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Enantioselective Synthesis of a-Alkylmalates as the Pharmacophoric Group of
Several Natural Alkaloids and Glycosides

Serry A. A. El Bialy,>"! Holger Braun,!*! and Lutz F. Tietze*!!
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A general enantioselective synthesis of a-alkylmalates found
in Cephalotaxus and Orchidaceae species is described. This
preparation is based upon Seebach’s procedure for the alky-
lation of D-malic acid with self-regeneration of stereogenic
centers. Reaction of the dioxolanone 8a with LIHMDS and
allyl halides as well as benzyl bromide gave 10 and 14,

respectively, which could be transformed into enantiopure -
alkylmalates 13, 15, 18 and 19. In addition, enantiopure fu-
rans of type 20 have been prepared.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Enantiopure a-alkylmalates are important parts of Ce-
phalotaxus!"! and some Orchidaceae alkaloids?®! as well as
of Orchidaceae glycosides®! and other biological active
compounds.[*l In most cases, the bioactivity of these natural
products is closely related to the o-alkylmalate moiety.
Thus, cephalotaxine (1) which do not contain this group
shows almost no bioactivity, whereas several malate esters
of 1, called harringtonines 2 and 3 with either a 2-(3-meth-
ylbutyl)malate or a 2-(4-methylpentyl)malate moiety and
the corresponding hydroxylated compounds, are highly
active antileukaemic agents. Deoxyharringtonine (2d) with
an ICsy = 7.5 ng/mL is the most potent of these compounds
and homoharringtonine 2g is currently in phase 3 in clinical
trials. Moreover, homoharringtonine (2g) has recently been
demonstrated as the only compound under investigation
capable of inducing a high rate of complete haematological
remission in patients with chronic myelogenous leukaemia
resistant to all existing chemotherapies including inter-
feron a (Scheme 1).1°7 2-Benzylmalic acid is a component of
phalaenopsin T and phalaenopsin La 4, as well as of neo-
harringtonine (2b). Methyl 2-isobutylmalate is found in
comucervine 5 (Scheme 2) and benzyl 2-isobutylmalate in
the Orchidaceae glycosides 6, such as dactylorhin A, dac-
tylorhin C, dactylorhin E and militarine. Free 2-isobutyl-
malic acid has been obtained by enzymatic hydrolysis of
militarine (6a) (Scheme 3).
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In the past, several methods for the synthesis of individ-
ual a-alkylmalates have been developed,® but there is no
general enantioselective procedure available for the synthe-
sis of this important class of compounds.

Here, we report a general enantioselective synthesis of o-
alkylmalates as found in Cephalotaxus alkaloids 2 and 3,
Orchidaceous alkaloids 4 and 5, and Orchidaceae glycosides
6. The preparation is based upon Seebach’s procedurel” for
the alkylation of D-malic acid with self-regeneration of
stereogenic centres. The described method represents a sub-
stantial improvement over the published procedures and
represents a general entry to a-alkyl-a-hydroxy acids.

Results

Acid-catalyzed acetalization of pivalaldehyde with enantio-
pure D-(+)-malic acid (7) furnishes the cis-acetal 8a in
92% yield, which is thermodynamically more stable than
the corresponding trans diastereomer. Esterification of 8a
using methyl iodide in the presence of K,CO; in DMF as
solvent led quantitatively to the ester 8b. It was anticipated
that the a-carbonyl H atom being located trans to the bulky
tert-butyl group in 8a or 8b can easily be removed to give
a chiral lithium enolate, which can then be alkylated with
retention of configuration. The final step would be the hy-
drolysis of the acetal moiety to give the desired enantiopure
a-alkylmalic acid. However, the introduction of a side chain
in 8a and 8b, respectively, turned out to be more difficult.
The allylation of the dioxolanone 8a with dimethylallyl bro-
mide (9a) in the presence of one equiv. of LDA in THF was
unsuccessful, and after work up only unchanged starting
material was recovered. Using two equiv. of LDA in THF
the O-allylated compound 11 was the main product (60 %)
along with the desired compound 10a in only 10% yield.
Furthermore, reaction of the methyl ester 8b in presence of
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1 2 3
Compound
No. n R' R’ Alkaloid
2a 0 H CH(CHs); Nordeoxyharringtonic acid
2b 0 Me CH,C¢Hs Neoharringtonine
2c 1 H CH(CH3)» Deoxyharringtonic acid
2d 1 Me CH(CHzs)» Deoxyharringtonine
2e 1 Me C(OH)(CH3), Harringtonine
2f 2 H C(OH)(CH3)2 5'-De-O-methylharringtonine
2¢g 2 Me C(OH)(CH,): Homoharringtonine
2h 2 Me CH(CH3); Homodeoxyharringtonine
3 - Me - Anhydroharringtonine
Scheme 1. Cephalotaxus alkaloids.
@\ OH OR3
o O /k o O\ 1
\N H \J\[( R
MeO,C~ O R?0,C” O
N 6
Phalaenopsin T, phalaenopsin La 4 6 R R? R? Glycoside
a  CHyCgHy(p-O-Glc) CHyCgHy(p-O-Glc) H Militarine
b CH,CgHu(p-O-Glc) CHyCgH4(p-O-Glc) Gle  Dactylorhin A
CO,Me ¢ H H Glc  Dactylorhin C
Y 0 H d  CHyCgHu(p-O-Glc) H Glc  Dactylorhin E
OH @) Scheme 3. Orchidaceae glycosides.

Comucervine 5

Scheme 2. Orchidaceae alkaloids.

one or two equiv. of LDA or LiHMDS gave only low
amounts of the desired 10d. However, good results were
obtained in the allylation of acetal 8a using two equiv. of
LiHMDS in THF and dimethylallyl bromide (9a) to give

2966 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

10a in 74% yield (Scheme 4). The '"H NMR spectrum of
10a displays a doublet of doublet at 6 = 5.17 ppm for the
olefinic proton and two doublets at 6 = 2.50 ppm for the
allylic protons.

Using the described conditions, 8a was also allylated
with 5-bromo-2-methyl-3-pentenel®! (9b) and 3-bromo-2-
methyl-1-propene (9¢) to furnish the substituted dioxol-
anones 10b and 10c in good yields. It is worthy to note
that for the synthesis of homoharringtonine 2g and related
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Scheme 4. Reagents: a) 1.7 equiv. pivalaldehyde, cat. pTsOH, cat.
H,SO,, pentane, reflux, 92%.

compounds, 5-bromo-2-methyl-2-pentene can not be used
as alkylating agent due to its low reactivity, whereas em-
ploying 5-bromo-2-methyl-3-pentene (9b) not only gives
good results in the introduction of the side chain but also
allows the introduction of the necessary hydroxy group by
an allylic oxidation using SeO, in the presence of a perox-
ide.”!

For the synthesis of the desired a-alkylmalates 13a—c the
allylated dioxolanone 10a—c were subjected to catalytic hy-
drogenation with platinum oxide in ethyl acetate as solvent

to afford the alkyldioxolanone 12a—c which were hydrolyzed
using 50% H,SO,4 in dioxane (1:5) at 60°C for 24 h
(Scheme 5). For the obtained a-isobutylmalic acid (13c) an
[a]® = 9.8 (¢ = 0.51, MeOH) was measured, which is
higher than that recorded for the natural compound with
[a]) = -8.4 (¢ = 0.51, MeOH).*!

In a similar way, the 2-benzylated malates 15a and 15b
were obtained from 8a using benzyl bromide as alkylating
agent followed by acid cleavage of the obtained acetal 14
either in dioxane or methanol to give 15a or 15b in very
good overall yields in two steps (Scheme 6).

For the synthesis of harringtonine, homoharringtonine
and similar compounds, it was necessary to provide a-alkyl-
malate monoesters. For this purpose compounds 10a and
10b were esterified using Mel in the presence of K,CO;5 and
DMF as solvent at room temp. for 3 h to furnish the ester
16a and 16b in quantitative yield. Hydrogenation of 16a
and 16b in ethyl acetate using PtO, as a catalyst gave the
ester 17a and 17b in 95% and 90% yield, respectively. How-
ever, hydrolysis of the acetal functionality under the so far
best conditions using 50% H,SO, in dioxane (1:5) at 60 °C
for 5 h, as well as under a variety of other acidic conditions,
gave only the corresponding malic acid derivatives 13a and
13b as the sole products in high yield. The problem was
finally solved by heating 17a and 17b with a suspension of
silica gel in MeOH/H,O at 60 °C for 2 days (Scheme 7).

Several cephalotaxus alkaloids such as harringtonine (2e)
and homoharringtonine (2g) contain a 2-(hydroxyalkyl)-
malate moiety. For the synthesis of this group we applied an
oxymercuration—demercuration procedure or an oxidation

Br
f K( R2 R Hf 9,10 | R' R?Z2 R® (yield)
= 0
RS o] a H Me Me (82 %)
J\( J\« b |H P H (80%)
Ho,c~ © Ho,¢™ O c | Me H H (78%)
8a 10a-c

H;Z/’ OH 12,13 n

L —< 0, > )\M OH a 2

( IEH n b 3

HO,C
12a-c

13a-c

Scheme 5. Reagents: a) 2 equiv. LIHMDS, THF/hexane —78 °C, 1 h, then 9; b) H,, PtO,, EtOAc; ¢) 50% H,SO,, dioxane (1:5), 60 °C,

24 h.

X
oy

8a 14

HO,C

o ey,

RO,C

15a: R=H
b: R=Me

Scheme 6. Reagents: a) 2 equiv. LIHMDS, THF/hexane, —78 °C, 1 h, then benzyl bromide, 87%; b) 50% H,SO,, dioxane (1:5), 60 °C,

24 h; ¢) 50% H,SO,4, MeOH, 60 °C, 6 h.
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Scheme 7. Reagents: a) Mel, K,CO;, DMF, 3 h, quant.; b) H,, PtO,, EtOAc, 95%; ¢) SiO,, MeOH/H,O (6:1), 60 °C, 48 h.
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Scheme 8. Reagents: a) i. Hg(OAc),, NaOH, THF/H,O (1:5) 5 h, ii. NaBH,, NaOH, room temp., 12 h, 86%; b) SeO,, tBuO,H; c¢) H,,

PtO,, EtOAc; d) 50% H,SO,, dioxane, 60 °C, 6 h, 44% over three

with SeO,/peroxide. Treatment of 10a with Hg(OAc), and
NaOH in THF/H,O followed by reductive work up led to
19a in 86% overall yield. Under the same conditions, the
methyl ester 16a also led to 19a. For the synthesis of 19b,
which corresponds to the side chain of homoharringtonine
(2g), we performed a direct insertion of oxygen into the
terminal allylic carbon-hydrogen bond of 10b in 44% over-
all yield by using a stoichiometric amount of SeO, in the
presence of tert-butyl hydroperoxide followed by catalytic
reduction and hydrolysis of the intermediate acetal using
50% H,SO, in dioxane (1:5) at 60 °C for 6 h (Scheme 8).

For the synthesis of the furan moiety of anhydroharring-
tonine (3), we anticipated that the furan ring could be
formed using conditions for the acid-catalyzed cleavage of
the intermediate acetal such as 16a, which would allow to
stabilize a carbocation formed by protonation of the ole-
finic double bond. Indeed, treatment of the acetal 16a with
50% H>SO,4 in MeOH instead of dioxane at 60 °C for 4 h
provided the tetrahydrofuran derivative 20 in 87% yield
(Scheme 9).

e

o)
o)

COzMe

|
a S
/D"COgMe
@)
20

Scheme 9. Reagents: a) 50% H,SO,4, MeOH, 60 °C, 6 h, 79 %.

MeO,C
16a

Conclusions

2-Alkylmalates are important parts of several natural
products and are responsible for their bioactivity in many
cases. In this paper we have described a straight forward
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steps.

and flexible synthesis of these compounds with very high
enantiopurity using a diastereoselective allylation of chiral
dioxolanes obtained from D-(+)-malic acid according to the
procedure developed by Seebach as the key step.

Experimental Section

Standart Methods: All reactions were performed in flame-dried
glassware under argon. Unless otherwise noted, all reagents ob-
tained from commercial sources were used without further purifica-
tion. All solvents were dried by standard methods. Thin-layer
chromatography was performed on precoated silica gel SIL G/
UV,s4 plates (Macherey—Nagel), and silica gel 32-63 (0.032—
0.064 mm) (Merck) was used for column chromatography. Melting
points were measured with a Mettler FP61 apparatus and are un-
corrected. 'H and '3C NMR spectra were recorded with a Varian
XL 200, VXR 200 and VXR 500 or a Bruker AMX-300 with tet-
ramethylsilane (TMS) as internal standard in [D]chloroform and
[Dglacetone. Chemical shifts are reported relative to the standard
ppm value for the solvent used. The multipicities of the '3C NMR
peaks were determined with the APT pulse sequence.

(2R ,4R)-(2-tert-Butyl-5-0x0-1,3-dioxolan-4-yl)acetic Acid (8a): To a
suspension of D-(+)-malic acid (7) (4.0 g, 30 mmol) and pivalal-
dehyde (5.7 mL, 52 mmol, 1.7 equiv.) in pentane (50 mL), pTsOH
(0.5 g) and concd. H,SO, (1 drop) was added. The mixture was
heated under reflux for 6 h with azeotropic removal of water. The
resulting suspension was filtered and the solid dissolved in CH,Cl,
and washed with 8% aqueous H3PO, (2%20 mL). The combined
organic phases were dried with MgSO,, the solvent removed under
vacuo and the residue purified by column chromatography.
Crystallization from Et,O gave 8a (5.7 g, 28 mmol, 92%) as color-
less crystals. Ry = 0.41 (PE/EtOAc, 4:1). M.p. 107-108 °C (Et,0).
[a]f) = +2.8 (¢ = 1.3, CHCl3). IR (CHCl3): ¥ = 3123, 2983 (br),
1772, 1484 cm™'. 'TH NMR (300 MHz, CDCl3): 6 = 0.98 [s, 9 H,
C(CH3)5] 2.83 (dd, J =17.2, 7.2 Hz, 1 H, 6-H,), 3.02 (dd, J = 17.2,
39Hz 1 H, 6-H)), 4.66 (dq, J = 1.2, 3.9 Hz, | H, 4-H,), 5.19 (s,
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1 H, 2-H,), 11.0 (br. s, 1 H, 7-H,) ppm. *C NMR (75 MHz,
CDCly): § = 23.42 [C(CHs)s], 34.25 [C(CHs)s], 35.39 (C-6), 71.43
(C-4), 109.9 (C-2), 172.1 (C-7), 175.2 (C-5) ppm. CoH 405 (202.12):
caled. C 53.46, H 6.98; found C 53.32, H 6.76.

General Procedure I — Esterification: To a stirred solution of the
acid 8a, 10b or 10c (3.6 mmol) and anhydrous K,CO; (562 mg,
4.0 mmol, 1.1 equiv.) in DMF (5 mL) was added methyl iodide
(0.25mL, 4.0 mmol, 1.1 equiv.) at 0 °C over a period of 30 min.
The reaction was quenched after 4 h by addition of water (15 mL)
and the resulting solution extracted with Et,O. After drying with
MgSO, the solvent was removed under vacuo and purified by col-
umn chromatography.

Methyl (2R,4R)-(2-tert-Butyl-5-ox0-1,3-dioxolan-4-yl)acetate (8b):
According to general procedure I, 8a (727 mg, 3.6 mmol) was
transformed to give 8b in quant. yield (778 mg, 3.6 mmol) as an
oil. Ry = 0.41 (PE/EtOAc, 8:1). [a]y = +1.0 (¢ = 1.3, CHCI3).
IR (CHCls): v = 2964, 1485, 1439, 1411 cm™!. '"H NMR (300 MHz,
CDCl;): 0 = 0.88 [s, 9 H, C(CH3)3], 2.69 (dd, J = 16.2, 7.2 Hz, 1
H, 6-H,), 2.86 (dd, J=17.4,3.6 Hz, 1 H, 6-H,), 3.69 (s, 3 H, CH3),
4.59 (dq, J = 3.6, 1.5Hz, 1 H, 4-H,), 5.10 (d, J = 1.5Hz, 1 H, 2-
H)) ppm. 3C NMR (75 MHz, CDCl;): § = 23.42 [C(CH3)], 33.98
[C(CH3)3], 35.21 (C-6), 52.00 (CHj3), 71.51 (C-4), 109.5 (C-2), 169.2
(C-7), 172.1 (C-5) ppm. C;oH 405 (216.23): caled. C 55.55, H 7.46;
found C 55.32, H 7.36.

General Procedure II — Alkylation: To a stirred solution of 8a
(1.01 g, 5.0 mmol) in THF (60 mL) a solution of LIHMDS (21 mL,
10.5 mmol, 2.1 equiv.,, 0.5™ in THF) in THF/hexane (3:1) was
added at —78 °C and stirred for 1 h. After addition of the allyl bro-
mide (10 mmol) over a period of 30 min the temperature was raised
to —10 °C over a period of 3 h. The resulting solution was parti-
tioned between EtOAc and 1 N HCI and extracted with EtOAC.
The combined organic phases were dried with MgSQOy,, the solvent
removed under vacuo and the residue purified by column
chromatography.

(2R ,4R)-|2-tert-Butyl-4-(3-methylbut-2-enyl)-5-0xo0-1,3-dioxolan-4-
yl]acetic Acid (10a): According to General Procedure II 8a was al-
kylated with 4-bromo-2-methyl-2-butene (9a) (1.42 g, 10 mmol, 2.0
equiv.) to give 10a (1.12 g, 4.1 mmol, 82%) as an oil. Ry = 0.25
(PE/EtOAc, 4:1). [a]) = —44.0 (¢ = 1.0, CHCI5). IR (CHCly): v =
2972, 1801, 1709, 1439 cm™!. '"H NMR (300 MHz, CDCly): § =
0.93 [s, 9 H, C(CH3)s], 1.63 (s, 3 H, 12-H3), 1.74 (s, 3 H, 11-H3),
2.50 (d, J = 9.0 Hz, 2 H, 8-H,), 2.83 (s, 2 H, 6-H»), 5.16 (m, 2 H,
2-H,, 9-H,), 8.19 (br. s, 1 H, 7-H,) ppm. '*C NMR (75 MHz,
CDCly): 0 = 18.05 (C-12), 23.63 [C(CHj3)5], 25.99 (C-11), 32.45 (C-
8), 34.30 [C(CHs3)s], 39.48 (C-6), 80.58 (C-4), 108.5 (C-2), 115.6 (C-
9), 138.0 (C-10), 173.9 (C-7), 174.7(C-5) ppm. C,4H»,05 (270.32):
caled. C 62.20, H 8.20; found C 62.29, H 8.18.

(2R 4 R)-|2-tert-Butyl-4-(4-methylpent-2-enyl)-5-0xo0-1,3-dioxolan-4-
yl]acetic Acid (10b): According to General Procedure II 8a was al-
kylated with 5-bromo-2-methyl-3-pentene (9b) (1.63 g, 10 mmol,
2.0 equiv.). After recrystallization from ether/pentane 10b (0.99 g,
4.0 mmol, 80%) was obtained as a crystalline white solid. R; = 0.27
(PE/EtOAc, 4:1). M.p. 64-65 °C (PE/EtOAc). [a]¥) = -38.5 (¢ =
1.0, CHCI5). IR (CHCl3): ¥ = 2959, 1798, 1704, 1483 cm™'. 'H
NMR (300 MHz, CDCls): 0 = 0.91 [s, 9 H, C(CH3);], 0.96, 0.94
each (s, 3 H, 12-, 13-H3), 2.67 (sept, J = 6.6 Hz, 1 H, 10-H,), 2.46
(t, /= 16.8 Hz, 2 H, 8-H,), 2.78 (AB system, J = 16.2 Hz, 2 H, 6-
H,), 5.17 (s, 1 H, 2-H;), 5.32 (m, 1 H, 9-H,), 5.57 (dd, J = 15.0,
7.2Hz, 1 H, 10-H;), 10.6 (br. s, 1 H, 7-H;) ppm. '3C NMR
(75 MHz, CDCl;): 0 = 22.14 (C-13), 22.20 (C-12), 23.57 [C-
(CHs3)3], 31.16 (C-11), 34.32 [C(CH;);], 37.21 (C-8), 39.60 (C-6),
80.14 (C-4), 108.4 (C-2), 118.2 (C-9), 144.5 (C-10), 173.6 (C-7),
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174.9 (C-5) ppm. C;5H,405 (248.35): caled. C 63.36, H 8.51; found
C 63.37, H 8.48.

(2R ,4R)-|2-tert-Butyl-4-(2-methylprop-2-enyl)-5-oxo-1,3-dioxolan-4-
yllacetic Acid (10c): According to General Procedure II 8a was al-
kylated with 3-bromo-2-methyl-1-propene (9¢) (1.35 g, 10 mmol,
2.0 equiv.) to give of 10a (1.01 g, 3.9 mmol, 78%) as an oil. Ry =
0.21 (PE/EtOAc, 4:1). [a]¥ = —57.8 (¢ = 1.0, CHCl;). IR (CHCI5):
v = 2966, 1799, 1721, 1485 cm™!. '"H NMR (300 MHz, CDCl,): ¢
=0.97[s, 9 H, C(CHz3)3], 1.83 (s, 3 H, 11-H3), 2.50 (AB system, J
= 16.8 Hz, 2 H, 8-H,), 2.87 (AB system, J = 16.2 Hz, 2 H, 6-H,),
4.88 (s, 1 H, 10-Hy), 5.02 (t, J = 1.6 Hz, 1 H, 10-Hy), 5.19 (s, 1 H,
2-H,), 8.19 (br. s, I H, 7-H;) ppm. '3*C NMR (75 MHz, CDCls): §
= 23.63 [C(CHs3)3], 23.73 (C-11), 34.19 [C(CH3)3], 39.25 (C-8),
40.39 (C-6), 80.39 (C-4), 108.1 (C-2), 117.5 (C-10), 138.9 (C-9),
174.7 (C-5), 173.9 (C-7) ppm. C;3H,,05 (256.30): calcd. C 60.92,
H 7.87; found C 60.93, H 7.82.

(2R,4R)-|4-Benzyl-2-tert-butyl-5-0x0-1,3-dioxolan-4-yljacetic Acid
(14): According to General Procedure II 8a was alkylated with ben-
zyl bromide (1.71 g, 10 mmol, 2.0 equiv.). After recrystallization
from ether/pentane 14 (1.27 g, 4.3 mmol, 87%) was obtained as a
crystalline white solid. R; = 0.31 (PE/EtOAc, 4:1). M.p. 140-141 °C
(PE/EtOAC). [a]y = 67 (¢ = 1.0, CHCIl3). IR (CHCl3): ¥ = 3300,
2962, 1798, 1703 cm™'. 'H NMR (300 MHz, CDCls): 6 = 0.86 [s, 9
H, C(CH;)3], 2.80 (AB system, J = 16 Hz, 2 H, 8-H,), 3.06 (AB
system, J = 14 Hz, 2 H, 6-H,), 4.59 (s, | H, 2-H,), 7.25 (m, 2 H,
Ar-H,), 7.30 (ddd, J = 10.5, 5.1, 1.8 Hz, 3 H, Ar-H;), 10.2 (br. s,
1 H, 7-H;) ppm. 13C NMR (75 MHz, CDCls): 6 = 23.46 [C-
(CH3);], 34.23 [C(CH3)3], 39.98 (C-6), 40.12 (C-8), 80.79 (C-4),
108.7 (C-2), 127.7 (C-14), 128.7 (C-12, C-13), 130.4 (C-10, C-11),
133.7 (C-9), 173.8 (C-7), 174.5 (C-5) ppm. C,sH,,05 (292.33):
caled. C 65.74, H 6.90; found C 65.71, H 6.89.

General Procedure III — Catalytic Hydrogenation: A solution of the
alkene (10 mmol) in EtOAc was stirred with PtO,-H>O (10 mol %)
for 4 h under H,. After filtration through celite the solvent was
removed under vacuo and the residue purified by column
chromatography.

(2R ,4R)-|2-(tert-Butyl)-4-(3-methylbutyl)-5-o0xo-1,3-dioxolan-4-yl|-
acetic Acid (12a): According to General Procedure III alkene 10a
(2.70 g, 10 mmol, 2.0 equiv.) was hydrogenated to afford 12a
(2.72 g, 10 mmol, quant.) as an oil. Ry = 0.29 (PE/EtOAc, 4:1).
[a]¥ = —33.6 (¢ = 1.0, CHCl3). IR (CHCl5): ¥ = 2957, 1800, 1704,
1450 cm™!. '"H NMR (300 MHz, CDCl): § = 0.89 (s, 3 H, 12-H3),
0.91 (s, 3 H, 11-H3), 0.98 [s, 9 H, C(CHj3);], 1.30 (m, 2 H, 9-H,),
1.55 (sept, J = 6.6 Hz, 1 H, 10-H,), 1.81 (tt, / = 8.7, 24 Hz, 2 H,
8-H,), 2.85 (AB system, J = 16 Hz, 2 H, 6-H,), 5.17 (s, 1 H, 2-H,),
8.19 (br. s, 1 H, 7-H;) ppm. '3C NMR (CDCls): § = 22.30 (C-12),
22.42 (C-11), 23.63 [C(CHs)3], 28.17 (C-10), 31.70 (C-8), 32.09 (C-
9), 34.43 [C(CH3)s), 39.50 (C-6), 80.19 (C-4), 108.3 (C-2), 174.0 (C-
7),174.6 (C-5) ppm. C14H,,05 (272.34): caled. C 61.74, H 8.88;
found C 62.01, H 8.71.

(2R ,4R)-|2-(tert-Butyl)-4-(4-methylpentyl)-5-oxo-1,3-dioxolan-4-yl|-
acetic Acid (12b): According to General Procedure III alkene 10b
(2.84 g, 10 mmol 2.0 equiv.) was hydrogenated to afford 12b (2.74 g,
9.5 mmol, 95%) as a solid. Ry = 0.31 (PE/EtOAc, 4:1). M.p. 75—
76 °C (PE/EtOAc). [a]) = —-27.3 (¢ = 1.0, CHCI5). IR (CHCly): ¥
= 3486, 2956, 1800, 1705 cm™'. "TH NMR (300 MHz, CDCls): § =
0.83 (s, 3 H, 13-H3), 0.85 (s, 3 H, 12-H3), 0.91 [s, 9 H, C(CH3)s],
1.17 (quat., J = 6.6 Hz, 2 H, 8-H,), 1.25-1.68 (m, 3 H, 9-H,, 11-
H)), 1.76 (t, J = 8.2 Hz, 2 H, 10-H,), 2.83 (s, 2 H, 6-H,), 5.15 (s, 1
H, 2-H)), 10.7 (br. s, 1 H, 7-H;) ppm. *C NMR (75 MHz, CDCl;):
0 = 21.09 (C-9), 22.40 (C-13), 22.44 (C-12), 23.56 [C(CH3)3], 27.62
(C-11), 33.82 (C-10), 34.35 [C(CH3)3], 38.71 (C-8), 39.51 (C-6),
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80.18 (C-4), 108.3 (C-2), 174.1 (C-7), 174.8 (C-5) ppm. C;sHzOs
(286.37): caled. C 62.91, H 9.15; found C 62.84, H 9.26.

(2R 4 R)-|2-(tert-Butyl)-4-(2-methylpropyl)-5-oxo-1,3-dioxolan-4-yl|-
acetic Acid (12¢): According to General Procedure III alkene 10c¢
(2.56 g, 10 mmol) was hydrogenated to afford 12a (2.53 g,
9.8 mmol, 98%) as an oil. Ry = 0.27 (PE/EtOAc, 4:1). [a]f) = -25.3
(¢ = 1.0, CHCly). IR (CHCI3): ¥ = 2962, 1798, 1722, 1484 cm™'. 'H
NMR (300 MHz, CDCl5): 0 = 0.95 (s, 9 H, C(CHs);), 0.98 (d, J =
6.0 Hz, 3 H, 11-H3), 1.01 (d, J = 6.0 Hz, 3 H, 10-H3), 1.68 (dd, J
=6.0, 2.1 Hz, 2 H, 8-H,), 1.89 (sept, J = 6.0 Hz, 1 H, 9-H,), 2.92
(AB system, J = 10.2 Hz, 2 H, 6-H,), 5.15 (s, 1 H, 2-H;), 10.7 (br.
s, 1 H, 7-H,) ppm. 3C NMR (75 MHz, CDCls): § = 22.85 (C-11),
23.53 [C(CH3);], 24.09 (C-9), 24.52 (C-10), 34.14 [C(CH3)s], 39.20
(C-8), 40.60 (C-6), 80.37 (C-4), 107.7 (C-2), 174.5 (C-7), 174.5 (C-
5) ppm. C;3H»,05 (258.31): caled. C 60.45, H 8.58; found C 60.39,
H 8.47.

General Procedure IV — Cleavage of Acetals: 50% H,SO, (2 mL)
was added to a solution of the dioxolone (5.4 mmol) in dioxane
(10 mL). After stirring at 60 °C for 24 h, the solvent was removed
under vacuo and water (15 mL) was added. The aqueous phase was
extracted with EtOAc (3% 100 mL), the combined organic phases
were dried with Mg,SQOy, the solvent was removed under vacuo and
the residue purified by column chromatography.

(2R)-2-Hydroxy-2-(3-methylbutyl)succinic Acid (13a): According to
General Procedure IV acetal 12a (1.47 g, 5.4 mmol) was cleaved to
give 13a (0.95 g, 4.7 mmol, 86%) as a solid. Ry = 0.24 (PE/EtOAc,
1:1). M.p. 127-128 °C (PE/EtOAc). [a]¥ = ~12.4 (¢ = 0.5, MeOH).
IR (MeOH): ¥ = 3569, 2963 (br), 1714, 1430 cm~'.'"H NMR
(300 MHz, C3D40): 6 = 0.86 (d, J = 6.6 Hz, 3 H, 9-H3), 0.88 (d, J
= 6.6 Hz, 3 H, 8-H3), 1.10 (ddd, J = 21.6, 9.6, 54 Hz, 1 H, 6-H)),
1.38 (ddd, J = 13.2, 6.6, 5.4 Hz, 1 H, 6-H,), 1.51 (sept, J = 6.6 Hz,
1 H, 7-H,), 1.60-1.80 (m, 2 H, 5-H>), 2.79 (AB system, J = 16.2 Hz,
2 H, 3-H,), 10.5 (br. s, 2 H, 1-H;, 4-H;). >*C NMR (75 MHz,
C3D40): 0 = 22.74 (C-9), 22.81 (C-8), 28.82 (C-7), 32.81 (C-6),
37.98 (C-5), 43.79 (C-3), 75.39 (C-2), 172.3 (C-4), 176.4 (C-1) ppm.
CyH 605 (204.22): caled. C 52.93, H 7.90; found C 52.76, H 7.86.

(2R)-2-Hydroxy-2-(4-methylpentyl)succinic Acid (13b): According
to General Procedure IV acetal 12b (1.54 g, 5.3 mmol) was cleaved
to give 13b (0.98 g, 4.5 mmol, 83%) of 13c as a solid. R = 0.25
(PE/EtOAc, 1:1). M.p. 90-91 °C (PE/EtOAc). [a]¥ = 114 (¢ =
1.0, MeOH). IR (MeOH): ¥ = 3486, 2956 (br), 1706, 1461 cm™'.
'"H NMR (300 MHz, C;D¢0): 6 = 0.83 (s, 3 H, 10-H3), 0.85 (s, 3
H, 9-H3), 1.10-1.30 (m, 4 H, 5-H,, 6-H,), 1.40-1.70 (m, 3 H, 7-H,,
8-H;), 2.79 (AB system, J = 16.5 Hz, 2 H, 3-H,), 8.19 (br. s, 2 H,
1-H;, 4-H)) ppm. 3C NMR (C3D40): J = 21.69 (C-7), 22.72 (C-
10), 22.82 (C-9), 28.44 (C-8), 39.58 (C-6), 40.21 (C-5), 43.71 (C-3),
75.40 (C-2), 172.4 (C-4), 176.5 (C-1) ppm. C;oH 305 (218.24):
caled. C 55.03, H 8.31; found C 54.89, H 7.99.

(2R)-2-Hydroxy-2-(2-methylpropyl)succinic Acid (13c): According
to General Procedure IV acetal 12¢ (1.39 g, 5.4 mmol) was cleaved
to give 13a (0.86 g, 4.5 mmol, 83%) as a solid. Ry = 0.22 (PE/
EtOAc, 1:1). M.p. 105-106 °C (PE/EtOAc). [a]®) = 9.8 (¢ = 0.51,
MeOH). IR (MeOH): v = 3544, 2960 (br), 1715, 1438 cm™!. 'H
NMR (300 MHz, C;D¢0): 6 = 1.01 (d, J = 6.6 Hz, 3 H, 8-Hj3), 1.09
(d, J = 6.6 Hz, 3 H, 7-H;), 1.68 (ddd, J = 23.0, 14.0, 5.7 Hz, 2 H,
5-H,), 1.87 (sept, J = 6.6 Hz, 1 H, 6-H,), 2.79 (AB system, J =
16.5Hz, 2 H, 3-H,), 10.5 (br. s, 2 H, 1-H,, 4-H,) ppm. *C NMR
(75 MHz, C3D40): 0 = 23.95 (C-8), 24.64 (C-6), 24.73 (C-7), 44.29
(C-3), 48.29 (C-5), 75.51 (C-2), 172.4 (C-4), 176.8 (C-1) ppm.
CgH 405 (190.20): caled. C 50.52, H 7.42; found C 50.42, H 7.38.

(2R)-2-Benzyl-2-hydroxysuccinic Acid (15a): According to General
Procedure IV acetal 14 (1.54 g, 5.4 mmol) was cleaved to give 15a
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(0.72 g, 4.3 mmol, 61%) as an oil. Ry = 0.27 (PE/EtOAc, 1:1).
[a]¥) = —17.5 (¢ = 1.0, MeOH). IR (MeOH): ¥ = 3030, 2960 (br),
1716, 1469 cm'. '"H NMR (300 MHz, C3D¢0): 6 = 2.84 (AB sys-
tem, J = 16.5 Hz, 2 H, 5-H,), 3.32 (AB system, J = 13.5Hz, 2 H,
3-H,), 7.20-7.32 (m, 5 H, Ar-H), 9.82 (br. s, 2 H, 1-H,, 4-H,) ppm.
13C NMR (C3D¢0): 6 = 43.01 (C-5), 45.54 (C-3), 75.51 (C-2), 127.4
(C-9), 128.5 (C-8, C-10), 131.3 (C-7, C-11), 136.5 (C-6), 172.2 (C-
4), 175.8 (C-1) ppm. C;;H,05 (224.21): calcd. C 58.93, H 5.39;
found C 58.88, H 5.31.

Dimethyl (2R)-2-Benzyl-2-hydroxysuccinate (15b): 50% H,SO,
(2 mL) was added to a solution of dioxolone 14 (1.54 g, 5.4 mmol)
in MeOH (10 mL). After stirring at 60 °C for 6 h, the solvent was
removed under vacuo. To the residue water (25 mL) was added and
the aqueous phase extracted with EtOAc (3x 100 mL). The com-
bined organic phases were dried with MgSQ,, the solvent removed
under vacuo, and the residue was purified by column chromatog-
raphy to give 15b (1.14 g, 5.2 mmol, 86%) as an oil. R; = 0.27 (PE/
EtOAc, 1:10). [a]¥) = ~12.4 (¢ = 0.5, MeOH). IR (MeOH): v =
3569, 2963 (br), 1714, 1430 cm™!. 'H NMR (300 MHz, CDCly): 6
= 2.87 (AB system, J = 16.2 Hz, 2 H, 3-H,), 2.98 (AB system, J =
13.5Hz, 2 H, 3-H,), 3.65 (s, 3 H, OMe), 3.74 (s, 3 H, OMe), 7.16—
7.32 (m, 5H, Ar-H) ppm. 3C NMR (CDCls): 6 = 42.75 (C-5),
45.20 (C-3), 51.80 (C-OMe), 52.68 (C-OMe), 75.76 (C-2), 127.1
(C-9), 128.1 (C-8, C10), 130.1 (C-7, C-11), 134.7 (C-6), 171.0 (C-
4), 174.6 (C-1) ppm. C3H 405 (252.27): caled. C 61.90, H 6.39;
found C 62.19, H 6.41.

Methyl (2R,4R)-|2-tert-Butyl-4-(3-methylbut-2-enyl)-5-oxo-1,3-di-
oxolan-4-ylJacetate (16a): According to General Procedure I 10b
(1.0 g, 3.6 mmol) was transformed to give 16a (1.05 g, 3.6 mmol,
quant.) as a colorless oil. Ry = 0.53 (PE/EtOAc, 20:1). [a]®) = -38.5
(¢ = 1.0, CHCl;). IR (CHCl5): ¥ = 2964, 1801, 1799, 1748 cm™'. 'H
NMR (300 MHz, CDCl3): 0 = 0.89 [s, 9 H, C(CH3)3], 1.58 (s, 3 H,
13-H3), 1.68 (s, 3 H, 12-H3), 2.45 (d, J = 8.1 Hz, 2 H, 9-H;), 2.75
(s, 2 H, 6-H»), 3.59 (s, 3 H, OMe), 5.12 (s, 1 H, 2-H,), 5.12 (tt, J
= 8.1, 1.5Hz, 1 H, 10-H;) ppm. 3C NMR (75 MHz, CDCl5): 6
= 17.90 (C-13), 23.49 [C(CH3)s], 25.85 (C-12), 32.46 (C-9), 34.06
[C(CH3)3], 39.62 (C-6), 51.79 (C-8), 80.60 (C-4), 108.2 (C-2), 137.6
(C-11), 115.7 (C-10), 168.7 (C-7), 173.8 (C-5) ppm. C;5H,,0s5
(284.35): caled. C 63.36, H 8.51; found C 63.45, H 8.59.

Methyl (2R,4R)-|2-tert-Butyl-4-(4-methylpent-2-enyl)-5-0x0-1,3-di-
oxolan-4-yljacetate (16b): According to General Procedure 1 10c¢
(1.02 g, 3.6 mmol) was transformed to give 16b (1.07 g, 3.6 mmol,
quant.) as an colorless oil. Ry = 0.59 (PE/EtOAc, 20:1). [a]® =
-34.5 (¢ = 1.0, CHCl3). IR (CHCl3): v = 2960, 1801, 1748,
1485 cm™!. "TH NMR (300 MHz, CDCls): 6 = 0.85 [s, 9 H, C(CHj)
3], 0.63 (s, 3 H, 14-H3), 0.96 (s, 3 H, 13-H3), 2.25 (sept, J = 6.6 Hz,
1 H, 12-H,), 2.45 (d, J = 15.4 Hz, 2 H, 9-H,), 2.88 (s, 2 H, 6-H,),
3.63 (s, 3 H, OMe), 5.16 (s, 1 H, 2-H,), 5.32 (m, 1 H, 11-H)), 5.52
(dd, J = 15.4, 3.2 Hz, 1 H, 10-H,). 3C NMR (CDCl;): § = 22.10
(C-14), 22.16 (C-13), 23.51 [C(CH3);3], 31.11 (C-12), 34.15
[C(CHj3)3], 37.27 (C-9), 39.77 (C-6), 51.85 (C-8), 80.24 (C-4), 108.2
(C-2), 118.3 (C-10), 144.2 (C-11), 168.7 (C-7), 173.7 (C-5) ppm.
C6H5605 (298.38): caled. C 64.41, H 8.78; found C 64.36, H 8.87.

Methyl (2R,4R)-|2-tert-Butyl-4-(3-methylbutyl)-5-o0xo-1,3-dioxolan-
4-yllacetate (17a): According to General Procedure 111 alkene 16a
(2.84 g, 10 mmol) was hydrogenated to afford 17a (2.72 g,
9.5mmol, 95%) as an oil. Ry = 0.25 (PE/EtOAc, 10:1). [a]} =
—18.6 (¢ = 1.0, CHCI;). IR (CHCls): v = 2959, 1801, 1749,
1485 cm™!. "TH NMR (300 MHz, CDCl5): 6 = 0.86 (s, 3 H, 13-H3)
0.88 (s, 3 H, 12-H3), 0.93 [s, 9 H, C(CH3);], 1.15-1.40 (m, 2 H, 10-
H,), 1.52 (sept, J = 6.6 Hz, 1 H, 11-H,), 1.78 (tt, J = 8.7, 2.4 Hz,
2 H, 9-H,), 2.79 (s, 2 H, 6-H,), 3.64 (s, 3 H, 8-H3), 5.13 (s, 1 H, 2-
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H,). 3C NMR (75 MHz, CDCly): § = 22.30 (C-13), 22.35 (C-12),
23.53 [C(CH3)s], 28.08 (C-11), 31.71 (C-9), 31.99 (C-10), 34.43
[C(CHs)5], 39.59 (C-6), 51.88 (C-8), 80.25 (C-4), 108.1 (C-2), 168.8
(C-7), 174.0 (C-5) ppm. C,sH,40s (286.37): caled. C 62.91, H 9.15;
found C 63.11, H 9.25.

Methyl (2R,4R)-|2-tert-Butyl-4-(4-methylpentyl)-5-oxo-1,3-dioxo-
lan-4-yl]acetate (17b): According to General Procedure III alkene
16b (2.98 g, 10 mmol) was hydrogenated to afford 17b (2.70 g,
9.0 mmol, 90%) as an oil. Ry = 0.27 (PE/EtOAc, 10:1). [a]} =
-34.5 (¢ = 1.0, CHCIl3). IR (CHCl3): ¥ = 2960, 1801, 1748,
1485 cm!. '"H NMR (300 MHz, CDCl): 6 = 0.82 (s, 3 H, 14-H3),
0.84 (s, 3 H, 13-H3), 0.96 [s, 9 H, C(CH;);], 1.19 (quat., J = 6.6 Hz,
2 H, 8-H»), 1.25-1.68 (m, 3 H, 9-H,, 12-H;), 1.76 (t, J = 8.2 Hz, 2
H, 11-H,), 2.83 (s, 2 H, 6-H,), 3.69 (s, 3 H, OMe), 5.14 (s, 1 H, 2-
H)) ppm. *C NMR (75 MHz, CDCls): 6 = 21.09 (C-10), 22.40 (C-
14), 22.44 (C-13), 23.56 [C(CH3);], 27.62 (C-12), 33.82 (C-11),
34.35 [C(CH3)3], 38.71 (C-9), 39.51 (C-6), 51.88 (C—-OMe), 80.18
(C-4), 108.3 (C-2), 174.1 (C-7), 174.8 (C-5) ppm. C;4H»305
(300.39): caled. C 63.97, H 9.40; found C 64.19, H 9.31.

General Procedure V — Selective Acetal Cleavage: To a solution of
17a or 17b (10 mmol) in MeOH/H,O (6:1, 35 mL) was added Silica
gel (200-400 mesh, 60 A, 3.0 g, Aldrich) and the mixture stirred for
48 h. After filtration the silica gel was washed with MeOH, the
solvent removed under vacuo and the residue dissolved in H,O.
The aqueous phase was extracted with CH;Cl, the combined or-
ganic phases were dried with MgSO, and purified by column
chromatography.

4-Methyl (2R)-2-Hydroxy-2-(3-methylbutyl)succinate (18a): Ac-
cording to General Procedure V 17a (2.86 g, 10 mmol) was cleaved
to give 18a (1.28 g, 5.9 mmol, 59%) as an oil. R = 0.25 (PE/EtOAc,
4:1). [a]y = -25.9 (¢ = 1.0, CH5Cl). IR (CH;Cl): ¥ = 3569, 2963
(br), 1714, 1430 cm™'. '"H NMR (300 MHz, CDCl;): § = 0.86 (d, J
= 6.6 Hz, 3 H, 10-H;), 0.88 (d, J = 6.6 Hz, 3 H, 9-H;), 1.10 (ddd,
J =21.6,9.6,54Hz 1 H, 7-H,), 1.38 (ddd, J = 13.2, 6.6, 5.4 Hz,
1 H, 7-H;), 1.55 (sept, J = 6.6 Hz, 1 H, 8-H;), 1.60-1.80 (m, 2 H,
6-H,), 2.79 (AB system, J = 16.2 Hz, 2 H, 3-H,), 3.63 (s, 3 H,
OMe), 8.19 (br. s, 1 H, 1-H;) ppm. '*C NMR (CDCls): § = 22.74
(C-10), 22.78 (C-9), 28.79 (C-8), 32.78 (C-7), 37.89 (C-6), 43.87
(C-3), 51.98 (C-OMe), 75.39 (C-2), 172.3 (C-4), 176.4 (C-1) ppm.
C0H;505 (218.25): caled. C 55.03, H 8.31; found C 54.95; H, 8.19.

4-Methyl (2R)-2-Hydroxy-2-(4-methylpentyl)succinicate (18b): Ac-
cording to General Procedure V 17b (3.0 g, 10 mmol) was cleaved
to give 18b (1.2 g, 5.3 mmol, 53%) as an oil. Ry = 0.27 (PE/EtOAc,
4:1). [a]y = -22.3 (¢ = 1.0, CH5Cl). IR (CH;Cl): v = 3569, 2964
(br), 1715, 1429 cm™!. "H NMR (300 MHz, CDCl;): 6 = 0.86 (d, J
= 6.6 Hz, 3 H, 10-H3), 0.89 (d, J = 6.6 Hz, 3 H, 9-H3), 1.36-1.58
(m, 4 H, 7-H,, 8-H,), 1.51 (sept, J = 6.6 Hz, 1 H, 9-H,), 1.60-1.80
(m, 2 H, 6-H,), 2.65 (AB system, J = 16.2 Hz, 2 H, 3-H,), 3.66 (s,
3 H, OMe), 10.2 (br. s, 1 H, 1-H;) ppm. '3C NMR (CDCl;): 6 =
22.74 (C-11), 22.78 (C-10), 27.32 (C-8), 28.79 (C-9), 32.78 (C-7),
37.89 (C-6), 43.83 (C-3), 52.01 (C-OMe), 75.49 (C-2), 172.8 (C-4),
176.4 (C-1) ppm. C;H,0O5 (232.27): caled. C 56.88, H 8.68; found
C 56.79, H 8.59.

(2R)-2-Hydroxy-2-(3-hydroxy-3-methylbutyl)succinic Acid (19a): To
a solution of mercury acetate (0.4 g, 2.4 mmol 2.0 equiv.) in H,O/
THF (1:1, 2 mL) 10a or 16 (1.2 mmol) was added and the mixture
stirred at room temp. for 12 h. NaOH (1 mL, 3.0 M) was added
followed by NaBH, (1 mL, 0.5 m in 3.0 M NaOH). After decan-
tation from the mercury the solution was extracted with diethyl
ether, the aqueous phase neutralised with concd. HCI and extracted
with EtOAc (3% 50 mL). The combined organic phases were dried
with MgSO, and the residue purified by column chromatography

Eur. J. Org. Chem. 2005, 2965-2972 WWW.eurjoc.org

to give 19a (0.22 g, 1.0 mmol, 83%) of as solid. Ry = 0.25 (PE/
EtOAc, 4:1). M.p. 124-125°C (PE/EtOAc). [a]® —5.8 (¢ = 1.0,
MeOH). IR (MeOH): v = 3345, 2975 (br), 1722, 1372 cm™'. 'H
NMR (300 MHz, CDCl3): 6 = 1.32 (s, 3 H, 10-H3), 1.34 (s, 3 H, 9-
Hs), 1.88 (dt, J = 7.5, 1.5 Hz, 2 H, 4-H,), 1.18 (quat., J = 6.6 Hz,
1 H, 5-H,), 2.45 (quat., J = 6.6 Hz, 1 H, 5-H,), 2.93 (AB system,
J = 16.6 Hz, 2 H, 3-H,), 10.2 (br. s, 2 H, 1-H,, 4-H,) ppm. 1*C
NMR (75 MHz, CDCly): § = 28.19 (C-9), 28.71 (C-8), 36.11 (C-6),
37.45 (C-5), 43.72 (C-3), 83.43 (C-7), 85.52 (C-2), 175.3 (C-4), 177.7
(C-1) ppm. CoH (04 (220.22): calcd. C 49.09, H 7.32; found C
49.19, H 7.47.

(2R)-2-Hydroxy-2-(4-hydroxy-4-methylpentyl)succinic Acid (19b):
To a suspension of SeO, (14 mg, 0.125 mmol, 2.5 mol%) in CH,Cl,
(3mL), 90% tert-butyl hydroperoxide (1 mL) was added and the
mixture stirred for 0.5 h at 25 °C (water bath). 10b (1.42 g, 5 mmol)
was added over a period of 15 min, and the mixture was stirred for
48 h at 25 °C. After removal of the solvent under vacuo the residue
was dissolved in acetic acid/Me,S (1:1, 2 mL) and stirred at 30 °C
for 4 h. H,O was added, the mixture was extracted with CH;Cl,
and the combined organic phases were dried with MgSO,. The
solvent was removed under vacuo, the residue was dissolved in
EtOAc and hydrogenated with PtO,-H,O as catalyst for 4 h. After
filtration through a pad of Celite and concentration under reduced
pressure the residue was dissolved in dioxane (10 mL) and 50%
H,SO,4 (2 mL) was added. After stirring at 60 °C for 6 h, the solvent
was evaporated under vacuo. Water (15 mL) was added and the
aqueous phase extracted with EtOAc (3% 100 mL); the solvent re-
moved under vacuo, and the residue was purified by column
chromatography to give 19b (0.52 g, 2.2 mmol, 44 %) as a solid. Ry
= (.25 (PE/EtOAc, 4:1). M.p = 135-136 °C (PE/EtOAc). [a]¥ =
-5.8 (¢ = 1.0, MeOH). IR (MeOH): ¥ = 3349, 2977 (br), 1723,
1375cm ', "TH NMR (300 MHz, CDCls): 6 = 1.32 (s, 3 H, 10-H;),
1.34 (s, 3 H, 9-Hs3), 1.88 (m, 2 H, 6-H,), 2.41 (m, 2 H, 7-H;), 2.45
(m, 2 H, 5-H,), 2.91 (AB system, J = 16.1 Hz, 2 H, 3-H,), 10.2 (br.
s, 2 H, 1-H}, 4-H,) ppm. '3C NMR (CDCl;): 6 = 12.33 (C-6), 30.12
(C-10), 30.21 (C-9), 36.24 (C-5), 41.98 (C-3), 46.72 (C-7), 68.43 (C-
8), 78.52 (C-2), 177.3 (C-4), 179.6 (C-1) ppm. C;oH;30¢ (234.25):
caled. C 51.27, H 7.75; found C 52.19, H, 7.67.

Methyl (2R)-2-(Methoxycarbonylmethyl)-5,5-dimethyl-tetrahy-
drofuran-2-carboxylate (20): According to General Procedure IV
acetal 16 (2.84 g, 10 mmol) was cleaved to give 20 (1.82 g,
7.9 mmol, 79%) as an oil. Ry = 0.25 (PE/EtOAc, 10:1). [a] = -1.0
(¢ = 1.0, CHCl). IR (CHCly): v = 2972, 1742, 1437, 1166 cm™!. 'H
NMR (300 MHz, CDCl;): 0 = 1.24 (s, 3 H, 12-H;), 1.33 (s, 3 H,
11-Hz), 1.75-1.95 (m, 2 H, 4-H,), 2.16 (dt, J = 13.2, 7.5 Hz, 1 H,
3-H,), 2.44 (ddd, J = 10.5, 7.5, 6.0 Hz, 1 H, 3-H,), 2.86 (AB system,
J = 15.6 Hz, 2 H, 5-H,), 3.67 (s, 3 H, 8-H;), 3.77 (s, 3 H, 10-
H;3) ppm. '3C NMR (75 MHz, CDCls): 6 = 28.07 (C-12), 28.85 (C-
11), 35.28 (C-4), 37.58 (C-3), 43.75 (C-6), 51.63 (C-10), 52.32 (C-8),
83.67 (C-5), 84.00 (C-2), 170.3 (C-7), 174.2 (C-9) ppm. C;;H ;305
(230.26): caled. C 57.38, H 7.88; found C 57.27, H 7.79.
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