1H), 3.¢ (s, 1H), 3.73 (m,
1H), 2.82 (d, 3H, J = 5.0), 2.¢ (m, 2H), 2.38 (m, 1H), 2.10 (m, 1H), 1.65 (m,
3H), 1.05 (d, 3H,J=17.2).
3C NMR (125.8 MHz, CDC1
0 175.3,128.0,124.5, 81.3, 65.6,40.3,35.2,25. 13.3,13.0.
MS (APCI):

202.1 (M+1. 100).

(2R,35,6S5,7R,115,12R)-11,12-Dihydroxy-3,4,7-trimethyl-2-phenyl-1,9-dioxa-4

azaspiro[5.7]|tridecan-5-one }):

To a solution of 61 (0.1 00 g, 0.190 mmol) in acetone:water (3:1, 0.400 mL) was

added NMO (0.0470 g, 0.400 mmol) fc owed by OsO4 (20.0 uL (4% soln. in water) 3.00
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umol). The reaction was stirred for 3 h at room temperature and the solvent was
evaporated under reduced pressure. Saturated sodium bicarbonate solution was added to
the residue and the resulti Xture was extracted with ethyl acetate (3 x 5 mL). The
combined organic layers were dried d concentrated under red :ed pressure and the
residue was purified by flash chromatography on silica gel (95/5,
dichloromethane/methanol) to ve 0.0550 g (83%) of 63 as a colourless gum.
"H NMR (500 MHz, CDCls):
8 7.39-7.28 (m, 5H), 5.31 (d, 1H,J=2.8),4.52 (d, 1H,J=7.3),4.05(dd, 1H,J =
13.1,2.43.99 (t, 1H, J = 12.1), 3.79 (br s, 1H), 3.60 (dd, 1H. J = 1.4, 13.1), 3.52
(dg, 1H,J=17.3,3.2),3.40(dd,  ,J=12.1. 1),3.02(s,3H),2.83 (brq,2H.J=
8.1),2.69 (m, 1H), 2.23 (d, 1H), 2.18 (s, 1H), 0.94 (d, 3H, J=6.7), 0.83 (d, 3H, J
=7.3).
Visible peaks of them rdias  :omer: & 5.28 (d), 3.05 (s), 0.97 (d), 0.83 (d).
C NMR (125.77 MHz, CDCls):
5 172.6, 138.3,128.5, 127.7, 1 1.7, 79.8, 72.9, . _.5, 70.8, 70.5, 69.0, 59.3, 39.9.
34.9,33.8,13.1, 12.9.
Visible peaks of other isomer:
0 128.7,128.0,71.4,59.2,31.1, 13.2.
IR (neat):
3403, 2937, 1626, 1452, 1380, 38, 1140, 1059, 1039, 755 cm’.
MS (APCI):
350.1 (M+1, 100).

HRMS (CI):
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Formal Total Synthesis of (+)-Laurencin

Part of the work described in this chapter has been published in

Org. Biomol. Chem. 2008 ,6, 2011
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Scheme 5

PvO PvO
25 26

o)
4 L-S:  ride, THF 74 OH 7 oTBS
o o o
OHC
27

s

Sml,, THF

= B
- /\/\/\ ;

Y oTBS
O 7 T T 7 °
Br - ‘/\/\ /\/\/\ ]
v

- Na
[ OAc /SI

Laurencin (1) 29 = p-OH

1) Oxid >n
2) L-selectride “—» 28 =a-OH
88% (2 steps)

The Overman synthesis of (+)-laurer n':

This synthesis starts with asymmetric : y oration of propanal with the
allyldiisopinocampheylborane zenerated in sifu by se 1ential reaction of allyl ether 30
with s-BuLi, (-)-B-methoxy: sopinocampheylborane, Scheme 6) and the resulting
alcohol was converted to the fert-butyldimethylsilyl (TBDMS) ether derivative 31.
Suzuki coupling’® of 31 with (1-bromovinyl)phenylsulfane and removal of the TBDMS
protecting group gave 32. Trc ment of the alcohol in 32 with 4-bromo-4-methoxybutyl
pivalate gave the mixed acetal 33. Deprotection of the silyl ether followed by acylation of

the resulting alcohol gave 34. The key acetal-vinyl sulphide cyclization was carried out
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Scheme 8
Ts o) Ts
BF3 Et,0
J A
0 9 < 43=qH
TBOMSO \ﬁ 82% 1 uso -0
¢ 44 = pH
41 42 O7Q p
1.05, CHyCly 43:44=88: 12
MeOH/NaBH,
2. CH3N,, Et,0
3. HPLC

69%

Ts
H 3 steps Hoﬁ/
TBDMSO 3 - - O

\/O_QA Meooc\){i‘/\o
O7L
46 45

Epoxide 46 was subjected to a base-induced ring opening at the terminal carbon to
form the eight-membered oxacycle 47 (Scheme 9). The alcohol in 47 was then oxidized
and the resulting ketone was treated v h DBU to afford oxocene 48. This in turn was
transformed to the compot | 36 v ich was also an intermediate in Overman’s
synthesis'* of (+)-laurencin (Scheme 7).

Scheme 9

Ts -
‘\\H LDA _\\OH 1. Swern oxid. / OTBDPS
TBDPSOV(O\/ [ j\/ J 0]
\/KH/‘ 0% 5 2. DBU, toluene o
L o)

0 tBDPSO 3. TBAF =

46 a7 HO 48 36

Overman's
intermediate
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The Holmes approach to (+) wurencin'’

This approach originated with  )-malic acid and both the starting materials 49
and 50 were obtained from this sourr (Scheme 10). Wittig reaction of 49 with 50 was
effected by using nBul.i as a base to give the cis-alkene 51. The alcohol 52 was then

obtained from 51 via a protection/deprotection sequence.

Scheme 10
o)( Buli, THF, -78 °C, add 50, OBOM o)(
/\A/O -78 °C1020 °C . Etowo
BrPh3P+ 73%
o 49 o 51
o _~7 L
H
ONOH l
O OH
o \ OBOM OBOM HO
(R)-Malic acid Y Eto\n/‘\/CHO HOWOTPS
0 o]
50 52

Formation of the eight-membered ring was achieved by subjecting 52 to
Yamaguchi lactonization™ to yield the lactone 53 in excellent yield (84%, Scheme 11).
After replacing the BOM oup with TMS, the lactone in the resulting compound was
converted into the vinyl ether 54 by e loying the Petasis reagent. Funtionalization of 1e
double bond was achieved by an intramolecular hydrosilation reaction.?' Thus, replacing
the TMS protection on the secondary :ohol in 55 by dimethylsilyl hydride followed by
the treatment of the resulting ether 56 with the platinum complex 2(DVS),]** gave
compoun : 57 and 58 as a 58:42 1 ture of diastereomers. Compound 57 was then
converted into 59. Also, it wi shown at aldehyde 59 could also be obtained from 58,
albeit in low yield, by oxidation of the secondary alcohol in 58 followed by epimerization

of the C2 carbon as shown by Murai' " and Palenzuela.'’
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Scheme 13

H
Ho\n/\i/\OTBDMS L N TOTBDMS

O OH OL
62 63 A

64
0 1. NaHSO,, LiOH

MeO. 2. HCI (1 M) 6]

N~ 3.DCC/D P 8

MeNHOMe
/ - N
/ 68%
///\O R TBDMS ///\ o=
; 65 “~0OTBDMS

DIBAL reduction of the Weinreb amide 66 (Scheme 14) followed by metalation
with sec-butyllithium, borylation with nacol borate ester and, finally, liberation of both
the aldehyde and allylboronate function by aqueous pH 7 buffer solution generated
aldehyde 67 which spontaneo ly cyclized to the desired oxocane 68. Selective reduction
of the terminal double bond by simple hydrogenation in presence of catalytic amounts of
palladium on carbon secured the oxor  :69. The TBI 1S group in 69 was replaced with
TPS to give compound 57. S cethe ermediate 57 was previously reported in Holmes
synthesis (Scheme 12) of laurencin'”© synthesis constituted a formal total synthesis of

the molecule.
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Scheme 15

_ -CO0H 0 x
OH _ NaH SO 1) (COCl), - \/\Eo\)LN A

- 0O

BrCH,COOH \/\[ 2) o,  olidinethione \\/

OBn  THF OBn Etgr MH,Cl OBn
70 71% 7 b 72 =S pp
72bX=0

TiCly, (-)-spartiene for X =8
TiCly, i-ProNEt for X = O
CH,=CHCH,CHO, CH,ClI,

OH O
/oo A0 N OH OH /IZ
57 = DMAP. CHCl, LiBH, E,O0 & N
“ N R
Holmes intermediate 0 OAc 26 I X o] MeOH v
c
BnO 6 \/j/ 86% BnO Ph
& 73aX=S
73bX=0

The corresponding oxazolidinone 72b was prepared similarly by exposure of the
acid chloride to the lithium salt of (S)-4-benzyloxazolidine-2-one. Enolization of the
acyloxazolidinethione 72a was achie' by using TiCls and and (-)-sparteine and that of
72b with TiCls and Hunig’s base. Reaction of the enolates of 72a and b with 3-butenal
gave the aldol products 73a and 73b in good yields d diastereoselectivity (90% yield at
30% conversion for 73a and 65% yield for 73b, >96% de for both 73a and 73b).
Reductive removal of the chiral auxiliaries in 73a and 73b provided the diol 74 in good
yield (86%). Acetylation of the diol : »rded the diacetate which was then subjected to a
RCM reaction to furnish the e ht-membered oxacycle 75, which was then transformed to
the intermediate 57 previously reported in the Holmes synthesis (Scheme 11) of

.1y
laurencin.
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generation I catalyst led to a successful ring closing metathesis reaction to afford the
oxocene 83, which could then be converted into aldehyde 84 in four steps.

Scheme 17

y 0
0~ N_ O A~ THE  — Y
—_
r W(])/ 71% O 0
81 82 >90%:
) |, DCM
94%
- — Bn
" 4 steps
TIPSO ) ] - 2_ BnO" )__\
\“. O - 8 s,
(0]
84 83 0 (o)

The strategy for installation of the side-chain included an asymi1 :tric acetate aldol
reaction of the aldehyde in 84 wi  (S)-(+)-3-acetyl-4-isobutyl-2-thiazolidinethione
(Scheme 18)to givea3.3:1 x ¢ diastereomers in favour of the desired isomer 85.
Reductive removal of the ch | ¢ <l -y and reaction of the ensuing aldehyde with the
phoshonium salt 86 gave a mixture of isomeric alkenes with the desired frans-enyne 87 as

the major product. The eny 87\  then converted to (+)-laurenc in three steps.
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Scheme 18
S

0
P .
~ N”"S TiCl,, DIPEA, == _
L CH,CL, i-Bu
TIPSO i-BU -78 °C TIPSO 7——\
?, B ., S

—~o T | o m”w

0 83%. (3.3:1 in favor of HO ¢

Y

; . S
84 tt rdias esor )
1.C AL-H THF
74% 2. TIPS~ ~CH,P*PhsBr, 86
n-BuLi, THF

j @

. « - - TIPSO
“ ~ .

Br’&o 1(\/\\\ s. O “, =
— OAc HO A
87 TIPS

(+)-laurencin (1)

The Kim synthesis of (+)-Iaurencin30

Kim and co-workers star 1 r synthesis (Scheme 19) by using a sequence
similar to the Crimmins , >tocol (¢ ral glycolate alkylation and chelation-controlled
addition of ethylmagnesium bromide, Scheme 16). Alkylation of oxazolidinone 76
(Crimmins approach, Scheme 16) with allylic iodide 88 gave 89, which could be
converted into the methyl ester 90. A one-pot conversion of 90 to 91 was achieved by
DIBAL reduction and in situ addition of EtMgBr.?' The alcohol 91 was then converted to
amide 92, which, in turn, when treated KHMDS gave the oxocene 93 in excellent yield

and diastereoselectivity (dr > 25:1, 94%).
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Objectives

The objective of this study was to examine the utility of the epoxide opening /
RCM protocol (Chapter 3)** r the synthesis of the oxocene core in (+)-laurencin.
Specifically, we targeted the ketone (+)-48 (Fig. 2), which is an advanced intermediate in
the Palenzuela synthesis' of (1 laurencin.

O N
0
00—

48 ©OH

Figure 2. The] enzue intermediate for the synthesis of (+)-laurencin

Results and discussions

The retrosynthetic plan (Scheme 23) was based on the use of the ephedrine-
derived template (Chapter 3) { - stereocontrol, and on a ring-closing 1 ‘tathesis reaction
to achieve the oxocene forma )n. It was reasoned that the target ketone 48 could be
obtained from the spiro-system 106, which. in turn, would be the outcome of the ring-
closing metathesis reaction of the diene 107 obtained by allylation of the hemiacetal 108.
It was hoped that a direct en / to the a,a’-disubstituted ether motif in 107 could be
achieved by an epoxide ring-opening of the spiro-epoxide 110 with a secondary alcohol
109. Epoxide 110 could be obtained >m the alkene 111, which, in turn, should be

accessible from the dione 1127
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mediated reactions of 110 will almost certainly proceed via nucleophilic addition to the
acetal carbon.”® Consequently, direct nucleophilic ring-opening of epoxide 110 at the
terminal carbon was the only alternative. While the ring-opening of substituted epoxides
with secondary alkoxides is uncommon, it was gratifying to see that epoxide 110 reacted
with the potassium salt of alcohol 109 to furnish the hemiacetal 115 (60%). This key step
assembled the two stereocenters adjacent to the oxygen in the oxocene core of laurencin
(Scheme 26).

Scheme 26

) 0°C to rt
110 109 50%

~ Ph
\N/'H,Ph OH )NJ\’
H. THF. .
O+/\/k/('—K- -O"‘O A\
HO )0,
115
BnO
It was anticipated that allylation of the hemiacetal in 115 would provide the diene
precursor for the required oxocene. However. attempted allylation of 115 with
allyltrimethylsilane in the pre 1ce of “jeetherate provided the spiro-acetal 116 as the

major product (90%, Scheme 27) and « y a trace amount (3%) of the desired allylation

product 117 was obtained.

Scheme 27
A il A,
o7 S BFyELO o7,

O
O°Ctort
\Q

116 90%


















Exr\nv:rnnnta_l
General

General experimental techniques that have been described in the experimental section

of Chapter 2 were followed.

(25,35,5R,6S5)-2-Ethyl-6,7-dimethyl-5-phenyl-1,4-dioxa-7-azaspiro{2.5]octan-8-one

(110):
\NJ\rPh
6]
° o
To a solution of 111 (2.00 g, 8.20 mmol) in dichloromethane (30 mL) was added
mCPBA (1.83 g, 10.6 mmol) at - °C and the mixture was warmed to ambient

temperature and stirred for 40 min. Saturated aqueous NaHCO; was added, the mixture
was extracted with ethyl acete (3 x 20 mL) and the combined organic layers were dried
and concentrated under red ed pressure. The :sidue obtained was immediately
subjected to purification by flash chror itography on silica gel (3/1 ethyl acetate/hexane)
to give 1.70  (80%) of 110 as a colour 5 gum.
"H NMR (500 MHz. CDCl,):
$7.39-7.36 (m, 2H), 7 3-7.27 (m, 3H), 5.47 (d, 1H,J=3.0). 3.69 (1, 1H, J= 6.5).
3.65 (dq, 1H, J = 6.5, 3.0), 3.11 (s, 3H), 1.91-1.80 (m, 2H), 1.12 (t, 3H, J = 7.5),

1.03 (d, 3H, J=6.5).
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13C NMR (125.77 MHz, CDCl;):
8 163.6, 136.7, 128.7, 128.2. 125.5, 82.2, 76.0, 63.5, 59.4. 34.0, 21.0, 12.5, 10.3.
IR (neat):
2976, 1669, 1294, 1195, 930, 700 cm™.
[a]n? =-115.5 (¢ 2, CHCLy);
MS (APCI):
262.1 (M+1, 100);
HRMS (CI):

m/z 262.1451 (262.1443 calc. for C;sHyNO;, 1 +H).

(25,55,6R)-2-((R)-1-((R)-1-(t 1zylo: pent-4-en-2-yloxy)propyl)-2-hydroxy-4,5-

dimethyl-6-phenylmorpholin-3-one (115):

\N/'ﬁlph
¢ 50 \
y y0,

BnO

To a solutic  of the alcohol 109 (0.880 g, 4.21 mmol) in THF "1 mL) at 0 °C was
added KH (0.252 g (obtain ~ by v ing a 30 wt.% dispersion in mineral oil with
hexane), 6.30 mmol, as a suspension in THF (2 mL)). The mixture was then stirred for 10
min at 0 °C and a solution of the epoxide 110 (1.10 g, 4.20 mmol) in THF (5 mL) was
added. The reaction mixture was then warmed up to ambient temperature, stirred for 4.5
h, cold water (10 mL) was added, and e mixture was extracted with ethyl acetate (3 x 20

mL). The combined organic ‘ers w @ dried and concentrated under reduced pressure.
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(3R,5R,65,8R,95)-3-Allyl-9,1 limethyl-S-ethyl-8-phenyl-1,4,7-trioxa-10-

azaspiro[5S.5]undecan-11-one (116):

To a solution of 115 (0.320 g, ., J0 mmol) in dichloromethane (15 mL) at -78 °C
was added allyltrimethylsilane (0.670 mL. 4.20 mmol) followed by BF;eetherate (0.520
mL, 4.21 mmol). The mixture was stirred at -78 °C >r 15 min and then warmed to
ambient temperature and stirred for 22 h. Cold water was added and the mixture was
extracted with dichloromethane (3 x 25 mL). The combined organic layers were dried and
concentrated under reduced pressure. T : residue was purified by flash chromatography
on silica gel (1/3 ethyl acetate/he 1e)  provide 0.220 g (90%) of 1 ) as a colourless
oil.
'H NMR (500 MHz, CDCl5):

0 7.40-7.36 (m, 3H), 7.34-7.31 (m, 1H), 5.89-5.83 (m, 1H), 5.21 (d, 1H, J = 2.3),

5.16-5.07 (m, 2H), 4.21 (dd, 1H, J = 7.3, 5.5), 4.05-4.00 (apparent t, 1H, J = 10),

3.88-3.82 (m, 1H), 3.67 (dd. 1 J=11.2,2.7),3.46 (dq, 1. J=13.2,3.0), 3.07

(s.3H), 2.40-2.34 (m, ), 2.22-2.16 (m, 1H), 1.55-1.49 (m, 2H), 1.12 (d, 3H. J =

5.9),0.98 (t,J = 7.3, 3H).
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pressure. The residue was purified by flash chromatography on silica gel (2/1 ethyl

acetate/hexane) to provide 1.00 g (50% of 122 as a yellow oil.

'"H NMR (500 MHz, CDCls):
8 7.37-7.31 (m, 4H), 7.30-7.26 (m, 1H), 6.85-6.81 (m, 4H) 5.82-5.74 (m, 1H),
5.40 (br s, 1H), 5.09-5.02 (m, 2H), 3.95-3.91 (m, 3H), 3.87-3.84 (m, 1H), 3.75 (s,
3H), 3.47 (dq, 1H, J =6, 2.5), 3.06 (s, 3H), 2.42-2.32 (m, 2H), 2.03-1.97 (m, 1H).
1.85-1.79 (m, 1H), 1.10 (t, 3H, J=8), 1.08 (d, 3H, J = 7).

'>C NMR (125.77 MHz, CDCl):
3 169 (NC=0), 154.0 * s ArCOCH3), 153.3 (.0 ArCOCHy), 137.7 (ArCipso),
1344 (CH=CH,), 128.5 (A H), 127.9 (ArCH), 126.1 (ArCH), 117.9 (,.
oneArCH), 1157 (, amArC , 1148 (CH=CH,), 98.6 (0=CCO), 83.3
(C CHyCHO), 78.0 (PhCH), 76.9 (,.0s.ArCH)), 72.8 (,.0n.ArCH,CH), 69.9
(OCH), 59.9 (NCH), 55.9 (OCHj), 36.5 (CH,CH=C), 33.9 (NCH;), 22.3
(CH3CH,), 12.4 (CH3¢ N), 11.2 (CH;CHy).

IR (neat):
3327, 2936, 1633, 1507, 1230, . 56 cm’;

[a]p? = -60 (c 1, CHCIy).

MS (APCI):
470.2 (M+1, 100).

HRMS (EI):

m/z 469.2467 (469.. calc. for C37H35NOg, M+).
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(r-11e0ATC), 117.6 (51220ATC), 115.7 (CH=CH,), 114.8 (CH=CH,), 85.4 (0=CCO),
84.0 (PhCH), 77.4 (OCH,), 73.7 (- ArCHy), 69.8 (CHO), 59.7 (NCH), 55.9
(OCH3), 41.4 (CH,CH=C), 36.2 (CH,CH=C), 34.0 (NCHj). 22.8 (CH3CH,), 12.7
(CH;CHO), 11.3 (CH;CHN).

IR (neat):
2934, 1643, 1508, 1230, 1043, 823 cm™.

[a]p® = -63 (c 1, CHCL).

MS (APCI):
494.2 (M+1, 100).

HRMS (EI):

m/z 493.2824 (493.2828 calc. for C30H39NOs, M+).

(2R,35,65,7R9R,11Z2)-3,4-D ethyl-7-ethyl-9-((4-methoxyphenoxy)methyl)-2-

phenyl-1,8-dioxa-4-azaspiro[5.7]tridec-11-en-5-one (124):

\NJ\(Ph
_

O/"/,,

PMPO—~"

To a solution of 123 (0.350 g, 0.709 mmol) in dichloromethane (290 mL) was

added the Grubbs (II) catalyst (43 mg, .05 mmol, 10 mol%). The reaction mixture was
stirred at room temperature for 28 h and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography on silica gel (1/1 ethyl acetate/hexane)

to give 0.280 ¢ (85%) of 124 . a white solid.




Mp: 67-69 °C.

'"H NMR (500 MHz, CDCls):
8 7.41-7.35 (m, 2H), 7.33-7.31 (m. 3H), 6.86-6.82 (m, 4H), 6.02-5.97 (m. 1H).
5.62-5.59 (m, 1H), 5.28 (d, 1H. J=3.0), 4.19 (dd, 1H, J = 9.0, 5.0), 3.86 (dd. 1H,
J=9.0,7.5), 3.77 (s, 3H), 3.74-3.72 (m, 1H), 3.56-3.52 (m, 2H), 3.32 (dd, 1H. ./ =
13.0, 5.5), 3.01(s, 3H), 2.¢ (¢ 1H.J=13.0,5.5), 2.51-2.47 (m. 1H), 2.43-2.38
(m, 1H), 1.78-1.75 (m, 1H), 1.42-1.37 (m, 1H), 1.10 (t, 3H, J = _.5), 0.96 (d, 3H. J
=7.0).

3C NMR (125.77 MHz, CDCls):
8 170.3,154.0,153.1, 138 130.2,128.,, 128.6, 127.8,125.7, 115.4, 115.0, 87.7.
85.7, 83.4,72.0, 71.5,58.9. 5¢  33.6,32.1,30.0, 24.9, 13.0, 11.3.

IR (neat):
2958, 1646, 1507, 123 823 cm’.

[alp™ = +13.5 (¢ 1, CHCL,).

MS (APCI):
466.2 (M+1, 100).

HRMS (EI):

m/z 465.2524 (465.2515 calc. for C3H3sNOs, M+).










flash chromatography on silica gel (1/3 ethyl acetate/hexane) to provide 0.145 g (84%) of

126 as a colourless oil.

'H NMR (500 MHz, CDCl5):
3 6.85-6.81 (m, 4H), 5.98-5.93 (m, 1H), 5.89-5.84 (m, 1H). 3.99 (m, 1H), 3.77-
3.75 (m, 2H), 3.72 (s, 3H), 3.50 (dd, 1H, J=10.8, 1.1), 2.70 (d. IH. J = 13), 2.69
(m, 1H), 2.58 (d, 1H, J=13.0), 2.46 (s, 3H), 2.38-2.27 (m, 2H),2 1(dd, IH,J=
12.5, 6.5), 1.69-1.65 (m, 1H), 1.27-1.19 (m, 1H), 1.04 (t, 3H. J = 7.0).

3C NMR (125.77 MHz, CDCl5):
0 154.0, 153.2, 130.1, 129.2, 115.5, 114.8, 85.4, 80.6, 76.9, 71.7, 56.5, 55.9, 37.7.
36.6,31.4,24.0, 11.4.

IR (neat):
2930, 1737, 1507. 1771, 1039, 823 cm’".

[a]o”? = +85 (¢ 1, CHCL,).

MS (APCI):
336.2 (M+1, 100).

HRMS (CI):

m/z 336.2193 (336.2. .0« c. for C;oH30NOs, M+H).
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2.36-2.34 (m, 2H), 2.C (m. 1H), 1.81-1.74 (m., 1H), 1.73-1.63 (m, 1H), 1.00 (t,
3H,J="1.5).

B3C NMR (125.77 MHz, CDC ):
§ 2132 (C=0), 1283 (O=CCH,CH=CH), 126.2 (O=CCH,CH=CH), 87.0
(C,H;CH), 84.3 (OCH), 66.1 (CH,OH), 41.2(0=CCH,), 30.2 (CH,CH=), 26.3
(CH3CH,), 10.2 (CH;CHy).

IR (solid):
3440, 3026, 1710, 1645, 1095, 1063, 755 cm’.

[a]p® =+610 (¢ 1, CHCL) (lit." [a]p®  +568 (¢ 0.81, CHCl5).

MS (APCI):

183.1 (M-1, 100).
















-

39.Prepared from commerc vailable (R)-glycidol by adapting the literature

procedure: Cossy, J.; Pradaux, F.; BouzBouz, S. Org. Lett., 2001, 3, 2233.
40. Nowak, A.; Schaumann, E. Synthesis, 1998, 899.

41. Brook, A. G. J. Am. Chem. Soc. 195 80, 1886.
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'"“and C NMR ¢ iectra for Chapter 4
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“hapter 5

Studies on Enantioselective Synthesis of Functionalized

Pyrrolidines



















Scheme 5

BF,.Et,0

\N/,\(Ph
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© \ 15
Bn

_—
0P © CH,Cl, )
HO™ Nz ~OBn _78°Ctont

Bn
~ Ph Bn

~N Ph N /

o=, 4O ‘ OA'O"' O H

0" “\'H 84% N—
+ Bn
o) \
17 I Bn

It was therefore decided to use

required methyl ether 18 was rea y «
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ie more robust methyl ether analogue of 15. The

ained by methylation of the alcohol in 12 (KH,

Mel). The aminoketone 21 was then obtained from 18 (Scheme 6) by following a reaction

sequence similar to that for ar

Scheme 6
\NJ\’Ph KH Mal
O | ©
OH o
12
\NJ\rPh

-
o7 ©
HO" .~ ~Op

o NBn

10ketone 15 (Scheme 4).

Ph ~ Ph
\N/k" m-CPBA N/'ﬁ’

- —_—
o o Ch,Cl, . 0Ny P
| o
OMe  89% OMe
18 19
BnNH,
THF, reflux
O 8h
,U\ \NJ\(Ph 65%
— o}
O, 1 OHO\"
OMe
240 BaHN )
88% 0
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Conclusions

While the target pyrrolidines were not synthesized in this study due to time
restriction. further investigations based on this study may be more fruitful. Nevertheless, it
should be noted that the epoxide ring-opening and aziridination approaches towards
functionalized pyrrolidines have provided interesting intermediates, which may also be ust 1l

for the synthesis of other targets such as « i ydroxy-fB-aminoacids.
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Experimental

General

General experimental techniques that have been described in the experimental section

of Chapter 2 were followed.

(Z,58,6R)-2-(2-Hydroxyethylidene)-4,5-dimethyl-6-phenylmorpholin-3-one (12)

To a stirred solution of 11 (840 mg, 2.90 mmol) in dichloromethane (10 mL) at -
78 °C was added DIBAL-H (1.42 g (10.2 mL of 1 M solution in dichloromethane), 10.2
mmol) dropwise. The resulting mixture was stirred at -78 °C temperature for 6 h and 3 M
HCI (5 mL) was added. The rc 1ilting mixture was warmed to room temperature and was
extracted with ethyl acetate (2 x 25 n ). The combined organic layers were dried and
concentrated under reduced pressure. ©  residue was purified by flas chromatography
on silica gel (ethyl acetate) to provide 395 mg (60%) of 12 as a colourless oil.
'"H NMR (500 MHz, CDCl5):

8 7.43-7.31 (m, 5H), 6.22 (t. /= 6.5). 5.28 (br d. 1H. J = 3.5), 4.43 (dAB-system.,

2H,J=6.5,14.),3.56 (dq, 1H, J= 3.5, 6.3),3.10 (s, 3H), 1.01 (d, 3H, J=6.3).
BC NMR (125.77 MHz, CDCl»):

8 159.2,145.0,136.7, 128.8, 12 7.128.4,125.7,114.5,77.7, 58.8, 57.5, 33.9,

12.0.
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mixture was extracted with et 'l acetate (3 x 2 mL). The combined organic layers were
dried and concentrated under reduced pressure. The residue obtained was purified by
flash chromatography on silica gel (ethyl acetate) to give 100 mg (89%) of 19 as a white,
crystalline solid.
'H NMR (500 MHz, CDCly):
8 7.41-7.27 (m, SH), 5 ) (brd, 1H,J=2.5),3.94 (dd, 1H,J=4.5,6.3), 3.88 (dd,
1H, J =11, 4.5). 3.72 (dd, 1H, J = 6.3, 11), 3.65 (dq, 1H, J =7.0. 2.5), 3.47 (s,
3H), 3.11 (s, 3H), 1.04 (d, 3H, J = 7.0).
*C NMR (125.77 MHz, CDCls):
0 162.6, 136.3,128.7,128.3. 125.4, 81.3,76.4, 69.6, 60.1, 59.3, 59.3, 34.0, 12.5.
MS (APCI):
278.0 (M+1, 100);
HRMS (EI):

m/z 277.1318 (277.1314 calc. for C{sH;gNOs, M+).

(25,58,6R)-2-(1-(Benzylamino)-2 et )xyethyl)-2-hydroxy-4,5-dimethyl-6-

\M/’\rPh

) o)
%\LO\

"Ph

phenylmorpholin-3-one (20)

To a solution of 19 (1 ) mg, 0.360 mmol) in THF (3 mL at 0 °C) was added

benzyl amine (0.060 mL), 0.540 mmol) at room temperature. The mixture was heated »
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1.10 mmol). The mixture was stirred at 0 °C for 15 min and 3,3-dimethylallyl bromide
(0.133 mL), 1.00 mmol) was added dropwise. The mixture was then warmed up to 50 °C
and stirred at that temperature for 9 h. The reaction mixture was then cooled to 0 °C and
cold water was added. The suspension was extracted with ethyl acetate (3 x 15 mL) and
the combined organic layers were dried and concentrated under reduced pressure. The
residue was purified by flash chromatography on silica gel (2/3, e yl acetate/hexane) to

provide 318 mg (69 %) of 28 as a colourless gum.

"H NMR (500 MHz, CDCls):

Major diastereomer: & 7.71 (d, 2H, J = 8.3), 7.43-7.36 (m, 7H, ArH), 5.39 (br d,
1H, J = 3.2), 5.04-5.01 (brm, = ), 4.78 (q, 1H, J = 7.2), 4.06 (dd. 1H, J = 16.7,
6.7), 3.85 (dd, 1H, J= 6.7, 15.5), 3.49 (dq, 1H, J= 6.6, 3.2), 3.36 (s, 3H), 2.99 (s,
3H), 2.41 (s, 1H), 1.55 (s, 6H), 1.23 (d, 3H,J=7.2), 1.05 (d, 3H, J = 6.6).

Visible peaks of minor diaster mer: 8 7.52 (d, 2H, J = 8.3), 5.77 (brd, 1H, J =
3.2),4.71 (q, 1H,J=17.2),3.93 (dd, 1H, J=6.7, 18.3). 3.55 (dq, I1H, J = 3.2, 6.6),
3.38 (s, 3H), 3.04 (s, 3H), 2.36 (s, 3H), 1.62 (s, 6H), 1.26 (d. 3H. J= 7.2), 1.04 (d.

3H,J = 6.6).
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Chapter 6

Studies on Chiral Amino Icohol Alternatives to Ephedrine
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allyltrimethylsilane, -40 °C) to provide the dialkylated glycolamide derivative 10 (78%)
as a single diastereomer. Energy minimization (Spartan software, MM2 calculations)
studies on the oxocarbenium ion intermediate derived from 9 suggested a conformation
that was very similar to the oxocarbeni 1 ion derived from the corresponding ephedrine-
based hemiacetal. Hence, the :reochemistry of the newly formed stereocenter in 10 was

tentatively assigned as ‘R’.

Scheme 3
O>_ 8]
c’ o - J\(Ph
\NJ\(Ph Bty _ N O'"’Ph
H o onth CHCly, 0
7 0°Ctort o8
4
| CH,CH,CH,MgBr
ether
86%
0°Ctort
_SiMe;
_Ef..('] ~ Ph
" - - - N
0O Cl,, O
2 (0)
y - to 40°C OH
<\ 10 22% 9
Single diaste >mer 4:1 mixture of diastereomers

With the dialkyl morp linone 10 in hand, diphenyl ether cleavage under a variety
of acid hydrolysis conditions was ex:¢ ined. However, all attempts to effect the desired

transformation were unsucces 1l (Scheme 4, Table 1).
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Scheme S
o)
[dep e (o
N - S
H  OH 4C0O; / H,0 )\ OH
12 e ie]
96%

13K

1) SOCl,, MeOH

2) MgBr, THF
70% (two steps)

' CH4OH/ KOH Ph
{ >\</Ph - Ph
N N
H

C 90% )\ OH

15 14

Treatment of diphenyl 5)-pyrre din-2-yl)m 1anol (15) with ethyloxalyl chloride
gave dione 16 (78%, Scheme 6). Treatment of 16 with propylmagnesium bromide
provided hemiacetal 17 (86%) as a 3/1 mixture of diastereomers ('H NMR). The
hemiacetal in 17 failed to undergo al ation when BF;<Et,0 was used as a Lewis acid.
Fortunately, however, allylation of the  miacetal in 17 could be achieved with TiCly and
allyltrimethylsilane at -40 °C to provide 18 as a 1.7/1 mixture of diasterecomers ('H

NMR).












diastereoselectivity of the process was moderate (5/1) and the stereochemistry at the
hemiacetal stereocenter was not deterr 1ed. The hemiacetal in 29 was readily allylated
(TiCly, allyltrimethylsilane, -40 °C) to  ovide the dialkylated morpholinone 30 (68%) as
a 2/1 mixture of diastereomers ('"H NMR, Scheme 10). Energy minimization (Spartan
software) studies on the oxocarbenium ion intermediate derived from 29 suggested a
conformation that was very simi to the « 1edrine-based oxocarbenium ion.

Consequently, the newly formed stereocenter was tentatively assigned the

*S’configuration.
Scheme 10
O O
Cl’”  OFEt - Ph
\N/\.\\Ph J, DMAP N/\
- —_— O
H
OH 2C|2, O%\Y(
27 0°Ctort O 28
39%
,CH,MgBr
ether
77%
Ctort
\/SiMeg
\N/\l"\Ph B T|C|4 \N/\I\\Ph
CH,Cl,, 0 .’/0
-78 °C to 40°C OH
1% 29
2:1 mixture of diastereome single diastereomer

Interestingly, this allylation reaction proceeded with slightly better stereocontrol
as compared to that of hemi :tal 23. This observation suggests that 1.3 stereocontrol

definitely plays a role in the reactions of 23 and 29. However, the ephedrine-based system
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Conclusions

The search for alternatives to ephedrine has provided some insights into the
morpholinone structural elements that were necessary for good diastereoselection. It
appears that both stereocenters in ephedrine may be important for stereoselectivity.
Diphenylalaninol may be a potential alternative to ephedrine and furth investigations on

this system are currently underway in« laboratories.
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Experimental

General

General experimental techniques that} ‘e been described in the experimental section

of Chapter 2 were followed.

(8)-4,5-Dimethyl-6,6-diphenylmorpholine-2,3-dione (8):

- Ph
N Yph

o o)
o

To a cold (0 °C), stirred solution of (S)-2-(methylamino)-1,1-d henylpropan-1-ol
(1.00 g, 4.1 mmol) in dichloromethane (20 mL) was added DMAP (0.03 g, 0.03 mmol).
Triethylamine (0.23 mL, 16.6 1mol) w :added followed by dropwise addition of oxalyl
chloride (1.05 mL, 12.4 mm ). The ixture was stirred at 0 °C for 1 h and then at
ambient temperature for 4 h. Cold water was added a 1 the mixture was extracted with
dichloromethane (3 x 30 mL). The combined organic layers were washed with HCI (2 M,
2 x 20 mL), dried (Na;SO4) and concentrated under reduced pressure to give a pale
yellow oil. Purification of the crude = duct by flash chromatography on silica gel (7/3

ethyl acetate/hexane) gave 0.7 " 1 g (46%) of 8 as a pale green solid.

"H NMR (500 MHz, CDCls):

8 7.44-7.27 (m, 10H), 4.47 (q, 1H, J= 7.5, 1H), 3.15 (s, 3H), 1.22 (d. 3H. J = 7.5).
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Apne..dix 6:

X-ray crystallogr-phi~ data for compound 40
(Chapt_r 3)
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X-ray crystall n phic data for epoxide 40.

3>

Sample: VA-II-95
X-ray St ure Report

x
Dr. Sunil V. Pansare

..e by
Julie L. Collins

Augt  4,2006
Intre  iction
Collection, solution and refinement all proceer  normally. ogen atoms were included in
calculated or difference map positions with isotropic parame set twenty per nt greater than

those of their bonding partners.
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(13) CRYST*LS [~~~ '0: Watkin, D.J., Prout. C.K. Carruthers, J.R. & Betteridge, P.W.
Chemical Crystallography Laboratory, Oxford. K. (1996)

(14) SHELXO97: Sheldrick, G.M. (1997).












Table 1. Atomic coordinates and Bjso/Begq

atom
O(1)
0(2)
0(3)
N(1)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)

Beq =873 nz(Ul |(aa*)2 + U22(bb*)2 + U33(cc“)2 +2U12(aa*bb*)cos y + 2U 1 3(aa*cc*)cos B + 2U23(bb*cc*)cos a)

X
-0.04806(16)
0.07376(18)
0.05358(13)
0.2450(2)
-0.2701(2)
-0.1546(2)
0.0103(2)
0.1139(2)
0.3466(2)
0.2967(2)
0.2701(2)
0.21860(19)
0.2533(2)
0.3767(2)
0.4095(2)
0.3203(2)
0.1979(2)
0.1649(2)

y
0.29510(12)
0.11116(12)
0.44; X11)
0.25828(12)
0.4001(2)
0.29754(19)
0.32095(. . .
0.22( (..,
0.1652(2)
0.38778(16)
0.44. 3(
045 ()
0.59407(16)
0.63576(19)
0.7618(2)
0.84: (18)
0.80583(17)
0.67-2(17)

VA
0.49274(9)
0.36193(11)
0.38061(9)
0.31235(11)
0.40667(14)
0.40991(13)
0.39673(12)
0.35573(1:
0.26909(18)
0.30894(12)
0.20792(12)
0.39176(12)
0.39483(12)
0.45148(13)
0.45561(14)
0.40505(14)
0.34906(14)
0.34322(13)

Begq

3.49(2)
3.92(3)
2.72(2)
3.01(2)
3.52(3)
3.27(3)
2.83(3)
3.05(3)
4.43(4)
2.76(3)
3.25(3)
2.52(2)
2.62(2)
3.30(3)
4.03(4)
3.90(4)
3.47(3)
3.07(3)
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Table 2. Atomic coordinates and B jsc 1volvii  hydrogens/Beg

atom X y z Beg
H(1) -0.3644 0.3 0.4409 4.22
H(2) -0.2950 0.4194 0.3386 4.22
H(3) -0.2269 0.4738 0.4384 4.22
H(4) -0.1923 0.214 0.3869 3.92
H(5) 0.4214 0.13¢ 0.3180 5.32
H(6) 0.4018 0.2015 0.2136 5.32
H(7) 0.2847 0.09¢ 0.2467 5.32
H(8) 0.4106 0.38¢ 0.3216 3.31
H(9) 0.2965 0.38C 0.1579 3.89
H(10) 0.3355 0.51¢ 0.1999 3.89
H(11) 0.1612 0.4671 0.2011 3.89
H(12) 0.2509 0.41' 0.4551 3.03
H(13) 0.4380 0.57: 0.4871 3.96
H(14) 0.4942 0.791 0.4937 4.84
H(15) 0.3434 0.93 0.4088 4.68
H(16) 0.1362 0.86: 0.3146 4.16
H(17) 0.0815 0.65 0.3038 3.68

Beg=8/3 nz(Ul 1(aa*)2 + ng(bb“)2 + U33(cc"‘)2 +2Uj2(aa  >*)cosy + 2Uj3(aa*cc*)cos B + 2U23(bb*cc*)cos o)
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Table 4. Bond lengths (A)

atom atom distance atom atom distance
o(1) C(2) 1.462(2) o(1) C@3) 1.436(2)
0(2) C(4) 1.236(2) 0(3) C@3) 1.379(2)
003) C(8) 1.444(2) N(1) Cc4) 1.342(2)
N(1) C(5) 1.460(2) N(1) C(6) 1.4¢.2)
C(1) C(2) 1.491(2) C(2) C(3) 1.459(2)
C@3) C(4) 1.511(2) C(6) C(7) 1.526(2)
C(6) C(8) 1.521(2) C(8) C(9) 1.501(2)
C) C(10) 1.394(2) C9) C(14) 1.389(2)
C(10) Cn 1.390(2) can C(12) 1.377(3)

C(12) C(13) 1.377(3) C(13) C(14) 1.398(2)















Table 9. Distances beyond the asymmetric unit out to 3.60 A

atom atom
o(1) NV
0O(1) c4)"
0(2) Cc(1)?
0(2) C(14)"
C(1) oV
C(2) c3)y?

C(5) 0(1)”
C(13) 0(2)?
C(14) 02)"

Symmetry Operators:

distance
3.266(2)
3.590(2)
3.449(2)
3.564(2)
3.479(2)
3.570(2)
3.416(2)
3.469(2)
3.564(2)

(1) X+1/2-1,-Y+1/2,-Z+1

(3) X,Y-1.Z

(5) X+1/2,-Y+1/2+1.-Z+1

(7) -X.Y+1/2,-Z+1/2

atom atom
o(1) C(1)?
O(1) c(s)"
0(2) C(13)Y
N(1) O(1)?
C(1) 02)"
C(4) O(1)”
Cc(11) C(14)”
C(13) c)”
C(14) can®

Q) X- 2,-Y+1/2,-7Z+1
@) X +1/2-1,-2+172

6) X 1,Z

(8) X+1/2-1,-Y+1/2+1,-Z+1

distance
3.479(2)
3.416(2)
3.469(2)
3.266(2)
3.449(2)
3.590(2)
3.589(2)
3.L..02)
3.589(2)

349
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Table 10. Distances beyond the asymmetric unit out to 3.60 A involving hydrogens

atom atom distance atom atom distance
O(1) H(1)" 2.587 o(1) H(4)" 3.492
o(1) H(5)? 2.708 o(1) H(8)2’3 3.244
o(1) H(12]))2’ 2.924 88; 38)5‘)’ ) ;ggclt
0(2) H(1) 2.758 .
0(2) H(11)" 2.699 0(2) H(13)? 3.137
0(2) H(15)” 3.097 0(2) H(16)” 2.797
0(2) H17)" 2.673 0(3) H(14)” 3.400
0@3) H(166))4) 3.249 21(% ; H(177))4’ g .ggg
C(1) H(7) 2.972 ( H(8) .
C(1) H(13)" 3.359 C(1) H(15)* 3.263
C(1) H(16)" 3.268 C(2) H(12)" 3.096
C(Q2) H(16)" 3.163 C(2) H(17):’ 3.386
Cc3) H()" 3.251 C(3) H(16)" 3.194
C(3) H(17) 3.395 C(4) H(1)" 2.976
C(4) H(16)" 3.536 C(4) H(17)" 2.863
C(5) H2)Y 3.067 C(5) H(10)® 3.208
C(5) H(15)” 3.163 C(6) H(1)” 3.447
C(6) H(2)” 3.570 C(7) H4)® 3.274
C(7) H(S):g; 3.405 C(7) H(13);)” 3.529
C(9) H(6) 3.527 C(9) H(14) 2.985
C(10) H(6)" 3.047 C(10) H(9)"? 3.207
C(10) H(14)” 3.484 C(11) H(3)™ 3.412
c(1n) H(6)" 2.909 C(11) H(9)'" 3.250
C(12) H(2)i’l) 3.439 g(lz) g%:z: gggg
C(12) H(5) 3.471 (12) .
C(12) H(7)'43’) 3.465 C(12) H(9);§” 3.445
C(12) H(14) 3.468 C(13) H(2) 2.970
C(13) H#)® 3.380 C(13) H(7)"¥ 3.498
C(13) H(13)” 3.414 C(13) H(14)§) 2.970
C(14) H(4)® 3.186 C(14) H(142) ) 2.698
H(1) O(1)? 2.587 H() 0(2)” 2.758
H(1) C@3)? 3.251 H(1) C(4)j’ 2.976
H(1) C(6)” 3.447 H(1) H(5)" 3.583
H(1) H(7)® 3.567 H(1) H(8)" 2.546
H(1) H(12)" 3.367 H(1) H(13)” 2.856
H(1) H(15)" 3.440 H(2) Cc(5)® 3.067

H(?2) C(6)” 3.570 H(2) c12)? 3.439



351

Table 10. Distances beyond the asymmetric unit out to 3.60 A involving hydrogens (continued)

atom atom distance atom atom distance
H(2) c(13)" 2.970 H(?2) H(5)® 3.362
H(2) H(6)® 3.260 H(2) H(7)® 2.224
H(2) H(8)" 2.577 H(2) H(13)" 3.523
H(2) H(15)" 3.419 H(2) H(16)" 2.578
H®G) 0(2)” 3.361 H@3) can? 3.412
H(3) Cc(12)” 2.926 H(3) H(6)® 3.558
H(3) H(7)® 2.895 H(3) H(13)" 3.180
H(3) H(14)* 3.317 H(3) H(15)” 2.407
H(4) O(1)” 3.492 H(4) cn¥ 3.274
H(4) C(13)" 3.380 H(4) C(14)Y 3.186
H(4) H(5)" 3.571 H(4) H(10) 2.740
H(4) HO1)Y 2.945 H(4) H(12)” 2.653
H(4) H(16)" 3.232 H(4) H(17)" 2.867
H(5) o(nH" 2.708 H(5) Cc(7y? 3.405
H(5) C(12)” 3.471 H(5) H(1)” 3.583
H(5) H(2)‘;’ 3.362 H(5) H(4)‘”8 3.571
H(5) H(8)" 3.598 H(5) H(10) 2.480
H(5) H(15)" 2.627 H(6) C(9)® 3.527
H(6) Cc(10)® 3.047 H(6) c(an® 2.909
H(6) C(124)8’ 3.292 H(6) H(z)“8 3.260
H(6) H(3)" 3.558 H(6) H(10)® 3.244
H(6) H(13)® 3.353 H(6) H(14)® 3.129
H(7) c(m? 2.972 H(7) c(12)” 3.465
H(7) C(13)” 3.498 H(7) H(1)" 3.567
H(7) H(2):: 2.224 H(7) H@3 )4’8) 2.895
H(7) H(8) 3.572 H(7) H(10) 3.467
H(7) H(15)” 2.878 H(7) H(16)" 2.950
H(7) H(17)Y 3.297 H(8) o(1)" 3.244
H(8) c(1)” 2.999 H(8) H(1)” 2.546
H(8) H2)” 2.577 H(8) H(5)'? 3.598
H(8) H(7)' 3.572 H(9%) cao'? 3.207
H(9) c(1n® 3.250 H(9) Cc(12)® 3.445
H(9) H(12)'" 3.530 H(9) H(13)" 3.126
H(9) H(14)® 2.927 H(9) H(15)® 3.289
H(10) C(5)'" 3.208 H(10) H(4)® 2.740
H(10) H(5)" 2.480 H(10) H(6)'"” 3.244

H(10) H(7)'" 3.467 H(10) H(12)!" 3.503
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Table 10. Distances beyond the asymmetric ui  out to 3.60 A involving hydrogens (continued)

atom atom distance atom atom distance
H(10) H(15) 3.282 H(11) 0R)" 2.699
H(11) H4)® 2.945 H(11) H(13)"" 3.095
H(11) H(16)" 2.809 H(12) o) 2.984
H(12) c@)" 3.096 H(12) H(1)” 3.367
H(12) H(4)" 2.653 H(12) H(9)'” 3.530
H(12) H(10)'? 3.503 H(13) 0(2)" 3.137
H(13) c()? 3.359 H(13) (' 3.529
H(13) Cc(13)™ 3.414 H(13) H(1)? 2.856
H(13) H(2)” 3.523 H(13) HG3)” 3.180
H(13) H(6)"” 3.353 H(13) H(9)'? 3.126
H(13) H(1DY? 3.095 H(13) H(16)"> 3.273
H(14) o)™ 3.400 H(14) C(9)" 2.985
H(14) C(10)" 3.484 H(14) c(12)™ 3.468
H(14) Cc(13)"? 2.970 H(14) Cc(14)"® 2.698
H(14) H(3)™ 3.317 H(14) H(6)" 3.129
H(14) H(9)'? 2.927 H(14) H(16)"Y 3.344
H(14) H(17)" 2.945 H(15) o™ 3.374
H(15) o)™ 3.097 H(15) c(? 3.263
H(15) c(s)M 3.163 H(15) H(1)' 3.440
H(15) H(2)® 3.419 H(15) H3)'Y 2.407
H(15) H(5)"™ 2.627 H(15) H(T)'™ 2.878
H(15) H(9)"” 3.289 H(15) H(10)'” 3.282
H(16) o)™ 2.797 H(16) 03)® 3.249
H(16) c(n? 3.268 H(16) c)? 3.163
H(16) c3)® 3.194 H(16) c4)” 3.536
H(16) H(2)® 2.578 H(16) H(4)" 3.232
H(16) H(7)™ 2.950 H(16) H(11)® 2.809
H(16) H(13)" 3.273 H(16) H(14)” 3.344
H(17) 0(2)" 2.673 H(17) N(1)® 3.440
H(17) c)® 3.386 H(17) c3)” 3.395
H(17) C(4)® 2.863 H(17) H(4)" 2.867
H(17) H(7)® 3.297 H(17) H(14)” 2.945

Symmetry Operators:

(1) X+1/2,-Y+1/2.-Z+1 (2) X+1/2-1,-Y+1/2,-Z+1

(3) X+1/2-1,-Y+1/2+1,-Z+1 XY+ T 1.-Z+1/2
(5) X.Y-1,Z2 t -X YHI1/2, 2172

(7) X-1,Y,Z (8) -X+1.Y+1/2-1,-Z+1/2

9) X+1.Y.Z (10)  +1,.Y+1/2-Z+1/2


















