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ABSTRACT

Glyoxylic acid diphenylhydrazone (207) and Che 
corresponding O-benzyloxime (208) are easily escerified in 
high yield by |3-bromo- or (3-(phenylselenenyl) alcohols, and 
the resulting esters undergo radical cyclization to a - (2 ,2 - 
diphenylhydrazino) - or a-(benzyloxyamino)-lactones in good 

yield on treatment with tributyltin hydride; the initial 
radical can be formed by homolysis of a carbon-selenium bond 
as well as a carbon-bromine bond and, when applied to 
appropriate alcohols, the esterification-radical closure 
sequence can also be used to make six- or seven-membered 
lactones. This general methodology has been applied to the 
preparation of C-glycosyl lactones. Such lactones can be 
elaborated into optically pure C-glycosyl a-amino acids. The

usefulness of the methodology was further demonstrated by the 
synthesis of the natural antibiotic (+)-furanomycin from l- 
xylose, and utilizing the intermediate (309) with two sites 
of radical reactivity to accomplish deoxygenation and 
cyclization in a single operation.

In the second part of this thesis, an efficient and 
stereoselective route has been described to construct the 
advanced models 167 and 175 for the synthesis of the core 
structure of CP-225,917 (1) and CP-263,114 (2). Compounds 
167 and 175 contain two very challenging structural elements 
(the quaternary center and bridgehead double bond) of 1 and
2. The facile thermal siloxy-Cope rearrangement of 166 and
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174 demonstrates that the strain in the bicyciic lactone 
systems facilitates the oxy-Cope process. Further 
elaboration of 175 towards the more advanced models relevant 
to the total synthesis of 1 and 2 is currently under way.
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I. Introduction
2

Though free radical reactions have been known for nearly 
a century, it is only in the last two decades that this 
knowledge has been widely used in synthetic organic 
chemistry.1 Strategies involving radical reactions have 
become powerful tools in organic synthesis, in particular, 
free radical-mediated cyclization has developed as a 
preeminent method for preparing diverse cyclic compounds via 
carbon-carbon bond-forming processes. Due to the mild and 
neutral reaction conditions, and the compatibility with 
various functional groups, free radical reactions have 
increasingly attracted attention from synthetic chemists.1 
Several recent reviews1 are available in this area. My 
survey of free radical reactions will cover only 
intramolecular cyclizations of carbon radicals onto carbon- 
nitrogen double bonds, with an emphasis on the most recent 
developments. Two other topics, recent synthetic approaches 
to C-glycosyl amino acids, and synthetic routes to (+)- 
furanomycin, are also included in the review section, as they 
are closely related to my research work.

A . Addition of Carbon Radicals onto C*N Systarns
Historically, oxime ethers were the first of the 

important unsaturated nitrogen functional groups to be 
employed for free radical cyclization. However, detailed 
examination of hydrazones and imines represent more recent
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3

investigations.ie Since the products of addition of carbon 
radicals onto carbon-nitrogen double bond systems retain 
synthetically useful functionality for subsequent 
manipulation, the study and application1® of oxime ethers and 
related acceptors have expanded greatly in recent years.

1 . Oxiae Itbtr Acceptors
One of the first examples of the cyclization of a 

carbon-centered radical onto a C=N system was reported by 
Corey and Pyne2 in 19 83. The ketyl radical A (Scheme 1),

generated in situ by treatment of a suitable cyclopentanone, 
such as 1, with Zn-Me3SiCl afforded the amino alcohol 2 in 
84% yield as a single diastereomer. Oxime ethers are thus 
efficient radical traps.

Hart and Seely3 reported that the bicyclic iodolactone 3 
cyclized in the presence of Bu3SnH to afford a 1:1 
diastereomeric mixture of 4 and 5 in 8 5% yield (Scheme 2).

NHOMe
OSiMe-

NOMe NOMe

1 A 2
Scheme 1
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4

Me

3 O

Bu3SnH 
NOBn AIBN

Me MeNHOBn NHOBn

Schute 2

Bartlett and coworkers4 described the synthesis of both 
cyclopentanes and cyclohexanes, using O-benzyloxime acceptors 
for the capture of radicals formed from bromide or phenyl 
thiocarbonate precursors. An interesting example involved 
the conversion of a carbohydrate into a carbocycle. The 
benzyl-protected D-glucose 6 (Scheme 3) was transformed into 
O-benzyloximes 7, and then radical cyclization of 7 afforded 
a 62:38 ratio of 8 and 9 in 93% yield.

.OBn

OH
BnO

BnO OBn
OBn
6

N

OBn
PhO

OBn

OBn OBn

NHOBn

BuaSnH
AIBN

OBn

BnO

OBnBnO
8

NHOBn

OBn

BnO

OBnBnO
9

Scheme 3

Naito's group5 employed a ketyl radical, generated from
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carbohydrate derivatives 11 (Scheme 4), to obtain 12 and 13 
in 6 8% yield in a 57:43 ratio, respectively.

OH
BnO

OBnBnO'
OBn

OMe OMe

OBn OBn
HO

OBn OBn

OBn OBn OBn OBn

6

Bii3SnH
AIBN

NHOMe
1 0

OBn

BnO HQ.

OBnBnO

1 2

NHOMe
1 1

HO
OBn

BnO

OBnBnO

1 3
Scheme 4

Moore and coworkers6 reported that the radical derived 
from the sugar dithioacetal 14 (Scheme 5) could be cyclized 
to 15 and 16 in a 3:1 ratio (80%) .

MeO~ N

AcO..... SEt

NHOMe

SEtBu3SnH AcO....
—  \ /AIBN

BnO OAc

1 4
BnO OAc

1 5
Scheme 5

NHOMe

SEtAcO

OAcBnO

1 6

Similar chemistry, developed by Marco-Contelles and 
coworkers,7a and based on D-ribose precursors, has been used
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to make analogs of mannostatin A. The general approach of 
this research group is illustrated by their synthesis of 
cyclohexylamin.es by 6-exo cyclizations of the acyclic 
carbohydrate-derived O-benzyloximes 17 .7b Cyclization 
proceeded in 55% yield to provide a 75:25 mixture of 18 and 
19 (Scheme 6 ). The stereoselectivity is improved 
significantly when the number of conformers is restricted by 
the presence of isopropylidene acetal groups. For example, 
the oxime ethers 20 in the gluco series cyclized in 75% yield 
to carbocycle 21 with a diastereomeric excess of 82%.

OBn
N

•OBz

OBzBzO
OBz

1 7
OBn

N

Bu3SnH

AIBN

20

NHOBn

OBz

OBzBzO
OBz

NHOBn

..OBz

BzO ‘OBz

1 8

NHOBn

OBz 

1 9

Scheme 6

A systematic investigation of the Sml2~promoted 

synthesis of amir.ocyclitols from carbohydrate-derived oximes 
was reported by Marco-Contelles and colleagues8 (Scheme 7). 
The oximes 22 derived from D-glucose could be cyclized
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smoothly to the branched aminocyciopentitol 2 3  in 80% yield 
as a single diastereomer; under the same conditions 2 4  

(Scheme 7), derived from D-mannose, afforded a mixture of the 
three aminocyclopentitols 2 5 ,  2 6 ,  2 7  in a 15:3:1 ratio, and 
2 8  (Scheme 7) , derived from D-galactose, gave
aminocyciopentitol 2 9  in 51% yield. It should be noted that 
compounds 2 3 ,  2 5 ,  2 6 ,  2 7 ,  and 2 9  can be readily converted, 
by hydrogenolysis, into isomers of trehazolamine, the aglycon 
of the trehalase inhibitor trehazoline.9

OBn
N

OBn

OBn

OBn OBn

NHOBn

Sml2

22

OBn

BnO HO-

OBnBnO

2 3

OBn

NHOBnNHOBn NHOBn

OBnOBn

BnO

OBnHO

HO

OBn OBnOBn BnOBnO BnOOBn OBn
2 4 2 5 2 6 2 7

.OBn
N

OBn

OBn

OBn OBn

Sml2 
OBn 51%

BnO

2 8

NHOBn

Schema 7
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8

In the recent synthesis of trehazoline, Giese's group10 
used oximes 31 (Scheme 8 ), derived from D-glucose, to make 
the key intermediate trehazolamine 35. Since the protected 
oximes 22 did not give the desired configurations at all the 
newly formed stereogenic carbons in 35, the stereochemistry 
of the radical cyclization was inverted by connecting the 
oxygens at C(4) and C(6 ) as a six-membered cyclic acetal 
(31) . Compound 31 cam. be made easily from 30 by 
conventional methods. Treatment of 31 with Sml2 in THF at 
-78 °C gave exclusively diastereoisomer 32, in 84% yield.

.OMe
OH

OBnOBn

OBnOBn

O OOO
30 PhPh

Sml2
84%

NHOMe
AcOHO Ac2 ° ' pyridine; 

OBn ii) Pb(OAc)4
OBn

OBnOBn
Ph*Ph'

32 33

ii) LiAIH4

NHOMe
HO

OBn

OBn
Ph'

34

HO
NH2

HO

OH
... .

OHHO

35
Scheme 8
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9

Protection of the tertiary hydroxyl of 3 2 ,  followed by 
oxidation with Pb(OAc),;, gave the oxime ethers 3 3 .  After 
deprotection of the tertiary hydroxyl, the resulting O- 
methyloximes were reduced to 3 4  by LiAlH4 • Full deprotection 
of 3 4  with Na in liquid NH3 afforded trehazolamine ( 3 5 )  .

Vinyl radicals also add readily to oxime ethers in an 
intramolecular manner in both the 5-exo and 6-exo modes. 
Terminal alkynes undergo free radical hydrostannylation to 
generate a vinyl stannane radical that cyclizes readily onto 
an attached O-benzyloxime. Enholm and coworkers11 reported 
that addition of the tributylstannyl radical to the triple 
bond of 3 6  (Scheme 9) was followed by cyclization to 3 7 ,  

which contained a vinyl tin substituent and a protected 
amine. Subsequent protodestannylation with acetic acid 
afforded 3 8 .

BnOHNBnON
SnBiu-n

BnOHN

AcOH

3 6  3 7

Scheme 9

CO2MQ

Pattenden and coworkers12 have described an interesting 
cascade sequence for the synthesis of bi- and tricyclic ring 
systems in which an oxime ether plays a key role. This 
cascade commenced with the cyclobutanone oxime 3 9  (Scheme 
10) . The reaction was initiated by formation of the vinyl
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1 0

radical B. As indicated in Scheme 10, 6-exo eyelization onto 
the oxime ether afforded C. A (3-fission led, in sequence, to
the intermediate D, and then E, from a second cyciization. A 
third ring closure afforded the a-cyclopropylaminyl radical
F. Regeneration of the oxime from a second (3-fission to give
G, was followed by the final elimination of the
tris(trimethylsilyl)silyl radical to continue the chain.

BnOBnO
BnON

6-exo

hv

39
P-fission

BnO. BnO.

5-exo

[3-fission - i

BnONBnON

G 40

S c h « M  10

Thus the bicyclic product 40 of this novel "one pot" cascade 
arose via a double ring expansion-cyclization process 
involving aminyl radicals C and F. The oxime functionality
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1 1

is thus preserved, and the corresponding enone could be 
generated by hydrolysis. In related studies, Pattenaen's 
groupi2b reported that irradiation of 4 1  (Scheme 11) in the 
presence of tris(trimethylsilyl)silane afforded the 
triquinane 4 2  as a 1:1 mixture of a- and (3-methyl

diastereomers in 3 8% yield. The product resulted from a 
cascade radical sequence that utilized a 6 -exo cyciization,
(H —> I )  , an aminyl radical fragmentation ( I  —* «J) , a 5-exo 
radical transannulation (iT —* K) , and finally a further 5-exo

BnON [|

(MeaSOaStH

41 H

BnOI

(3-fission

BnC

5-exo

H H
J

BnC

(Me3Si)3SiH
5-exo

BnC

Me

H H

K 4 2

S c h M M  1 1
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1 2

ring closure to generate the tricyclic compound 42.
Hatem and coworkers13 reported that allene derivatives 

43 (Scheme 12) can be cyclized to 44 through a radical 
intermediate L .

Me Me

N =
MeO MeO77%Me Me

Me
43

Me
L

Mev

MeONH

Me
Me

Scheme 12

Naito's group14 have described the synthesis of five-, 
six- and seven-membered nitrogen heterocycles. a-Amino

cyclic alcohols 46 and 47 (Scheme 13) cam. be prepared from 
the ketyl radical generated upon treatment of the ketone or 
aldehyde oxime ethers represented by 45, with Bu3SnH in the

Bn02C

AIBN

NOMe

45

Bn02C
I

^ V n w  )m

BnOzC

HO

46
NHOMeHO

4 7

OSnBu3 
( / V /  NOMe

M R

NOMe
 ZN OSnBu3
**“  R

N

Scheme 13
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1 3

presence of AIBN. In all cases Che Crans isomer 
predominated. The best yield was 71% for n = 2, m = 1. The 
proposed transition state is shown in Scheme 13. Steric and 
electronic repulsions in M are larger than in N.

synthesize the hexahydroazepine ring system in balanol,16 
which contains adjacent amino and alcohol groups in a trans 
relationship. The aldehyde oxime ethers 4S (Scheme 14) can 
be cyclized in the presence of BU3S11H and AIBN, to 49 and 50 
in 58% yield as a 1:1.5 mixture. However, if cyciization is 
induced by Sml2 , then 49 and 50 are obtained in 53% yield as 
a 1:6.6 mixture. The major isomer 50 was resolved for 
conversion into (-)-balanol15b.

Similar chemistry was extended recently by Fu's group.16 
They reported that the ketone or aldehyde oxime ethers 51 
(Scheme 15) (n = 1-2, R1, R2 = H or Me), in the presence of 
Bu3SnH and AIBN, gave P-amino alcohols 52 and 53, with the

trans isomer 53 predominating.

Naito ’ s group15a,b also used the above strategy to

O OH OH

NOBn
BuaSnH,
AIBN

58%
NHOBn NHOBn

Boc Boc Boc

48 49 50
Sml2, HMPA

53%
Scheme 14

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 4

BuaSnH

R1 °R 2  
5 1

NOMe
AIBN ...r2 y — R2

HO r i  NHOMe n o  R 1 NHOMe 

5 2  5 3

Schema 15

Keck's group173 reported the total synthesis of the 
naturally occurring alkaloid 7-deoxypancratistatin18 via an 
approach based on radical cyciization of the oxime ether 54 
(Scheme 16) . In the presence of Bu3SnH and AIBN, 5 4  can be 
cyclized smoothly to 5 5  in 70% yield, and subsequent 
elaboration of 5 5  gave the natural product.

OMOM
TBSO

5 4

JL / ^ N
X . °

OMOM
TBSO.

70%

NHOBn

\— O 5 5

OH

:x

HO, OH

OH

NH

O
7-deoxypancratistatin

Scheme 1 6
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1 5

Very recently, Curran and his colleagues19 described the 
synthesis of cyclic oxime ethers by radical closure of 
acylgermane oxime ethers. A representative example is shown 
in Scheme 17. Irradiation of 56 in benzene resulted in 
isolation of the oxime ether 57 in 95% yield. The proposed 
mechanism (Scheme 17) is as follows: upon irradiation,
radical precursor 56 generates radical O, and then this alkyl 
radical adds to the acylgermane oxime in 5-exo fashion giving 
rise to aminyl radical P, which rapidly collapses to oxime 
ether 57.

2 . Hydrazone Acceptors
The first example of a radical cyciization onto a 

hydrazone was reported in 1991 by Kim's group.20a This 
interesting example employed a special hydrazone — a 2 - 
phenyl-.W-aziridinyl imine — as the radical acceptor. Upon

NOBn NOBn

Br
95%

56 57
hv

NOBn
GePh

GePh.
BnON

O P
Scheme 17
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Bu3SnH.
AIBN

A  Ph 
N— N - ^

58

N = N
.Ph

N2 l'===^Ph-.
E E

(On

■ A

‘A ^  A  ̂PhN - n - ^

i°
t f n

■• A / P hN— N—-̂

(On
5 9

n = 1 (30%) 
n = 2 (85%)

Ph-

Bu3 SnH,
AIBN

6 0

Bu3Sn' N - n^ ^
Ph

U

(On

e = c o 2 e , 6 1

S c h « M  18

treatment of bromide 58  (Scheme 18) with Bu3SnH, the initial 
radical Q added to the imine double bond to generate an a-
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aziridinyl aminyl radical R. This underwent rapid ring 
opening to the benzyl radical S. Subsequent expulsion of 
styrene and nitrogen from S gave the carbocycle 59, from 
quenching of T with the stannane. For the 5-exo cyciization 
(n = 1) the yield was modest (30%) , but for the 6 -exo 
process, the cyclohexane 59 (n = 2) was obtained in 8 5% 
yield. If desired, the intermediate cyclohexyl cadical T (n 
= 2 ) may be trapped with methyl acrylate and acrylonitrile in 
yields of 87% and 86%, respectively. The reaction also 
proceeded smoothly with keto-hydrazones and with alternative

E E Bu3 SnH,
AIBN

E E

O Me
A  Ph

N - N — ^ Bu3SnO Me' 

V

A  .ph
N—  N— ^

62

63 (73%)
OSnBu3

W

BusSnH,
AIBN

Me

64 65
E = CQ2Et

Scheme 19
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radical precursors such as phenyl selenides and acetylenes. 
Exposure of the bisaziridinyl substrate 60 (Scheme 18) to 0.3 
equivalent 3UjSnH and AIBN afforded, via the a-stannyl

radical U, the expected cyclopentene and cyclohexene 61 in 
yields of 62% and 65%, respectively. In order to expand the 
potential of the N-aziridinyl amino group as a radical 
acceptor, Kim and his colleagues2015 examined the competition 
between carbonyl and hydrazone groups as radical acceptors. 
The preferred pathway for 62, in the competition between a 
keto-hydrazone and an aldehyde carbonyl, involved initial 
attack at the aldehyde. The stannyloxy radical V generated 
from this addition cyclized onto the hydrazone to form the 
secondary radical W, after loss of nitrogen and styrene. 
Subsequent reaction afforded 63. A similar preference was 
observed in the methyl ketone series, in which clean 
conversion of 64 (Scheme 19) into 65 was observed. This 
situation was reversed when the alkyl radical could add onto 
a formyl group or imine group. Thus 66 (Scheme 20) afforded 
16% of the aldehyde 67 from initial attack of the stannane on 
the bromide, followed by addition to the aldehyde, to form X. 
This was followed by ring opening to Y and expulsion of the 
N-aziridinyl moiety. The competing pathway for addition to 
the hydrazone dominated and afforded 37% of 68 from 
rearrangement of Ai, and 25% of 69 from the quenching of Z.

The competition between an alkenyl double and an imino 
group has also been investigated.2015 In this case the alkene 
proved to be a better acceptor than the W-aziridinyl imino
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BuaSnH,
AIBN

CHO

Bn

Bn

CHO

Bn

X

Ph

Bn

Y

Ph

Bn

67 (16%)

CHOBn

Bn

68 (37%) 69 (25%)

Seh«a« 2 0

function. With 1.1 equivalents of BU3S11H a mixture of 71 aad 
7 2  (Scheme 21) was obtained in 65% and 21% yield, 
respectively, and there was no evidence that any of the dieae 
7 3 was produced. When the quantity of Bu3SnH was increased 
to 2.2 equivalents, the stannane 72 was obtained in 80% yield 
as the only product; it arose by addition of Bu3SnH to the 
imino group in 70. The situation was altered again when the
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competition was between a cyclopentanone and the imino group. 
The reactive vinyl radical derived from acetylene 74 added 
preferentially to the hydrazone to afforded the spiro 
dicru inane 75 in 8 5% yield.

BuaSnH,

Ph

Me71 (65%)

N
SnBu

Me72 (21%)

73 (0%)

SnBu

BuaSnH,
AIBN7 4 75

Scheae 21

In a formal total synthesis of dl-modhephene20c, N- 
aziridinyl imine 76 (Scheme 22) has been used in a tandem 
radical cyciization to produce compounds 77 and 78, 
containing the [3.3.3]propellane skeleton, in a 9:1 ratio 
(74%). Elaboration of 77 completed the formal synthesis of 
dl-modhephene.
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Ph

^  740/0

76

Me

78

Me

77
Schama 22

More recently, Keck's group17b have reported an elegant 
synthesis of (+■) -7-deoxypancratistatin, based on a tandem 
radical cyciization of the hydrazone/oxime ether 79 (Scheme 
23) . Upon treatment of 79 with Ph3SnH in the presence of 
AIBN, the desired cyciization product 80 was isolated in 78% 
yield as a single stereoisomer. Cleavage of the N-0 bond, 
using Sml2 in THF, and direct quenching with TFAA, gave the 

trifluoroacetamide 81 in 8 8% isolated yield. Installation of 
the carbonyl group was accomplished by PCC oxidation to 82. 
Further deprotection and cyciization gave (+)-7- 
deoxypancratistatin (83).

The radical eyelizations of W-aziridinyl imines have 
provided a versatile new approach for making five- and six- 
membered rings. However, this strategy does not retain the 
nitrogen functionality, due to the expulsion of nitrogen.
That can be an advantage as seen through all the examples 
above. Fallis' group21a established that N, N- 
diphenylhydrazones are excellent radical acceptors and can be 
used to obtain nitrogen-functionalized cyclopentanes and
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cyclohexanes. The reaction temperature significantly 
affected the cis:crans

OTBS
OTBS

78%
NHOBn

NOBn79 80
88%Ph

OTBSOTBS

PCC,
83%

NHCOCF-

88%

OH

HO, OH

O OH

NHO
83

Sche:

ratio of the cyclic products. Treatment of bromide ketone 84 
(Scheme 24) with Bu3SnH at 80 °C afforded 85 and 86 in 95% 
yield, in a 67:33 ratio. The same ratio was obtained with 
Sml2 at 21 °C in 91%. However, with Sml2 , the diastereo- 
selectivity increased as the temperature decreased. At -42
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=C with Sml2 , 84 gave 85 and 86 (8 8%) in a ratio of 88:12. 
For keto hydrazones, the radical cyciization with Sml2 was 
more stereoselective. For example, cyciization of 87 (n = 1) 
at 21 ~C afforded 88 and 89 in 63% yield as a ratio of 99:1. 
For cyciization of 87 (n = 2), similar results were obtained, 
and 88 and 89 were isolated in 62% yield and in a ratio of 
99:1. This high level of selectivity is believed to arise 
from a nine-membered ring chelate of type C* (Scheme 24) .

Fallis' group21b also established the rate constants for 
the 5-exo and 6-exo cyclizations. The rate constant for 5- 
exo cyciization onto W,iV-diphenylhydrazones is about 1 x 108 
s_1 at 80 °C. The 6-exo cyciization rate constant is 
approximately 1 x 106 s_1 at the same temperature. The 
important conclusion is that 5-exo cyciization for addition

H Me8 4 Me 85 8 6

NHNPh.

OH MeMe
87 88 89

Sml2 (HMPA),

Scheme 24
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to these hydrazones was approximately 200 times faster than 
the corresponding cyciization for 5-exo closure onto alkenes,
•while for the 6 -exo process, the rate of addition onto M, X- 
diphenyihydrazon.es is about 100 times faster than for the 
corresponding alkenes.

As an extension of this chemistry, Fallis' group21c 
reported that the initial radical D i ,  generated from 9 0  

(Scheme 25), could be captured with carbon monoxide under 
pressure (1100 psi) to form the acyl radical Ex. Cyciization 
gave the a-hydrazinocyclopentanone 9 1  in 75% yield as a 1:1

cis/trans mixture.

BuaSnH,
AIBN, 1100 
psi CO

9 0 Di Ei

Me

NHNPh2

91
S c h t M  2 5

Bowman and coworkers22 have examined the effect of 
different substituents on the hydrazone acceptors. The yield 
was increased as electron withdrawing groups were added to 
the singly bonded nitrogen, thus rendering the imine nitrogen 
more electropositive and raising the rate of closure. The N- 
phenylhydrazone 92 (R]_ = H, R2 = Ph, Scheme 26) gave 93 in
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18%, but this increased to 60% with the urea system (Rt. = H, 
H-2 = CONK2), which gave 96. The lower yield in the AT, .V- 
diphenylhydrazone cyciization (92, Ri = R2 = Ph, 32% vs 95%), 
compared to the process of Scheme 24, may reflect the 
slightly different reaction conditions, the use of a primary 
versus a secondary radical, and the nature of the radical 
precursor (here a selenide instead of a bromide).

Bu3SnH,
AIBN

PhSe ^ N — NR,R2

92

Sch«B« 2 6

^/s^/,NHNR1R2

93 (18%)
R, = H, R2  = Ph

^ S ^ NHNRtRz

95 (50%)
R, = H, R, = COPh

^ v v̂ ^ NHNR 1R2

94 (32%)
R, = R2  = Ph

96 (60%)
R-i = H, R2  = CONH2

Recently, Curran's group19 found that acylgermane 
hydrazone selenide 97 (Scheme 27) could be eyelized to 
hydrazone 98 in 48% yield, together with 22% reduction 
product 99, in the presence of PhsSnH and AIBN.

NMe,

GePh
Ph3 SnH,
AIBN

SePh
97

NMe,
NMe?

GePh

98 (48%) 99 (22%)

S c h M M  27
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3 . Imine Acceptors
An early example of an intramolecular radical addition 

onto an imine double bond was reported by Takano's group23a in 
1990. Upon treatment of imine 1 0 0  (Scheme 28) with Bu^SnH 
and AI3N, 1 0 1 ,  arising from 6-endo addition, was isolated in 
5 6% yield together with the dihydroindole derivative 1 0 2  

(10%) from 5-exo addition.

MeO MeOMeO

N
MeO MeOMeO

101 (56%)1 0 0 102  ( 10%)

\— O

Scheme 2 8

Takano's group23*3 also discovered that with the ketimines 
derived from acetophenone and benzophenone, contrary to the 
above example, the carbon radical added

MeO

Ph 59%

Br \  
Ph

MeO MeO

Ph Ph

103 104
Scheme 29

exclusively to the nitrogen terminus of the azomethine bond
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in a 5-exo fashion, and radical cyciization of 103 (Scheme 
29) gave 104 exclusively in 59% yield.

3owman's group223 also examined the cyciization of 
various primary radicals, generated from phenyl selenides, 
onto diverse imines. Representative examples include the 
cyciization (Scheme 30) of 105 (n = 1) to give the 5-exo 
product 106 (47%) and the 6-endo product 107 (5% yield). In 
the case of 105 (n = 2), the only product was 107 (43%), 
resulting from 6 -exo cyciization; no seven-membered ring was 
found.

(fUT^l AIBNnH' ^ N ^ N H C H 2Bn ^ ^ ^ CH2BnN
"  .   *  \ /
SePh
105 n = 1 106 (47%) 107 (5%)

n = 2 107(43%)
S c h M M  30

In summary/ hydrazones and oximes are versatile radical 
acceptors for a variety of situations. Further advances and 
new insights into the basic reactions, and more sophisticated 
synthetic applications will undoubtedly be seen in the years 
to come.

B. Recent Synthetic Approaches to C - G l y c o s y l  
Amino Acids
In recent years, glycopeptides have become the focus of 

considerable bioorganic/medicinal chemical research, due to
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“heir involvement in various normal and pathological cellular 
processes.--* A fundamental problem in using oxygen-linked 
giycopeptides-based therapeutic approaches to the treatment 
of disease is the inherent lack of in vivo stability of such 
compounds, since natural oxygen-linked glycopeptides are 
easily degraded in both acidic and basic media.24 A solution 
to this problem lies in obtaining carbon-linked analogs of 
oxygen-linked glycopeptides. In addition, the nucleoside 
antibiotics amipurimycin,25 miharamicyns,26 polyoxins27 and 
nikkomycins28 belong to the class of C-glycosyl amino acids. 
Consequently, the synthesis of C-glycosyl amino acids and 
related C-glycopeptides has generated considerable interest 
from synthetic chemists.29 Most of the syntheses were 
developed for preparation of a single target compound, and it 
is not possible to include all the syntheses in the following 
review section. Only syntheses of C-glycosyl a-amino acids,

which are closely related to my research work will be 
discussed.

In 1977, Erink and coworkers30 reported that the 
protected furanosuloside 108 (Scheme 31) and pyranosuloside 
112 condensed smoothly with ethyl isocyanoacetate in the 
presence of KH to give 109 and 113, respectively. After 
hydrogenation, protected C-glycosyl a-amino acids 110 and
111 (from 109), and 114 and 115 (from 113) were obtained.

In the total synthesis of polyoxin C, Barrett and 
Lebold3- described a different method to obtain the sugar a-

amino acid component 120 (Scheme 32). Condensation of
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(pher.ylth.io) nitromethane with 2 , 3 -0 -isopropylidene-/J-D-riho- 

per.todialdo-1, 4-furanoside 116 gave the (Z)-nitro olefin

ethyl isocyanoacetate. 
KH. THF oMe Raney Ni-OMe

NHCHO1 08

NHCHO OHCNH

OMe OMe

ethyl isocyanoacetate, 
KH, THF Raney Ni,

OBn

NHCHO
E t02C

OBn

1 1 2

NHCHO

OBn114

OHCNH

OBn1 1 5
Scheme 31

117. Addition of potassium trimethylsilanoate, and 
ozonolysis then gave the a-hydroxy thioester 118, which was

formed with excellent diastereoselectivity. Alcohol 118 was 
converted into its triflate (Tf2<D, pyridine, CH2CI2 . 0 °C) ,
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and subsequent mild hydrolysis of the thioester gave 1 1 9 .

The amine functionality was introduced by displacement of “he 
criflate with Nal, followed by NaN3, to yield azide 1 2 0 .

Further elaboration of 1 2 0  furnished polyoxin C ( 1 2 1 ) ,  with 
the desired sugar a-amino acid component.

o 2n

PhSCH2 N 0 2,
OMe f*BuOK:

MsCI. f-Pr2EtN

SPh
KOTMS, DMF; 
0 3( MeOH:

OMe 5%
citric acid

COSPh

OMe Tf2 ° ’ Pyridine-‘ TfO 
Hg(OAc)2, MeOH

OMe Nal, DMF; 
NaN3

Me

CO.

NHOMe

OHHO

Scheme 3 2

[3 , 3 ] -Rearrangement of an allylic trif luoroacetimidate 
was used by Thomas' s group29e to make a C-glycosyl a-amino

acid ( 1 3 2 )  for another synthesis of polyoxin C (Scheme 33). 
Diacetone D-glucose was converted into its C(3) epimer, which

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



OBOM

AcO'

OHC (MeO)2 P(0) ‘
BOMO'

BOMO'

PMBO O

NHCOR

O 
1 2 3

OBU

BOMO"

fvPMBO 0 - ^ \  
.OR 1 2 4  \

Zn(BH4 )2

xylene,
reflux

PMBO O
i) Ba(OH)2, 127 R = CF3  

MeOH; 3

ii) CbzCI, L 1 2 8  R = OBn 
KHCO3

. i) DDQ;
| ii) Ac2 Of Et3 N, DMAP; 
i iii) 70% AcOH, 70°C 
vi) Ac20 ,  Et3N, DMAP

„NHCbZ

PMBO O'

_ . . 125 R = Hn-BuLi,
CF3CN L .1 2 6  R = C(=NH)CF3

C 02Me

OAc

i) 0 3, MeOH; M e ^
ii) Br2, MeOH, NaHC03

CbzNH—

AcO OAc 1 29 2,4-bis(trimethylsilyloxy)-5- 
methylpyrimidine (131), 
TMSOTf

vr OAc

AcO OAc 

130

Me

CO
NH

OHHO

Me

i) LiOH;
ii) Pd-C/H2

MeOjC 

CbzNH—

121
PMB = p-methoxybenzyl 
BOM = benzyloxymethyl

U f
AcO OAc 

1 3 2

Y
o

Sch«a« 33
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was protected as its p-methoxybenzyl ether and hydrolyzed.
Oxidative cleavage then gave aldehyde 122. Condensation of 
this aldehyde with the ketophosphonate 123 led to enone 124, 
which was reduced with Zn(BH,;)2 < anci treated with 
triflucroacetonitrile. These operations gave the 
trifluoroacetimidate 126. The latter rearranged cleanly on 
heating in xylene (8 h) to give the trifluoroacetamide 127.
After conversion of the trifluroacetamide into the carbamate 
128, oxidative removal of the PMB group, acetylation, 
hydrolysis of the acetonide (which was accompanied by loss of 
the BOM group), and acetylation gave the tetra-acetate 129. 
Ozonolysis, using reductive (Me2S) work-up, followed by 
oxidation of the crude aldehyde with Br2 in MeOH, afforded 
the methyl ester 130. This was taken on to the nucleoside 
132, using 2,4-bis(trimethylsilyloxy)-5-methylpyrimidine 
(131), under standard conditions. Finally, deprotection gave 
polyoxin C (121) .

A short synthesis of C-glycosyl a-amino acid derivatives

135 (Scheme 34) was reported by Simchen and Purkner.32 Upon 
treatment of ketene acetals 133 with the a-glycosyl bromide 
134 in the presence of ZnBr2 , C-glycosyl a-amino acid 

derivatives 135 formed smoothly in 75-91% yield.
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F 3C NHCOCF3

t- BuCOa
Me3SiO V - ^

R1 1 3 3  OR2

,OSiMe3  f-BuCO.

/— ° <mD2OB^ t
f-BuCO.

i) ZnBr2;
ii) AcONa, H20 f-8 uCO

1 3 4

0 2 CBu-f o 2CBu-r
1 3 5 R, = H. Me

R2  = H, Me

S c h e m e  3 4

Lieberknecht and colleagues33 described a one-pot 
diastereoselective synthesis of ribofuranosyl glycines 1 3 8  

(Scheme 35) by condensation of ribofuranoses 1 3 6  and 
phosphoryl glycine ester 1 3 7 .  They conducted the 
condensation under different conditions with 1 3 6  (R = H, t- 
BuMe2Si, CPh.3) , and found that the best chemical yield (8 8- 
92%) and best diastereoselectivities ( 1 3 8 / 1 3 9  - 85/15) were 
obtained with R = t-BuMe2Si or CPh.3, when 1 3 6  was treated 
with 1 3 7  (KOBu-t, CH2C12, -70 °C to room temperature 
overnight).

RO
O NHCbZ 

OH (MeOfeP— (
1 3 7  C 0 2Me

RO  .  n n
>t.COzMe 
*** NHCbz

KOBlK ch2ci2.
-70°C-RT, overnight. 
RT3 d

1 3 6 1 3 8  1 3 9
R = H, FBuMe2Si, CPh3

S c h e m e  3 5
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Another one-step diastereoseiective synthesis of C- 
giycosyl cc-amino acids was reported by Lavergne' s group. 25r-

The approach involved the diastereoseiective condensation of 
glycine enolates (generated by the action of LDA on various 
glycine esters) onto the carbonyl at C (3) of protected a-D-

riiohexofuranos-3-ulose 140. A representative example is 
shown in Scheme 36. Condensation of the enolate obtained by 
the action of LDA on t-butyl N, AT-dibenzyl amino acetate 141 
on the carbonyl function of 140 led to a single product 
(142) in 65% yield. Removal of the benzyl group by 
hydrogenolysis gave 143 in 85% yield.

R :

LDA, THF, /PhCH^ .QQCQ
. NCH2 C 0 2 Bu-f ------------»

PhCH2  65%

HO Oo o V
140 \  141

Pd-C/H2  /  O '  O R= ^ u O O C ^ N ( C H 2Ph)2

85%

Rs

HO O

T
T

H
f-BuOOC NH2

Sehaaa 3 €

Colombo and coworkers34 reported a stereoselective 
synthesis of C-glycopyranosyl a-amino acids based on a
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Claisen rearrangement. The synthesis started from glycal 144 
(Scheme 37). Esterification of 144 with W-benzoylaianine 
(145) gave the allylic ester 146, and treatment of the ester 
with Ph.jp/CCl4/Et3N as a dehydrating agent afforded, directly, 
the oxazolone 148 as a mixture of two diastereoisomers in a 
3:1 ratio. This process involved formation and rearrangement 
of an intermediate oxazole 147.

With intermediate 148 in hand, treatment with 1 N NaOH,

HO

1 44

Me

Ph

c o 2h 

- —^
145 NHCOPh

DCC

ecu. PPh3.
0  Et3 N. MeCN

0

Me 1 4 6

NHCOPh

Me Ph

O

O

147 148
Seheae 37

and subsequent addition of I2 , to the resulting carboxylate 
gave two iodolactones 149 and 150 (Scheme 38) . The major 
isomer (150) was converted into epoxy ester 151 by mild 
methanolysis with MeONa in MeOH. Stereoselective diaxial 
opening of epoxide 151 with acid afforded trihydroxy lactone 
152, and the final p-C-altrosyl-(R) -alanine lactone 153 was
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obtained from 152 by hydrolysis with 6 N HC1. (3-C-Aliosyi-

Me Ph

O

1 4 8 O
NaOH; l2.THF 0 s0 4, Me3NO

' NHCOPh

149 (11%)

NHCOPh

150 (67%)

NaOMe, 
95% MeOH

1 5 1

NHCOPh

HO

Me 
COzMe

I 3 N HCIO*

HO * <82%>
7  NHCOPh

1 5 2  O

NHCOPh

1 5 4  o

0 chromat.
(65%) 

ii) 6 NHO  
(94%)

HO 

HO
— \ ’Me 

’ OH C 0 2H
1 5 5

HO  +
7  NHoCI

-6NHCIr HO
94%  r ^ v

OH II

3V

Me

1 5 3

Scheme 38

(R)-alanine 155 was synthesized from 148 in two steps by a 
slightly different approach. Catalytic dihydroxylation with
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OSO4 gave 154 as a 3:1 mixture of diastereoisomers.
Separation of the major isomer and subsequent hydrolysis 
furnished the desired sugar a-amino acid 155.

Casiraghi and colleagues35 described the synthesis of 
several terminal C-glycopyranosyl a-amino acids from non

sugar components. They employed enantiomerically pure 
butenolide intermediates made from the L- or D-serine-derived 
oxazolidine aldehyde (cf. 157 from L-serine in Scheme 39) and 
2 -(trimethylsiloxy)furan (156). The key synthetic steps 
involved sequential anti-selective cis dihydroxylation of the 
butenolide double bond in, for example, 158, and the clean 
furanose-to-pyranose ring expansion to construct the sugar 
skeleton with the proper stereochemistry. The best-yielding 
example is illustrated in Scheme 39.
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^O^^OSiMe^
\ j r  *
1 56

CHO BF3 .OEt2,
-80°C

N
Boc1 57

Boc OAc 0 DIBAL-
ii) MeOH, citric acid;
iii) Ac20 ,  pyridine

OAc OAc

1 60 i) 70% AcOH;
ii) N al04 , cat R u 0 2;
iii) CH^Nz

OAc
BocNH _  Jrprf

MeO?C I OAc I
OAc OAc

161
Scheme 3 9

OH

N
Boc 1 58

i) Me3 SiCI. pyridine;
ii) KMn0 4 i
iii) MesSiCI, pyridine

OSiMe3 

.(X

N
Boc OSiMe3  OSiMe3 

159

Stereoselective condensation of 156 with 157 in the 
presence of BF3 . Et20 at -80 °C, gave 158 in 8 8% yield. 
Protection of the hydroxyl in 158 as a trimethylsilyl ether, 
anti cis-dihydroxylation of the butenolide double bond with 
KMnC>4, and silylation provided 159 in 60% yield over three 
steps. The ring expansion from 159 was accomplished by three 
further operations: DIBAL reduction generated a y-lactol

intermediate, and this was followed by citric acid-methanol 
treatment and subsequent acetylation to provide the desired 
ring expansion product 160. Treatment of 160 with 70%
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aqueous AcOH resul.ted in selective removal of the acetonide. 
The resulting crude primary alcohol was subjected to 
oxidation with Ru0 4/NaI04 to the expected carboxylic acid,
•which •••/as finally transformed into the target compound 161. 

Diascereoselective synthesis of C-arabinofuranosyl a-

amino acid 167 (Scheme 40) was developed by Rassu and

BocBoc
BnO BnO

OAc

BnO OBn 163 OBn 1 6 4BnO162

Boc
UOH;

NHBoc Nal04
BnO r  BnO

CHO
OH OHOBnBnO BnO OBn

1 66 165
NaCI0 2 , NaH2 P 0 4

BnO
NHBoc

COOH

OBnBnO
167

Scheme 40

coworkers . 29~ Trityl perchlorate-promoted addition of W-( t- 
butoxycarbonyl)-2-(t-butyldimethylsiloxy) pyrrole (TBSOP) 163 
to che protected arabinose 162 proceeded with excellent 
diastereoselectivity to give 164 as the predominant adduct in
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62% yield. Dihydroxylation of the double bond with KMnC>4 ,

followed by opening of the lactam ring (LiOH, THF) and 
fission of t_he vicinal 2,3-diol (NaIO<;) gave the crude a-

amir.o aldehyde 166. Without purification, this material was 
oxidized co the desired protected amino acid 167 by 
NaCl02/NaH2P04 in 90% yield.

A recent synthesis of C-glycosyl a-amino acids was 

reported by Dondoni and coworkers.29m The approach involved 
stereoselective addition of 2 -furyllithium (168) or 2 - 
thiazolyllithium (169) (Figure 1) to various sugar nitrones.

168 169
Figure 1 Structures of 168 and 169

The reaction occurred with opposite diastereofacial 
selectivity depending on whether the free nitrone or the 
diethylaluminum chloride-precomplexed derivative36 is 
employed. The resulting furyl or thiazolyl hydroxylamines 
are reduced to amines by the action of TiCl3 . From the 
resulting compounds the amino acids are released by oxidative 
cleavage of the furan or thiazole ring to carboxylic acids. 
Compounds have been prepared wherein the a-amino acid moiety

is installed at C(4) and C(l) of furanoses (ribo, manno, 
xylo, and lyxo) and at C(5) and C(l) of a pyranose (galacto) . 
The sugar nitrones that were examined are shown in Figure 2.
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Bn
I

+N—O 
<7 O M e

kX1 70
Bn

Bn

1 73

'OMe

7

Bn

1 74

Bn
I+N— °

o

172

t-N— O

Figure 2 Structures of various nitrones

These nitrones all reacted with 168 or 169. In the 
case of 168, for example, they gave the hydroxylamines 177a 
and 177b as two diastereomers (Scheme 41) . The ratio of 
177a and 177b depends on whether the free nitrones or the 
diethylaluminum chloride-precomplexed derivatives are used.36 
The thiazole organometallic 159 reacted similarly. Treatment 
of 177a or 177b first with TiCls and then with wet silica 
gel, followed by acylation with acetic anhydride or benzyl 
chloroformate, provided 178a or 178b. Oxidation of 178a or
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Bn
I

+n— o

r— °
v l j — OR 

1 7 6

NHR, NHR,

OR OR

179a,b 1 7 8 a , b

R = Alkyl

R1 3  MeCO or BnOCO

Sehaaa 41

178b with R.U.O2/NaI0 4 , and treatment of the resulting 
carboxylic acids with diazomethane afforded the desired sugar 
amino acid esters 179a or 179b.

In conclusion, though various routes have been developed 
for the preparation of C-glycosyl a-amino acids, new general,

efficient and stereoselective methods are still needed.
Since C-glycosyl a-amino acids are such important class of

compounds, all the methodologies have their own advantages 
and disadvantages.

Bn

N— OH

Li
168

OR

i) TiCb;
ii) SO 2 ;
iii) AcoO or CbzCI
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C. Synthetic Routes to (♦) -Furanomycin
The bacterial metabolite furanomycin (180)37'38 (Figure 

3) is an antibiotic substance that is a competitive 
antagonist of L-isoleucine.37 It also inhibits the growth of

T-even coliphage. The gross structure was established by 
degradative and spectroscopic studies,37 but the 
stereochemical assignment was made on the basis of total 
synthesis, 39a'b and later corroborated by X-ray analysis of 
the derived N-acetate.40 Only two synthetic routes to ( + )- 
furanomycin (180) had been published before we completed our 
own synthesis. Joullie and coworkers3 9a'b reported the first 
total synthesis of 180 (Scheme 42) by using the Ugi four- 
component condensation as a key reaction. The synthesis 
involved generating the functionalized tetrahydrofuran 
derivative 181 from D-glucose,41 and this was then induced to 
undergo a series of deoxygenations and the incorporation of 
an amino acid unit.

The presence of the tosylate in 181 allowed the desired 
deoxygenation reaction via epoxide 182. The bis(selenide) 
derivative 183 was obtained in quantitative yield from 182. 
Removal of phenylseleno groups from 183 by Raney nickel.

n h 2

180
Figure 3 Structure of (+)-furanomycin (180)
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followed by deoxygenation of the resulting alcohol 184, via 
its tosylate, gave 185. After introduction of unsaturation 
in this way, the sensitive aldehyde obtained from 185 by mild 
hydrolysis was subjected to the Ugi four-component reaction

O-glucose
TsO'

Q CH(OMe)2

t r U

HO

0  CH(OMe)2

PhSe'

N aSePh

PhSe OH 

1 83
Raney Ni

TsO'

CH/OMa) i} TsCI- W^ine:

Me a Me

181
J NaH.THF

Q CH(OMe)2

< r f
o
182

Q CH(OMe)2

OH
184

NH9

185
i) TsOH; I
ii) PHCOOH, 

f-6 uNC, |  
R-(+)-PhCHMeNH2

COPh
/

N- CHMePh
CH
J CONHf-Bu

i) separation; M
ii) 6  N HO a

180 186
Seh«ai« 42

to provide a 1:1 mixture of epimeric amino acid derivatives 
186. The desired isomer was separated and converted into
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(+)-furanomycin (180) by deprotection.
The most recent enantioselective synthesis of ( + )- 

furanomycin was reported by Kang and Lee.42 The key steps 
involved the mercury cation-mediated cyclization of y-hydroxy

alkene 190 and, as described below, of the homoallylic 
trichloroacetimidate 193, the last operation serving to 
generate the crans-2,5-disubstituted tetrahydrofuran and the 
(aS)-amino acid side chain.

The synthesis started from the known silyl ether 187 
(Scheme 43), prepared from dimethyl l-tartrate,43 was 
desilylated using BU4NF, and the resulting alcohol 188 was

f-BuMe2SiO

O

Bu4NF
HO

O
1 8 7 1 8 8

l2. PP*3.
imidazole

OH CHssCHMgBr,
CuBr.SMe2;
6  M HCI, MeOH

OH
1 9 0

Hg(OCOCF3)2, 
K2C03I 

, Et3 B, LiBH4

O
1 8 9

CI3CCN. DBU

OH CCI3

1 9 1  X = H, Y = Me

1 9 2  X = Me,Y = H

1 9 3  X = H,Y = Me
1 9 4  X = Me, Y = H

Scheme 43
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treated with I2, PPh3 and imidazole to yield the corresponding 
iodide 189. Treatment of 189 with vinylmagnesium bromide in 
the presence of Cu.Br.SMe2 gave the expected diene acetonide,
and hydrolysis of the acetonide with methanolic HC1 provided 
diene diol 190. This y-hydroxy alkene was subjected to

cyclization with Hg(OCOCF3)2 in the presence of K2CO3 in THF 
at -78 °C to afford a mixture of trans- and cis-2,5- 
disubstituted mercuric tetrahydrofuran derivatives. These 
were reduced in situ with Et3B and LiBH4 at -78 °C to produce 
an inseparable 9:1 mixture of 191 and 192. This mixture was 
converted into the readily separable trichloroacetimidates 
193 and 194.

With 193 in hand, the second key mercury cation-mediated 
cyclization was performed (Scheme 44) with Hg(OCOCF3)2 in the 
presence of K2CO3 in THF at 0 °C. This experiment yielded 
only the desired organomercury bromide 195 in 95% yield after 
work-up with aqueous KBr. Exposure of 195 to TEMPO and LiBH4 
in the presence of Et3B gave the oxidized product 196. 
Compound 196 was then hydrolyzed with 6 M HC1 and the 
unmasked amino alcohol was protected with benzyl 
chloroformate to afford carbamate 197. Replacement of the 
hydroxyl in 197 by iodine, and elimination of HI from the 
resulting iodide (198) gave 199. The TEMP group of 199 was 
reductively removed with Zn dust to yield the primary alcohol 
200. S w e m  oxidation, followed by treatment with 
NaC1 0 2/NaH2P0 4 , afforded the carboxylic acid 201. Finally, 
removal of the BnOCO group with thioanisole in TFA furnished
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()- furanomycin 1 8 0 .

HgBr

NH

CCI.cci.1 9 3

NHCOOBn

OTEMP
6  M HCI, MeOH; 
BnOCOCI, K2 CC>3

CCI-

OTEMP DBU. DMF OR

Cl  9 9  R =TEMP 

2 0 0  R =H1 9 8

NH;

c o 2h

1 8 0

PhSMe,
CF3CO2H

Swem;
NaCJOs.
NaH2P0 4

NHCOOBn

* — N

Sch< 44

201
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II. Results and Discussion
4 8

A. Preparation of a - (2,2-Diphenylhydrazino)- 
and a-(Benzyloxyamino)-Lactones
Formation of carbocycles by addition of a carbon radical 

onto a carbon-nitrogen double bond is a well-established 
process, as described in the previous section.2-23 During 
exploratory studies to effect such additions 
intermolecularly, we decided to try an intramolecular 
version. It was convenient to attempt to make lactones with 
the a-position containing a nitrogen functionality. Such a

process has not been reported. Lactones of the type we had 
in mind (see Scheme 45) , should be convertible into natural

202 203 204
R3 SnH,
AIBNt

206 205
R s  n>Bu or Ph; R1 *  H or alkyl; R2  *  H or alkyl 
X aB rorSeP h; Y aN PhaorO Bn

Scheme 45

and unnatural amino acids, and a particularly useful 
possibility is that C-glycosyl a-amino acids might be
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accessible if such.-lactones are fused onto carbohydrates.
Our approach to the lactones is shown in Scheme 45. Addition 
of a carbon radical onto O-benzyloximes or diphenylhydrazones 
to make carbocycles had been studied previously. 4' 7b- 3 •17 > 21 
We considered that glyoxylic acid diphenylhydrazone and the 
corresponding O-benzyloxime may be a good choice for making 
lactones by the above route. Both compounds 207 and 208 can 
be prepared according to the literature procedure (Scheme 
46).44a Luckily, glyoxylic acid diphenylhydrazone44b(207)
(Scheme 46) can also be made by a similar route to 208 in 96% 
yield. Both 207 and 208 are stable, crystalline reagents.

NNPh96%  2
HO2C-CHO.H2O +  H2NNPh2 - HCI ---------- ► I
glyoxylic acid diphenylhydrazine H O ^ ^ O
monohydrate hydrochloride 2  0  7

^NOBn90%
HO2C-CHO.H2O +  H2NOBn.HCI ---------- -- A.benzyloxyamnie HO O

hydrochloride 2  0  g

Scheae 4 6

One of the other starting materials in our approach is a 
3-bromo or ($- (phenylselenenyl) alcohol (202) (see Scheme 45).
Several of these, such as BrCH2CH20H (209), BrCH2CH2CH20H 
(210), and 2 -bromoindanol (211) are commercially available 
(Scheme 47). trans-2-Bromocyclohexanol (212),45 trans-2- 
(phenylselenenyl) cyclohexanol (213) 46 smd 5-bromo-4-octam.ol 
(214)47 (see Scheme 48) were made by the literature
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.Br ^NNPh, 80%+ r
'OH

2 0 9  2 0 7

,Br ^.NOBn
82%

NNPh.

2 1 5

' O H  H O ' ^ ‘0
2 0 9  2 0 9

p B,+ f HNP*

OH H O ^ ^ O  

2 1 0  2 0 7

OH
NNPhg

2 72%

»#,OH
2 1 2

" A ,

NOBn

2 1 6
Br

NNPh.

2 1 7

2 1 8

2 0 7

8 e h « M  4 7

NNPh.

2 1 9

procedures. Each of these alcohols was converted into the 
corresponding radical precursor (see 2 0 4 ,  Scheme 45) by 
esterification. All the esterification experiments were done 
by addition of DCC (1.1 equiv) and DMAP (0.1 equiv) to a 
stirred solution of the alcohol (1.1 equiv) and reagent 2 0 7
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or 2 0 8  (1 equiv) in CH2CI2 . After 6-12 h at room 

temperature, the esters could be isolated in good yields 
shown in Schemes 47 and Scheme 48.

2 12

SePh

OH
2 1 3

Br ^ N O B n+ r
OH H O ^ O  

2 0 8

^NNPh,

2 0 7

88%

85%

NOBn

220

2 2 1

Pr̂  B̂rY  *

^.NNPh,
^  98%

Pr‘" OH 
2 1 4

A ,H O  O  
2 0 7

NNPh.

222

Pr^ .Br

Y  . ^ NOBn 100%

Pr‘‘ OH 
2 1 4

AH O  O  
2 0 8

Pr. NOBn

2 2 3

S c h « M  4 8

The radical cyclization step shown for 205 (Scheme 45) 
requires the indicated proximity of the carbon radical and 
the carbon-nitrogen double bond; this conformation is 
adequately accessible because of the sufficiently low 
rotational barrier about an ester C(0)-0 single bond.48 As 
expected, when 215 and 216 (Scheme 49) were treated with 
Bu3SnH and AIBN (slow addition) in refluxing benzene, the
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corresponding lactones 2 2 4  and 2 2 5  were formed fay 5-exo
closure, the respective yields being 75% and 51%. However, 
radical cyclization of 2 1 7  by 6-exo-closure was less 
efficient, compared to 2 1 5 ,  and gave 50% cyclization product 
226 plus 20% of the simple reduction product 2 2 7 .

Br NNPh.

2 1 5

BuaSnH,
AIBN

75%

NNPh2

( X
2 2 4

Br NOBn

2 1 6

NOBn BuaSnH, 
AIBN

51% O k
NHOBn

O 
2 2 5

Br
J NNPh, Bu3 SnH, 

/  *  AIBN

'O' 'O 
2 1 7

NNPh.

2 2 6  (50%) 2 2 7 (20%)

NNPh,

S c b « M  4 9

When 2 1 8  (Scheme 50) was submitted to the radical 
cyclization, we isolated compounds 2 2 8 a  and 2 2 8 b  in 70% 
yield, and a small amount of a mixture 2 2 9 .  Spectral 
analysis of 2 2 8 a  and 2 2 8 b  revealed the structure of the 
compounds; they must have arisen from the intervention of a 
1 ,2 -acyl migration49 which, in this case, must be especially 
fast because of the fact that it leads — via a readily 
accessible and favorable geometry — to a benzylic radical.
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The stereochemistry of 2 2 8 a  and 2 2 8 b  was assigned by NOE 
measurements (see experimental section).

21  8  228a  (35%) 228b  (35%)

NHNPh.

2 2 9  < 10%

Schaaia 5 0

Radicals generated from six-membered rings were also 
examined. Scheme 51 shows that selenide 2 2 1  gave the 
cyclization product 2 3 0  in low yield. Bromides 2 1 9  and 2 2 0  

cyclized in good yield. In the case of 2 1 9 ,  a 1:1 mixture 
( 2 3 0 )  of two isomers was formed, and with 2 2 0  a 1:1 
separable mixture of 2 3 1 a  and 2 3 1 b  was obtained. It is not 
clear why the selenide 221 gave a low yield.

The addition of the secondary open chain carbon radical 
generated from 2 2 2  (Scheme 52) and 2 2 3  onto C=N double bond 
systems was also included our investigation. The hydrazone 
2 2 2  gave a 2:3:2:3 mixture ( 2 3 2 )  of four isomers. The 0-
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.Br x NNPh2  Bu3 SnH. 
r  AIBN

219

" O ^ ^ O
220

221

70%

Br .NOBn BuaSnH,
r  AIBN

64%

BuaSnH,

20%

NNPh.

2 3 0

N O B n ^ ^  NOBn

""ô ô ̂ *̂""ô ô
2 3 1 a 2 3 1 b

NNPh,

O O

2 3 0

S c h e m e  5 1

benzyloxime ether 2 2 3  afforded 2 3 3 ,  2 3 4 ,  2 3 5 ,  2 3 6  in a 
ratio of 1:3:1:2. The stereochemistry of 2 3 3 - 2 3 6  was

Pr. NNPh.

Pr

222

Bu3SnH, Pr. 
AIBN

82%

NHNPh,

Pr.

Pr*' 'O  

2 3 2  

NHOBn Pr. NHOBn
NOBn BuSSnH, 

AIBN

78%  p r, 0 °  _ . . . - ^ 5 = ^ 0
O Pr O

2 3 3 2 3 4

NHOBno_ mnv.

Pr O 

2 3 5

S c h e m e  5 2

NHOBn

2 3 6
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assigned by NOE measurements (see experimental section).
The above experimental results demonstrated the 

generality of the methodology for preparation of a - (2 ,2 - 
diphenylhydrazino) - and a-(benzyloxyamino) lactones by radical 
cyclization. Both the esterif ication ( 2 0 2  + 2 0 3  —> 2 0 4 )  and 
the radical closure ( 2 0 4  —» 2 0 5  —► 206) generally proceeded 
in good yield. The reaction produced lactones bearing an a- 

nitrogen substituent. When the starting alcohol 2 0 2  is 
cyclic, the stereochemical outcome at the newly-created ring 
junction is determined by the stereochemistry of the original 
hydroxyl-bearing carbon in 202, but for both cyclic and non- 
cyclic starting esters the degree of stereoselectivity a to

the lactone carbonyl is low.
a-Hydrazino- and a-(hydroxyamino)- y - lactones are not 

well-known; neither are the corresponding 5-lactones. In 
principle, these a-substituted lactones can be modified in 

various ways and, in the case of 2 2 4  (Scheme 53), for 
example, hydrogenolysis (10% Pd-C, THF-aqueous HCl 6 M) gave 
homoserine y - lactone hydrochloride ( 2 3 7 ) 50 (81% after

crystallization from acetone).

NNPhz iO%Pd-C/H2, 
THF- 6  M HCl

81%

2 2 4 2 3 7

Scheme 5 3
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B . Synthesis of C-Glycosyl Lactones and a-Amino 
Acids
Since the above general methodology had been 

established, we next wanted to extend our method to synthesis 
of carbohydrate-fused lactones, so as to provide an entry to 
C-glycosyl a-amino acids by further elaboration.

1 . Preparation of Starting Materials
The starting materials for the synthesis of the sugar- 

based series were modified carbohydrates bearing a hydroxyl 
group. These were each esterified to the corresponding 
hydrazono esters with reagent 2 0 7  in the presence of DCC and 
DMAP. The carbohydrate-derived alcohols we prepared are 
shown in Figure 4, and the preparative routes are discussed 
below.
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( _ P r ' S i

i-PrN .Pr-t BnO—

W "  - aGtr
\ i - °  OH -■* T J H

<-Pr • . 0“
r~' 239 243  246

MeO—  Br—
MeO—  n  SePh HO— . CL SePh HO—  .Ol

MeO\  /  \  /  BnQA  / ""O

OH Q O O '^

250 253

OH

I
260

BnO— . o h  B" ?  / ° B"

p - /^ \ _  \  SePh
I OH

262 SePh 263
Pr-«/-P r-

OMeOBn
BnO-l 

OMe BnO SePh
/-PrOHOH OH

264 265 266

F i g u r e  4 Structures of the carbohydrate-derived alcohols

Treatment of commercial tetra-0-acetyl-/J-D-ribofuranose 
with PhSeH in the presence of BF3 *Et2051 gave (92%) the /?- 

phenyl selenide 2 3 8 52 (Scheme 54), from which 2 3 9  was formed 
by solvolysis (K2CO3 , THF-MeOH; 91%) and silylation [i- 
Pr2Si(Cl)OSi(Cl)Pr2~i, pyridine; 80%].

L-Arabinose was converted by a known procedure53 into its 
tetraacetate 2 4 0  (as a mixture of anomers) (Scheme 55) which, 
on treatment with PhSeH/BF3 •Et20 gave a-selenide 2 4 1  (64%).
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K2CO3, 1:1 THF-
AcO—  O SePh MeOH- 91%: ; p r O—i O SePh

/  v\ !  TIPSCI, pyridine. ' /  V J
( / 80%_______  hPr'S' C ___ 1

AcO OAc   O OH
FPr V, .

238 *' 239

S c h c a e  5 4

Solvolysis ( 2 4 1  —* 2 4 2 ,  K2CO3, THF-MeOH; 93%) and silylation 

[i-?r2Si(Cl) OSi(Cl)Pr2~i» pyridine; 77%] afforded 2 4 3 .

Ac? / ° \  B F ^ ’o- AcO.O SePh

j O t  ^  - X /
240 OAc 241 OAc

I K2CO3. THF. 
MeOH;

h P \ ,Pr-i lg3%
31

O  O.O. SePh /-Pr2Si(CI)OSi(CI)Pr2*/. H0  SePh

OH OH243 242

S c h e m e  5 5

A mixture of the anomeric diacetates 2 4 4  (Scheme 56), 
made from diacetone glucose,54 afforded the /J-selenide 2 4 5  on 
treatment with PhSeH/BF3 • Et20 (73%), and alcohol 2 4 6  was then 
obtained by base hydrolysis ( 2 4 5  —> 2 4 6 ,  K2CO3 , THF-MeOH;
96%) .

Diacetone glucose was also used (Scheme 57) to 
synthesize 2 5 0 .  Selective deprotection of diacetone glucose
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BnO—| 
BnO— 1 O.

BnO—
BnO—

BnO—]
nO-H B n O H  o^ ?ePh BnO— o  SePh

J C r -  * 3 0  = 0^  "  ~J PhSeH, ^  f K2C0 3 , ^  [
OAc BF3 .Et20 ;  OAcTHF- OH

244

PhSeH, 
OAc BF3 .Et20 ;  

73%
245

K2C03,
o a c thf- 

MeOH;
96% 246

S c b r a c  5 6

at C(5)-C(6) by acid hydrolysis,55 and tris-methylation56 
(Me2S0 4 , DMSO, NaOH; 82% overall), gave 2 4 7  (Scheme 57) . 57 
Mild hydrolysis (PhC02H in water at reflux), followed by
acetylation took the route as far as 2 4 8  (82%). This was 
treated with PhSeH/BF3 .Et20 ( 2 4 8  —* 2 4 9 ,  85%), and the

required alcohol was again obtained by base hydrolysis ( 2 4 9  

- >  2 5 0 ,  K2C03, THF-MeOH; 96%).

MeO
MeO

PhC 02H, H2O. 
reflux;
Ac20 ,  pyridine, 
82% overall

MeO—
MeO—

VsV v‘OAc MeO\  /

248

MeO—
MeO—leO—  S eph

MeO'X  /
OH

K2C03. 
1:1 THF- 
MeOH. 
96%

MeO—
MeO—

OAc
PhSeH,
BF3 .Et2Ot
CH2CI2
85%

SePh

MeO\

OAc
250 249

S c h c a a  5 7

Alcohol 2 5 1  (Scheme 58) was made by hydrolysis (K2C03,
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THF-MeOH; 92%) and ketalization (acetone, TsOH; 92%) of 
selenide 2 3 8 .

AcO—i O SePh

v t
AcO OAc 

2 3 8

K2CO3, 1:1 THF- 
MeOH. 91%; 
acetone. TsOH, 
92%

H O -i O SePh

2 5

' Q

. X

Scheae 58

Diol 2 5 2  (Scheme 59) was prepared by the literature 
procedure58 in two steps from diacetone glucose, and treatment 
with Ph.3P/CBr4 served to convert it into 2 5 3  (8 8%) .

HO— Br—
HO”"  .CL Ph3P. CBr4, HO—  .0 l

py"aine'66%- o

252 253

S e h « m «  5 9

/J-D-Galactose pentaacetate 2 5 4  (Scheme 60) was converted 

into 2 6 0  by literature procedures.59
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AcO

AcO

-OAcO
PhOH.
TsOH

OAc
OAc

254

OCOPh257

PhCOCI.
pyridine.
DMAP

258

AcO

AcO

-OAcO
-OPh 

OAc
255

NaOH:
H30+:
TsOH. acetone

Tf20 .
pyridine

OHOH

OCOPhOCOPh

OH

I OCOPh
259

S c h « M  6  0

260

The alcohol 2 6 2  (Scheme 61) was made from the known 
acetate 2 6 1 60 by hydrolysis (K2CO3 , THF-MeOH; 90%).

BnO-—. OAc

B n O -    A

261 SePh

KzCOa.
1:1 THF-MeOH, ° n O - ^  o h  
90% B n O - 'V '- ^ - 'K

— nun \  1
262 SePh

S c h e m e  6 1

The alcohols 2 6 3 , 61 2 6 4 , 62 2 6 5 , 63 2 6 6 64 (see Figure 4, 
page 56) were prepared by literature procedures.

The radical precursors used in my work were prepared 
directly from the carbohydrate alcohols (Scheme 62) by
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escerification with reagent 2 0 7  in the presence of DCC and 
DMAP, except for 2 6 6 ,  in which case an indirect route was 
used, as described below.

O
^ N N P h 2  DCC. DAMP. Or «a. „̂ 3_0a_PO-TTJ— 0H — O \ = N N P h 2

HO O
2 6 7  2 0 7  2 6 8

S c h a flM  6 2

The hydrazono esters made by the general Scheme 62 are 
shown in Figure 5.
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APrv .Pr-/ 
/-Pr O. SePh ,Si

/-Pi—

O

BnO—|
BnO—| o  SePh

/-Pr

/ u n i  o' v r  B n o - / ° N

h  -*-j q  - qNsl- °  on
Pr-/

OR
269 270 271

MeO—I Br—
MeO-H O SePh RO—I O S®*** R 0 “  .O

OR
272

I— I CL

V
ov o 

2 7 3 X

O n
274

QnA OBn 
B n O -^  OR Bn? X

B n O ^ V ^ H ’°\ V ^ ^ ° \BnO- ^^- ' — B n O - \ ^ ^ * ^ ^ S e P h  
I OR

' 27 5 OCOPh 276 SePh 277
Ap, sr

.O B n O - ^ P
OMe BnO

Br

278
OR OR RO

279
O

R = ^ A ^ N N P h 2

280

Figure 5 Structures of the hydrazono esters

The yields are listed in Table 1. In every case the reaction 
was efficient, the yields always being at least 90%.

The hydrazono ester 280 had to be transformed into 283 
(Scheme 63) before it could be used as a radical precursor.
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Table 1 Synthesis of the hydrazono esters
5 4

alcohols 

es rers 

yield(%)

239 243

269 270

94 90

246 250 

271 272

97 93

251 253 

273 274

92 95

260 262 

275 276

91 92

263 254 

277 2 7 8

90 91

265 266 

279 280

94 90

Desilylation of 2 8 0  (BU4NF, 92%) in the presence65 of 
pyridinium hydrochloride gave 2 8 1 .  The proton source is 
necessary in order to suppress acyl migration, and the 
fluoride source must be added slowly. Selective tritylation 
(TrCl, EtsN, DMAP; 59%) then gave 2 8 2 ,  from which 2 8 3  was 
obtained by acylation with P-FC6H4OC (S) Cl (DMAP, MeCN; 89%) .

APr./'-'Si
Qy  OMe Pyridine.HCl; HO^O. O M e

/-Pr-srJ y  TBAF. THF; 92% Y  >s>4

J ^ o - N — ( NNPh2 ho-N— (  N NPh2V *•’ V2 8 0
°  TrCl. DMAP.

Et3N; 59% I

p-FCfiH*OC(S)0^0. OMe P-FC6H4OC(S)CI. Hq  O. O M e  
j' \ J  DMAP, MeCN \ J

TrO-N— ^ NNPh2  89% TrO-N—^  NNPh,V ,.,v2.3°'o o
S c h e m e  6 3

2 . Radical Cyclizatione
Our general procedure for radical cyclization involves 

slow addition (ca. 10 h) of individual solutions of Bu3SnH

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



6 5

(0.06-0.2 M, 1.5-3.0 equiv) and AIBN (0.003-0.02 M, 0.2-0.4 
equiv) in PhMe to a stirred and refluxing solution of che 
hydrazono ester (0.015 M) in the same solvent. The hydrazono 
esters 269-275 cyclized smoothly to lactones (for the 
general equation, see Scheme 45, page 47) 284a,b-289a,b and 
291a,b in yields of 57-82% (Table 2). Even a seven-membered 
ring can be formed (288a,b; 64%) . (The numbers in brackets 
in Table 2 are the ratios of isomers.) The results indicated 
that a mixture of isomers was always obtained, and in all but
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Table 2

/-Pr . 0 — 1 O . SePh ^p 0 —
. /  I ✓ ^ I ✓irSA P r 'S i

° \   ̂ f\ r- 0  OR 

"Pr Pr-/

73% LDr'Si — » !
o.

/ w INHNPh,

X " 0  -O/-Pr ' .Pr-/

269 R = C(0)CH=NNPh2 284a,b (46:27)

<-PrN Pr-/ 
.Si

o J' > ° ' v f Ph P' > ° \jQ  ** tAjQ
OR '(

/-PrN .Pr-/

■̂Pr-s
/

APr

270 R = C(0)CH=NNPh2  

BnO-
BnO— SePh

78%BnO

CD
285a,b (1.5:1)

BnO—
BnO— O,JO

OR -aNHNPh,

271 R = C(0)CH=NNPh2  

MeO—
MeO—i  .(X  SePh

82%

286a,b (40:38)

MeO\

MeO—i 
MeO—

MeOA  /
OR ,5 "

287a R = H. R' = NHNPh2  

272 R = 0(O)CH=NNPh2  287b R = NHNPh2, R' = H
(42:40)

R° - ^ O ^ S e ph

°x°
273 R = C(0)CH=NNPh2

64%
NHNPh.

O. O

288a,b (1.5:1)
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Table 2 continued 

Ph2NNH
Br—  
RO —] Hn

A  /  O ------   BnP\  /  o  +  BnOA______ /  q

" " o \  \ \

274 R = C(0)CH=NNPh2  2 8 9 a ,b  (31:27) 290 (12%)
■O

OR
‘ho

OCOPhI OCOPh OCOPh H OCOPh
291a R = H. R* = NHNPh2  292 (25%)

275 R = C(0)CH=NNPh2  291b R * NHNPh2, R' = H ' A)

BnO— . OR B n O ~^ ^ ,0
BnO ^'Y '-A ^I-Q  ca 48% BnO‘̂ V ‘^ - ^ ' 3 ^ ' 0

B n O A ^ - ^ ^ A  B n O - ^ -  NHNPh.2
SePh

276 R = C(0)CH=NNPh2  2 9 3 a ,b  (-)

two cases ( 2 8 5 a , b  and 2 8 8 a , b )  the isomers could be separated 
by flash chromatography. In a few cases the simple reduction 
product was also isolated [ 2 9 0 ,  12% (as judged by LH NMR 
measurements); 2 9 2 ,  25%]. Sometimes trace amounts of Ph2NH 
were detected in the reaction mixtures. With 2 7 6  cyclization 
gave 2 9 3 a , b  only in 48% yield.

Compounds 2 7 7 - 2 7 9  (Figure 5) and 2 8 3  (Scheme 63), which 
are not listed in the Table 2, gave complex mixtures after 
the radical cyclization. Use of an excess of stannane (1.2- 
3.0 equiv, depending on the individual experiment) generally 
gave better results. The structures of the lactones in Table
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2 were clear from their spectra, and NOE measurements allowed 
us to assign the stereochemistry at the position a to the

lacnone carbonyl for compounds 287a,b and 291a,b. In the 
former case. X-ray analysis of one of the isomers (287b) 
confirmed our assignment.

A notable feature of the radical closure in the 
carbohydrate series is the absence of acyl migration.4 9 '66-57 
5-Exo-cyclization of a radical onto a C=NNPh2 group is 
extremely fast and, for an all-carbon chain, as in 294 (X =
NNPh.2) (Figure 6 ) , the rate constant at 80 °C is of the order

294
Figure 6 Structure of 294

of 1 0 7-10 8 s-1, while the corresponding value for closure onto 
a carbon-carbon double bond (294, X = CH2 ) is only about 105 
s-j. 2lb 1,2-Acyl migrations have rate constants that span the 
range66 (at 75 °C) ca. 102-106 s'1 and can sometimes be 
significantly faster than closure onto a hydrazono unit (see 
Scheme 50, page 52). The fact that acyl migration does not 
compete with the closures reported here shows that the 
rotational barrier about the ester C(O)-0 single bond is 
sufficiently low48 to permit easy access to a conformation 
(see Scheme 45, page 47) in which the radical center is close 
to the C=N double bond, and that closure onto an a-acyl
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hydrazono unit is fast.

With hydrazono esters of six-membered sugars 277-279 
(see Figure 5, page 62), and the furanose example 283 (see 
Scheme 63), the radical cyclization did not proceed well.
Sut with 275 and 276 (Table 2) the desired lactones are 
formed in yields of 57% and 48%, respectively. We are not 
sure whether the axial nature of the hydrazono pendant in the 
anhydrosugar 275 and in the mannose derivative 276 
contributes to the relative efficiency of closure, as 
compared with the galactose- (277) or glucose-derived 
examples (278, 279), as efficient closures involving both 
axial and equatorial pendants have been observed 
experimentally.58

3 . Modification of tha Hydrazino Lactonaa and
Formation of C-Glycosyl a-Amino Acids
In principle, opening of the lactone unit of the radical 

cyclization products and hydrogenolysis of the N-N single 
bond should afford a C-glycosyl amino acid, but in practice 
this overall transformation had to be effected indirectly.
In our initial attempts, hydrogenolysis of 2,2- 
diphenylhydrazino lactones (10% Pd-C/H2 , camphorsulfonic 
acid, MeOH, at 50 psi) was unsuccessful, and lactone opening 
with various bases (LiOH, MeONa, NH3 -H2 0) resulted in 
expulsion of diphenylamine. Therefore, the formation of a C- 
glycosyl amino acid had to be accomplished in the following 
way.
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Hydride reduction (LiAlH4) of 2 8 7 a  (Scheme 64),

selective silylation of the resulting primary hydroxyl (t- 
3 uPh.2SiCl, imidazole; 79% overall) (287a —» 295a), 
hydrogenolysis (10% Pd-C/H2 , camphorsulfonic acid, EtOAc- 
MeOK) , and benzoylation (PhCOCl, Et3N, DMAP; 76% overall)

MeO — 
MeO —

LiAIH*. THF; 
f-BuPh2SiCI, 
imidazole

MeO—i 
MeO—

287a R = H, FT = NHNPh2  

287b R = NHNPh2, R '= H

OH OSiPh2Bu-f 
295a (79%) R = H, R‘ = NHNPh2  

295b (81%) R = NHNPh2, R = H

Camphorsulfonic acid, 
10% Pd-C, H2  at 50 psi; 
PhCOCl. Et3N

MeO—| 
MeO —

Q

.. P h

MeO
BU4NF. pyridinium MeO 
hydrochloride

PhCOO OH 
297a (83%) R = H, R‘ = NHCOPh 
297b (81%) R = NHCOPh, R = H

Jones reagent; 
CH2N2

MeO.* # r* R1
PhCOO OSiPh2Bu-f

296a (76%) R = H, R '= NHCOPh 
296b (75%) R = NHCOPh. R = H

MeO—i 
MeO —

MeO.

MeO— 1 

MeO— o

PhCOO COzMe (f-Bu0C 0)20 ,  
DMAP;
MeOH, N2 H4

298a (76%) R = H, R '= NHCOPh------
298b (77%) R = NHCOPh, R = H

I nr
86%

PhCOO
2 9 9

NHC02Bu-f 
COaMe

Schama 64
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gave 296a (295a —> 296a) . Desilylation, using BU4NF, is

complicated by benzoyl migration, but this process could be 
suppressed by using BU4NF in the presence of 1.5 equiv of

yield was 83%. The resulting primary alcohol was oxidized 
and esterified (297a —* 298a; 76%) , and the i\T-benzoyl group

was replaced directly by a t-butoxycarbonyl group [(c- 
3u0C0)2O , DMAP, NH2NH2 ; 8 6%],69 so as to afford the protected 
C-glycosyl amino acid 299. The other isomeric hydrazone 
closure product (287b) was subjected to the same operations, 
except for the last step (Scheme 64), and provided the 
protected C-glycosyl amino acid 298b.

In a slightly different set of reactions, alcohol 297a 
(Scheme 65) was oxidized to the corresponding acid, and this

was converted into its benzyl ester (297a —* 300; Jones

pyridinium hydrochloride,65 and under these conditions the

Jones;
BnBr,

MeO— NaHC03. MeO— | 
Nal, DMF, M. ‘
77%

mtuu
297a

MeO—
M< ‘

NHCOPh

OH PhCOO

H

^•NHCOPh
CO->Bn

300

H

NHCOOBu-r
CO->Bn

(f-Bu0C0)2 0 ,  
DMAP. N2 H4. 
89%

PhCOO
301

Schaaa 65
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oxidation; BnBr, NaHCCh, Nal; 77%) . Finally, the W-benzoyl

group was replaced directly by a t-butoxycarbonyl group [(t- 
3uOCO)20, DMAP, NH2NH2 ; 89%; 300 301].

The formation of compounds 298b, 299, and 301 shows 
that C-glycosyl a-amino acid derivatives are accessible by

the radical cyclization approach described above. The 
stereochemistry a to the carbonyl is not controlled, but the 
epimers are often separable, and the a or ^ stereochemistry 

with respect to the carbohydrate subunit is determined by the 
stereochemistry of the hydroxyl that is initially acylated 
with reagent 207.

C. Synthesis of (<f)>Furanonycin
Although the antibiotic ( + )-furanonrycin 180 (Scheme 6 6 ) 

has a seemingly simple structure, to date there are only two 
other synthetic routes39'42 available to this substance, in 
part due to the difficulties in assembling the trans-2,5- 
dihydrofuran and (S)-amino acid units. The successful 
application of our methodology to the synthesis of C-glycosyl 
a-amino acids promoted us to approach this natural

antibiotic. Retrosynthetic analysis led to two commercial 
sugars, L-ribose and L-xylose (Scheme 6 6 ) as our starting 
materials. Since L-ribose is very expensive, we started from
L-xylose.

The key step in our synthesis is based on radical 
cyclization to form the crucial intermediate a - (2 ,2 -

diphenylhydrazino)lactone 310a (Scheme 67). Scheme 67
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Me
(+)-Furanomycin

HO

rOH
OH

HO
L-Xylose

302
L-Ribose

303

Scheme 6 6

outlines how we approached this lactone. Commercial L-xylose 
( 3 0 2 )  was converted into its methyl glycoside (MeOH, HC1), 
acetylated (AC2O, pyridine), subjected to acetolysis (AcOH, 
AC2O, H2SO4) , and treated with PhSeH/BF3 *Et2 0 , to afford 
triacetate 3 0 4 .  These steps are best done without isolation 
of the intermediates, in which case the overall yield is 77%. 
Mild basic hydrolysis (K2CO3 , MeOH-THF; 99%) then liberated 
the three hydroxyl groups ( 3 0 4  —► 3 0 5 ) ,  and those at C(3) and 
C (5) were protected as a ketal ( 3 0 5  —» 3 0 6 ;  TsOH, acetone; 

89%, or 94% after correction for recovered 3 0 5 ) . DCC- 
mediated coupling with (2 ,2 -diphenylhydrazono)acetic acid 
(207, Scheme 67) then gave the hydrazono ester 3 0 7  in 
excellent yield (95%).

Although the ester underwent radical cyclization (83%), 
it was better to delay this process, so that another radical 
reaction — deoxygenation at C(5) — could be accomplished at 
the same time as the required ring closure (see later, 3 0 9  —*
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L-Xylose

MeOH, HCI, 5-10CC; 
AC2O, pyridine;
AcOH, Ac2 0 ,  H2S 0 4 ;  
PhSeH, BF3 .OEt2

77%

OCOCH=NNPh, H O ^ O  2° ?

\  /  SePh 9 5 %
-O 307

305 R = H
TsOH,
acetone; 
89%

K2 C0 3 , MeOH, p  304 R = Ac 
THF; 99%

NNPh2

CSA, MeOH;
96% PhSeCN, Bu3 P, THF;

75% or 89% after 
correction for recovered

OCOCH-NNPh, »>•   A  A or
SePh PhSe' ' "sePfl

HO
R = C(0)CH=NNPh2  

309

B I 6 U

_ A — ^/ s

R‘

Me
HO

310a (42%) R = NHNPh2, R  = H 
310b (37%) R = H, R' = NHNPh2

Scheme 6 7

3 1 0 a , b )  . To this end, selenide ester 3 0 7  was deprotected 
( 3 0 7  —> 3 0 8 ;  CSA, MeOH; 96%) in order to liberate the two

hydroxyls. The primary hydroxyl was selectively replaced by 
a PhSe group ( 3 0 8  —> 3 0 9 ;  PhSeCN, BU3P; 75%, 89% after
correction for recovered 3 0 8 ) ,  and then treatment with Ph3SnH
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under conditions previously established (slow addition of 
PhjSnK and AI3N, PhMe at reflux) served not only to induce 
radical cyclization but also to generate the required methyl 
group at C (5) . That experiment afforded a 42:37 isomer 
mixture of chromatographically separable hydrazino lactones 
epimeric at C (2) (309 -» 310a,b). These compounds were

readily distinguished by NOE measurements. Compound 310a has 
the desired stereochemistry at C(2).

We had now obtained the crucial intermediate 310a, and 
the next task was to elaborate this intermediate to (-*-)- 
furanomycin. Since we had successfully converted such 
lactones into C-glycosyl a-amino acids (see Scheme 64) , we

wanted to apply a similar approach here. In practice, 
opening the lactone by reduction with LiAlH4 worked well with 
310a, however, conversion of the primary hydroxyl into the 
corresponding carboxylic acid with Jones reagent did not work 
in this case. Therefore, the route summarized in Scheme 68 

was followed to complete our synthesis. Reduction (LiAlH4 ) 
of 310a gave a triol (310a —> 311) , and the primary hydroxyl

was selectively protected as its t-butyldiphenylsilyl ether 
(311 —» 312; t-BuPh.2SiCl, imidazole; 74% from 310a) .
Hydrogenolysis in an acidic medium (CSA, MeOH-EtOAc, H2 , Pd- 
C) , followed by acylation (BnOCOCl, NaHCC>3) , then afforded 
benzyl carbamate 313 (80% from 312).

At this point the two remaining hydroxyls had to be 
removed to introduce a C(3)-C(4) double bond. This 
transformation turned out to be problematical. Conversion of
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PtWMHN

HO 310a

NHNPh2 

OR

Me

NHC02Bn 
OR

UAIH4, THF, 
at 0CC

f-BuPh2SiCI, imidazole: I R -  H
74% overall from 310a U 312 R = SiPh2 Bu-f

CSA. 10% Pd-C, 
80% H2  at 50 psi;

BnOCOCl, NaHC03  

NHC02Bn
Ph3 P, CHI3> 
imidazole

64%
Bu4 n f : T  3 1 4  R ' S,Ph2B“-' 
96% 1-315 R -H

.O, yiv̂ ,OSiPh2Bu-f
Me/ 0 >

' 313HO

Dess-Martin
oxidation

NH2
2  CHO

Me ' -------

316

PhSMe, CF3 C0 2 H;

j c t  c o 2h
Me

(+)-furanomycin
180

Scheme 68

313 inco the corresponding dimesylates was not successful, 
and direct deoxygenation by Ph2PCl and I2 or Ph3P and I2 in 
the presence of imidazole70 did not give the C(3)-C(4) double 
bond compound. Attempts to convert 313 into a dixanthate71 
also failed. Eventually, we found that the two hydroxyl 
groups in 313 could be removed by treatment with Ph3P and 
CHI3 in the presence of imidazole,-72 this experiment generated 
the required C(3)-C(4) double bond (313 —> 314) . This step 

was accompanied by extensive bis-dehydration (to the 
corresponding furan), but under optimum conditions, gave 314
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in 64% yield. Desilylation with BU4NF, took the route as far 

as alcohol 315, which had been reported recently in another 
synthesis42 of furanomycin. The remaining steps required are 
oxidation of the hydroxyl, and deprotection of the amino 
group. The oxidation of the hydroxyl in 315 was troublesome. 
Jones reagent7  ̂ did not work, neither did TPAP,74 PDC75 or 
TEMPO'6 oxidation. In our hands the hydroxyl was best 
oxidized by the Dess-Martin reagent (ca. 100%), since use of 
the Swern procedure led to significant amounts (in one 
experiment ca. 30%) of epimerization at C(2).77 Further 
oxidation of the crude aldehyde (316), using buffered 
NaC102,78 generated the required acid, and treatment with 
CF3CO2H in the presence of PhSMe79 served to deprotect the 
amino group, and liberate furanomycin (180) of 98% purity 
(71% from 315). A single crystallization on a small scale 
gave pure, crystalline 180 (52% from 315).39b

The epimerization observed in oxidation of alcohol 315 
under Swern conditions suggested that it might be possible to 
elaborate 310b to the corresponding aldehyde and then effect 
epimerization; in this way, both products from the radical 
cyclization step would be convertible into furanomycin. In 
the event, however, the aldehyde from 310b [i.e. the C(2) 
epimer of 316] could not be epimerized under the conditions 
we examined: DBU (0.1 equiv) in CH2CI2 at -78 °C; DBU (0.25
equiv) in CH2CI2 at room temperature; Et3N in CH2CI2 at room 
temperature.
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D. Conclusions
A general methodology for the preparation of a-(2,2- 

diphenylhyarazino)- and a-(benzyloxyamino)lactones by a

radical cyclization process has been developed. Though the 
reaction produces lactones bearing an a-nitrogen substituent, 
the degree of stereoselectivity a to the lactone carbonyl is 

low. Our methodology has been applied to the preparation of 
C-glycosyl lactones. Such lactones cam. be successfully 
elaborated into optically pure C-glycosyl a-aimino acids. The

usefulness of the methodology was demonstrated by the 
synthesis of the natural antibiotic (+)-furamomycin.
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III. Experimental Section

General Procedure.
Unless seated to the contrary, the following conditions 

apply: Reactions were carried out under a slight static
pressure of Ar that had been purified by passage through a 
column (3.5 x 42 cm) of R-311 catalyst80 and then through a 
similar column of Drierite. All solvents for reactions were 
dried, as described below. Glassware was dried in an oven 
for at least 3 h before use (120 °C) and either cooled in a 
desiccator over Drierite, or assembled quickly, sealed with 
rubber septa, and allowed to cool under a slight static 
pressure of Ar. Reaction mixtures were stirred by Teflon- 
coated magnetic stirring bars.

Hexane used for chromatography was distilled before use.
Products were isolated from solution by evaporation 

under water aspirator vacuum at room temperature, using a 
rotary evaporator.

Microliter syringes were washed with water and acetone, 
using a suction device to draw the solvents through. Then 
air was sucked through for 1 min. The solution to be 
dispensed was drawn up and expelled, and this operation was 
repeated several times before drawing up the sample to be 
used. Cannula transfers were always done under slight 
pressure (Ar), not by suction.

Commercial thin layer chromatography (TLC) plates 
(silica gel, Merck 60F-254) were used. Spots were detected
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by spraying the plate with a solution of phosphomolybdic 
acid,31 followed by charring on a hot plate, or by examination 
under UV light. Silica gel for flash chromatography was 
Merck type 60 (230-400 mesh).

Dry solvents were prepared under an inert atmosphere and 
transferred by dry syringes fitted with oven-dried needles, 
or by cannula. Dry THF, and PhMe were distilled from sodium 
benzophenone ketyl. Dry EtsN, CH2CI2 , and pyridine were 
distilled from CaH2 - All other solvents were used as 
purchased.

FT-IR measurements were recorded on a Nicolet 7000 FTIR 
instrument. Measurements were made as casts from the 
specified solvent using potassium bromide plates.

lH nuclear magnetic resonance spectra were recorded with 
Bruker AM-300 (at 300 MHz), Varian INOVA-300 (at 300 MHz),
3ruker AM-360 (at 360 MHz) or Bruker AM-400 (at 400 MHz) 
spectrometers in the specified deuterated solvent. 13C 
spectra were recorded with Bruker AM-300 (at 75.5 MHz) or 
Varian UNITY-500 (at 125 MHz) . The symbols s' , d' , t' , and 
q' used for 13C NMR signals indicate 0, 1, 2, or 3 attached 
hydrogens, respectively, which are assigned based on the APT 
experiment.

Mass spectra were recorded with AEI Models MS-12, MS-50 
MS9 (modified) , Kratos MS50 (modified) or Micromass ZabSpec 
Hybrid Sector-TOF mass spectrometers. For isotope peaks, 
high-resolution mass data were taken from the highest mass 
number peak shown in the spectrum.
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X-Ray analysis was done in this Department. Isolated 
products were pure by TLC and, unless otherwise stated, also 
as judged by high field iH and 13C NMR spectra.

(2,2-Diphenylhydrazono)acetic acid (207).

This procedure differs from that reported4413 in the 
literature. Glyoxylic acid monohydrate (5.52 g, 60.0 mmol) 
was added to a stirred solution of commercial PI12NNH2 .HCI 
(13.2 g, 60.0 mmol) in H2O (720 mL). Stirring was continued 
for 2 h, and the precipitate was filtered off, washed with 
H2O ( 5 x 3 0  mL), and dried under oil-pump vacuum to afford 
207 (13.9 g, 96%) as a grey power: mp 201-203 °C (lit.44b
200-202 °C).

General Procedure for Coupling of Alcohol* with 
Reagent 207 or Glyoxylic acid O-benzyloxime (208) .

Glyoxylic acid diphenylhydrazone (207) or Glyoxylic acid 
O-benzyloxime (208) (1.2 equivalent) was added to a stirred
mixture of the alcohol (1.0 equivalent), DCC (1.32 
equivalent) and DMAP (0.12 equivalent) in dry CH2CI2 •

Ph2 NNH2.HCI +

NNPh.

plus hydrate

207
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Stirring was continued for 12 h, and the mixture was then 
filtered. The insoluble material was washed with dry CH2C12 
and the combined filtrates were evaporated to give a residue 
which was processed as described for the individual 
experiments.

General Procedure for Radical Cyclization.

The substrate was placed in a round-bottomed flask 
equipped with a Teflon-coated stirring bar and a reflu-x 
condenser sealed with a rubber septum. The system was 
flushed with argon for 5-10 min, and dry PhMe was injected 
into the flask. The flask was placed in an oil bath 
preheated to 110 °C, and solutions of Bu3SnH and AIBN in PhMe 
were injected simultaneously by syringe pump over 10 h. 
Refluxing was continued for an arbitrary period of 1-4 h 
after the addition, except in the preparation of 291a.b, 
where a longer period (7 h) was used. The reaction mixture 
was cooled, and the solvent was evaporated to give a residue 
which was processed as described for the individual 
experiments.
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2-Bromoethyl (Diphenylhydrazono)ac«tat« (215).

33

Br NNPh2Br NNPh

+
OH O O

2 09 207 215

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (1.21 g, 5.00 mmol), alcohol 209
(0.685 g, 5.50 mmol), DCC (1.14 g, 5.50 mmol), and DMAP (61.0 
mg, 0.50 mmol) in CH2CI2 (25 mL) . Flash chromatography of the 
residue over silica gel (3.0 x 30 cm), using 10% EtOAc- 
hexane, gave 215 (1.39 g, 80%) as a crystalline solid: mp 
102-104 °C; FTIR (CH2C12 cast) 1730, 1705 cm'1; l-H NMR (CDCI3,
3 00 MHz) 8 3.57 (t, J =  6.3 Hz, 2H), 4.52 (t, J = 6.3 Hz, 2 

H) , 6.50 (s, 1 H) , 7.15-7.50 (m, 10 H) ; 13C NMR (CDCI3 , 50.3 
MHz) 5 28.5 (t1), 63.8 (f), 123.0 (d'), 126.2 (d1), 129.9

(d'), 141.9 (s'), 164.0 (s'); exact mass m/z calcd for 
C15Hi5BrN202 346.0317, found 346.0326.

2-Broaoethyl [(Fhenylaethoxy)iaino]acetate (216).

The general procedure for coupling alcohols with reagent
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209 208 216
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208 v;as followed, using 2 0 8  (1.790 g, 10.00 mmol), alcohol
209 (1.370 g, 11.00 mmol), DCC (2.270 g, 11.00 mmol), and
DMA? (122 mg, 1.00 mmol) in CH2Cl2 (50 mL). Flash 
chromatography of the residue over silica gel (4 x 30 cm), 
using 10% EtOAc-hexane, gave 2 1 6  (2.371 g, 83%) as a pale 
yellow oil: FTIR( CH2CI2 cast) 1727, 1598, 1497 cm-1; LH NMR
(CDC13, 400 MHz) 8 3.57 (t, J = 6.3 Hz, 2 H), 4.56 (t, J = 6.3

Hz, 2 H) , 5.32 (s, 2 H) , 7.32-7 .40 (m, 5 H) , 7.58 (s, 1 H) ;
13C NMR (CD2C12, 50.3 MHz) 8 28.8 (t*), 64.9 (f), 78.2 (t'),

128.4 (d'), 128.7 (d'), 128.8 (d'), 136.6 (s'), 141.1 (d'),
161.5 (s'); exact mass m/z calcd for CnHi2BrN03 286.9980, 
found 2 86.9976.

3-Bromopropyl (Diphenylhydrazono)acetate (217)

Br

'OH

210
.XNNPh2

Br

J NNPh,

HO ^O  

207 217

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (1.21 g, 5.00 mmol), alcohol 210
(497 p.L, 5.50 mmol), DCC (1.14 g, 5.50 mmol), and DMAP (61 
mg, 0.50 mmol) in CH2C12 (25 mL) . Flash chromatography of the 
residue over silica gel (3.0 x 30 cm), using 10% EtOAc- 
hexane, gave 217 (1.30 g, 72%) as a pale yellow oil: FTIR 
(CH2C1 2 cast) 1729, 1703 cm’1; -̂H NMR CCDCI3, 400 MHz) 5 2.26
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(quintet, J = 6.3 Hz, 2 H), 3.52 (t, J = 6 . 6 Hz, 2 H), 4.3 6 
(t, J = 6.0 Kz, 2 H), 6 .47 (s, 1 H), 7.16-7.50 Cm, 10 K); --C 
NMR (CDC13, 50.3 MHz) 8 29.4 (f). 31.5 (t'), 52.0 (t'), 122.1
(d ’ ) , 123.4 (a') , 125.9 (d1 ) , 129.8 (d ■ ) , 141.8 (s'), 164.1 
(s'); exact mass m/z calcd for Ci7Hi7BrN2C>2 360.0473, found 
360 . 0475.

traai-2-Bro«o-2, 3-dihydro-l£r-ind«n-l~yl (Diphenyl 
hydrazono)acatat* (218).

OH
,NNPh2 = N N P h .

211 207 218

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (1.21 g, 5.00 mmol), alcohol 211
(1.17 g, 5.50 mmol), DCC (1.14 g, 5.50 mmol), and DMAP (61 
mg, 0.50 mmol) in CH2CI2 (25 mL) . After evaporation of the 
solvent, MeOH (10 mL) was added to the residue. The 
resulting precipitate was filtered off and washed with MeOH 
( 2 x 5  mL), to give 218 (1.80 g, 82%) as a crystalline solid: 
mp 159-161 °C; FTIR (CH2C12 cast) 1728, 1701 cm"1; XH NMR
(CD2C12, 360 MHz) 8 3.29 (dd, J = 17.1, 3.9 Hz, 1 H), 3.75

(dd, J = 17.1, 6.5 Hz, 1 H) , 4.58-4.62 (m, 1 H) , 6.43 (d, J =
3.2 Hz, 1 H), 6.48 (s, 1 H), 7.12-7.50 (m, 14 H); 13C NMR
(CD2C12, 50.3 MHz) 8 41.9 (f), 50.8 (d' ) , 84.2 (d'), 122.8
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(d'), 123.7 (d'), 125.3 (d'), 126.4 (d’ ) , 126.6 (d'), 127.9 
{d •), 130.1 (d'), 130.4 (d'), 138.3 (s’), 142.0 (s’), 164.0 
(s'); exact mass m/z calcd for C23HigBrN202 436.0609, found 
436.0609.

trans-2-Bromocycloh«xyl (Diphanylhydrazono)acetate
(219) .

^ B rr r  • rNNPh,

"OH H O '

212 207

NNPh.

219

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (1.21 g, 5.00 mmol), alcohol 212
(0.895 g, 5.00 mmol), DCC (1.14 g, 5.50 mmol), and DMAP (61 
mg, 0.50 mmol) in CH2CI2 (25 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 30 cm), using 5% EtOAc-hexane, 
gave 219 (1.80 g, 90%) as a pale yellow oil: FTIR (CH2CI2
cast) 1728, 1702 cm"1; iH NMR (CDCI3 , 300 MHz) 5 1.22-1.54 (m,

3 H), 1.67-2.00 (m, 3 H), 2.12-2.27 (m, 1 H), 2.30-2.42 (m, 1
H) , 4.01-4.10 (m, 1 H) , 5.00-5.10 (m, 1 H) , 6.50 (s, 1 H) , 
7.14-7.50 (m, 10 H) ; 13C NMR (CD2Cl2, 50.3 MHz) 5 23.7 (t' ) ,

25.9 (t’), 31.6 (f), 36.1 (t'), 53.6 (d’), 76.3 (d’), 122.7
{d ’ ) , 124.3 (d'), 126.5 (d'), 130.4 (d') , 142.6 (s’), 163.7 
(s'); exact mass m/z calcd for C2oH2iBrN202 400.0786, found
400.0786.
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trans-2-Bromocyclohexyl [(Phenylmethoxy)imino]acetate
(2 2 0 ) .

NOBnNOBn

212 208 220

The general procedure for coupling alcohols with reagent 
208 was followed, using 208 (0.895 g, 5.00 mmol), alcohol 
212 (0.970 g, 5.42 mmol), DCC (1.14 g, 5.50 mmol), and DMAP 
(61 mg, 0.50 mmol) in CH2CI2 (25 mL) . Flash chromatography of 
the residue over silica gel (1.6 x 30 cm), using 3% EtOAc- 
hexane, gave 220 (1.50 g, 8 8%) as a colorless oil: FTIR
(CH2C12 cast) 1744, 1724 cm'1; 1H NMR (CDCI3 , 400 MHz) 5 1.25-

1.52 (m, 3 H), 1.70-1.95 (m, 3 H), 2.12-2.23 (m, 1 H), 2.33-
2.41 (m, 1 H), 4.02-4.09 (m, 1 H), 5.03-5.10 (m, 1 H), 5.33
(s, 2 H), 7.33-7.45 (m, 5 H), 7.57 (s, 1 H); 13C NMR (CDCI3 ,
100.6 MHz) 8 23.3 (f), 25.5 (t1), 31.1 (f), 35.6 (t'), 52.2 

(d‘), 77.1 (d1), 78.2 (t1), 128.5 (d1), 128.6 (d'), 128.7 
id'), 136.0 (s'), 141.0 (d1), 160.9 (s'); exact mass m/z
calcd for Ci5Hi8BrN03 341.0450, found 341.0453.
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trans-2-(Phenylseleno)cyclohexyl (Diphenylhydrazono)- 
acetate (221) .

,SePh NNPh2

''OH H O ' - O  

213 207

,SePh ^ N N P h 2

221

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (1.77 g, 7.37 mmol) , alcohol 213
(2.06 g, 8.11 mmol), DCC (1.68 g, 8.11 mmol), and DMAP (89 
mg, 0.74 mmol) in CH2CI2 (40 mL) . Flash chromatography of the 
residue over silica gel ( 4 x 3 0  cm) , using 5% EtOAc-hexane, 
gave 221 (2.99 g, 85%) as a pale yellow, viscous oil: FTIR
(CH2C12 cast) 1723, 1698 cm"1; 1-H NMR (CD2C12, 360 MHz) 5

1.28-1.79 (m, 6 H), 2.07-2.24 (m, 2 H), 3.23-3.32 (m, 1 H), 
4.93-5.01 (m, 1 H), 6.37 (s, 1 H), 7.16-7.60 (m, 15 H); 13C
NMR (CD2C12, 100.6 MHz) 5 24.0 (f), 26.1 (f), 32.1 (f),

32.8 (f), 46.8 (d') , 75.9 (d ’ ) , 124.7 (d1 ) , 126.4 (d') ,
127.8 (d'), 129.2 (d'), 129.4 (s'), 130.3 (d1), 135.2 (d'),
163.8 (s'); exact mass m/z calcd for C2eH26N202Se 478.1159,
found 478.1161.
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(R* , R*)-2-Bromo-l-propylpantyl (Diphenylhydrazono)- 
acetate (222).

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (1.60 g, 6.67 mmol), alcohol 214 
(930 mg, 4,45 mmol), DCC (1.38 g, 6.67 mmol), and DMAP (81 
mg, 0.67 mmol) in CH2CI2 (25 mL) . Flash chromatography of the 
residue over silica gel (3.0 x 22 cm), using 5% EtOAc-hexane, 
gave 222 (1.88 g, 98%) as a pale yellow oil: FTIR (CH2CI2
cast) 1728, 1703 cm'1; XH NMR (CDCI3, 360 MHz) 8 0.90-0.98 (m,

6 H) , 1.35-1.85 (m, 8 H) , 4.08-4.15 (m, 1 H), 5.13-5.20 (m, 1 
H) , 6.52 (s, 1 H) , 7.10-7.46 (m, 10 H) ; 13C NMR (CDC13, 50.3 
MHz) 5 13.2 (q'), 13.7 (q'), 18.5 (t1), 20.8 (t '), 34.1 (t‘),

36.8 (f), 57.3 (d' ) , 74.8 (d1), 123.0 (d1) 126.0 (d1 ) , 129.8
(d‘), 141.9 (s'), 163.9 (s'); exact mass m/z calcd for 
C22H27BrN20 2 432.1235, found 432.1237.

( R* , R * ) -2-Bromo-1-propylpantyl [(Phanylaathoxy)imino]-
acetate (223).

NNPh

207 214 222

NOBnNOBn

208 214 223
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The general procedure for coupling alcohols with reagent: 
208 was followed, using 208 (0.895 g, 5.00 mmol), alcohol
214 (1.15 g, 5.50 mmol), DCC (1.14 g, 5.50 mmol), and DMAP 
(51 mg, 0.5 0 mmol) in CH2CI9 (25 mL). Flash chromatography of 
the residue over silica gel (3.0 x 30 cm), using 10% EtOAc- 
hexane, gave 223 (1.85 g, 100%) as a colorless oil: FTIR
(CH2C12 cast) 1744, 1722 cm"1; XH NMR (CDCI3, 400 MHz) 5 0.90-

0.98 (m, 6 H), 1.30-1.50 (m, 3 H), 1.57-1.87 (m, 5 H), 4.05-
4.11 (m, 1 H) , 5.15-5.20 (m, 1 H) , 5.33 (s, 2 H) , 7.30-7.44
(m, 5 H), 7.60 (s, 1 H); 13C NMR (CDCI3 , 50.3 MHz) 5 13.3

(q'), 13.7 (q1), 18.6 (t'), 20.9 (f), 34.0 (t1), 36.8 (f),
56.5 (d1), 76.3 (d*) , 78.2 (f), 128.5 (d'), 128.7 (d ’ ) ,
13 5.9 (s'), 140.7 (d'), 161.3 (s'); exact mass m/z calcd for
Ci7H24BrN0 3 371.0919, found 371.0917.

3 - ( 2 , 2 -Diphenylhydrazino) dihydro-2 ( 3B) -furanon* (224) .

The general procedure for radical cyclization was 
followed, using 2 1 5  (0.400 g, 1.15 mmol) in PhMe (70 mL), 
BusSnH (500 nL, 1.86 mmol) in PhMe (10 mL), and AIBN (20 mg, 
0.12 mmol) in PhMe (10 mL). Flash chromatography of the 
residue over silica gel (1.6 x 30 cm), using first 5% EtOAc- 
hexane (500 mL), and then 10% EtOAc-hexane, gave 2 2 4  (234 mg.

2 1 5 2 2 4
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75%) as a crystalline solid: mp 92-93 °C; FTIR (CH2CI 2 cast)
3231, 1774 cm'1; -H NMR (CD2CI2 , 300 MHz) 8 2.30-2.53 (m, 2
H), 3.34-3.92 (m, 1 H), 4.14-4.24 (m, 1 H), 4.46 (td. J =

3.7, 3.2 Hz, 1 H), 4.70 (s, 1 H), 7.03-7.40 (m, 10 H), 13C NMR 
(CD2C12, 75.5 MHz) 8 29.9 (f), 55.8 (d'), 66.7 (f), 120.7
(d '), 123.2 (d'), 129.6 (d'), 147.4 (s'), 175.9 (s'); exact
mass m/z calcd for C 16H16N2O2 268.1212, found 268.1210.

Dihydro-3 - [ (phanylmathoxy) amino] -2 ( 3JET) -furanona (22 5)

NHOBnBr NOBn

216 225

The general procedure for radical cyclization was 
followed, using 2 1 6  (0.315 g, 1.10 mmol) in PhMe (70 mL) , 
3u3SnH (474 |XL, 1.76 mmol) in PhMe (10 mL) , and AIBN (30 mg, 
0.18 mmol) in PhMe (10 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 30 cm), using first 10% EtOAc- 
hexane (700 mL) , and then 30% EtOAc-hexane, gave 2 2 5  (118 mg,
51%) as a colorless oil: FTIR (CH2CI2 cast) 1774 cm-1; XH NMR
(CDC13 , 360 MHz) 8 2.22-2.42 (m, 2 H), 3.79 (td, J = 8.9, 1.8

Hz, 1 H) , 4.18-4.26 (m, 1 H) , 4.38 (td, <J = 8.9, 3.8 Hz, 1 
K) , 4.71 (d, J = 11.8 Hz, 1 H) , 4.76 (d, J = 11.8 Hz) , 6.12 
(s, 1 H) , 7.24-7.40 (m, 5 H) ; 13C NMR (CDCI3, 50.3 MHz) 8 26.4

(t'), 59.1 (d*), 66.2 (t'), 77.1 (t'), 128.1 (d') , 128.5
(a'), 128.6 (d1 ) , 137.2 (s'), 175.6 (s'); exact mass m/z
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calcd for C H H 13NO3 207.0895, found 207.0896.

3 - ( 2 , 2 -Dlphanylhydrazi.no) tatrahydro-2H-pyran-2-on< 
(226) and Propyl (Diphanylhydrazono) acatata (227)

Br
NNPh,

217

NHNPh.

226

r NNPh,

227

The general procedure for radical cyclization was 
followed, using 2 1 7  (0.415 g, 1.15 mmol) in PhMe (70 mL),
Bu3SnH (474 (iL, 1.76 mmol) in PhMe (10 mL) , and AIBN (30 mg,
0.18 mmol) in PhMe (10 mL). Flash chromatography of the 
residue over silica gel (1.6 x 30 cm), using 5% EtOAc-hexane, 
gave 2 2 7  (66 mg, 20%) as a crystalline solid, and 2 2 6  (163
mg, 50%) as a colorless oil.

Compound 2 2 7  had: mp 83-84 °C; FTIR (CH2CI2 cast) 1728,
1702 cm-1; NMR (CDCI3 , 200 MHz) 5 1.00 (t, J = 7.4 Hz, 3

H) , 1.73 (sextet, J = 7.1 Hz, 2 H) , 4.20 (t, J = 6.8 Hz, 2
H) , 6.52 (s, 1 H) . 7.12-7.50 (m, 10 H) ; 13C NMR (CDCI3 , 50,3 
MHz) 5 10.4 (q'), 22.1 (f), 66.3 (f), 122.4 (d') , 124.3 

(d ‘), 126.0 (d'), 130.0 (d'), 143.0 (s'), 164.8 (s'); exact 
mass m/z calcd for C17H18N2O2 282.1368, found 282.1374.

Compound 2 2 6  had: FTIR (CH2CI2 cast) 3292, 1732 cm-1;
XH NMR (CD2C12, 400 MHz) 6 1.80-2.01 (m, 3 H), 2.22-2.37 (m, 1

H) , 3.64-3.73 (m, 1 H) , 4.27-4.37 (m, 2 H) , 5.06 (s, 1 H) ,
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7. CO-7.31 (m, 10 H) ; 13C NMR (CD2C12, 50.3 MHz) 5 21.5 (f).
25.3 in'), 55.7 (d' ) , 69.8 {tz1 ) , 120.6 (d ’ ) , 122.9 (a'),
129.5 (d‘ ) , 147 .6 (s *) , 171.7 (s'); exact mass m/z calcd for 
C:tHi=N202 282.1368, found 282.1366.

(3a, 3aa,8aa) -3-(2,2-Diphanylhydrazino)-3 , 3a, 8, 8a-
tetrahydro-2ff-indano[2,1-b] furan-2-on« (228a) , 
(3a,3a[3,8ap)-3 - (2,2-Diphanylhydrazino) - 3, 3a, 8, 8a-
tetrahydro-2H-ind*no [2,1-b] furan-2-ona (228b) and 
( 8bS*)-3-(2, 2 -Diphanylhydrazi.no )-3,3a,4,8b-
t6trahydro-2H-ind«no[l,2-b] furan-2-on« (229) .

NNPh.

2 1 8

PhoNNH He

Hb,

,.-0 + 
Ha Ha

2 2 8 a 2 2 8 b

NHNPh

2 2 9

The general procedure for radical cyclization was 
followed, using 2 1 8  (0.500 g, 1.15 mmol) in PhMe (70 mL), 
Bu3SnH (474 \±L, 1.76 mmol) in PhMe (10 mL) , and AIBN (30 mg, 
0.18 mmol) in PhMe (10 mL) . The solvent was evaporated and 
the residue was covered with 40% EtOAc-hexane and let stand 
for 0.5 h. The precipitate was then filtered off and washed
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v/ith 40% EtOAc-hexane ( 2 x 3  mL) co give a first crop of 228b 
(70.0 mg, 17%) as a crystalline solid. Evaporation of the 
filtrate and flash chromatography of the residue over silica 
gel (1.6 x 30 cm), using 5% EtOAc-hexane, gave a 1:1.2 
mixture (57 mg) of 228a and 229, pure compound 228a (100 mg,
24%) and pure compound 228b (90 mg, 22%), each of the three 
fractions being a crystalline solid.

The fraction corresponding to 229 had: FTIR (CH2CI2
cast) 1770 cm’1; iH NMR (CD2CI2 , 400 MHz) 5 2.88-2.95 (m, 0.64

H) , 3.20-3.50 (m, 2.35 H) , 3.69 (dd, J = 6.0, 1.6 Hz, 0.29
H) , 3.95 (t, J = 1.7 Hz, 0.47 H) , 4.15 (d, J = 5.6 Hz, 0.49 
H), 4.31 (dd, J = 7.9, 1.3 Hz, 0.33 H), 4.62 (d, J = 2.0 Hz,
0.49 H), 4.72-4.79 (m, 0.61 H), 5.56-5.63 (m , 0.77 H), 6.03 
(d, J = 7.6 Hz, 0.25 H), 6.85-7.50 (m, 14 H); 13C NMR (CD2C12,
100.6 MHz) 5 32.4 (t*), 36.2 (f), 38.9 (t*), 44.1 (d'), 44.9

(d'), 51.3 (d'), 60.0 (d'), 63.0 (d'), 63.6 (d1), 84.8 (d'),
85.9 (d‘), 8 6 . 6 (d'), 120.8 (d1), 120.9 (d'), 121.0 (d') ,
123 .3 (d' ) , 123 .4 (d1 ) , 123 .5 (d' ) , 125 .3 (d' ) , 125.6 (d' ) ,
125 . 8 (d1 ) , 126.2 (d' ) , 126.5 (d* ) , 127.4 (d' ) , 127.8 (d'),
128 .7 (d* ) , 129.67 (d' ), 129. 70 (d' ) , 129 .8 (d* ), 130.3 (d'),
130 .7 (d' ) , 138.5 (s'). 139.1 (s'), 140 .2 (s'). 140.9 (s').
142 .7 (s'). 145.7 (s'), 147.3 (s'), 147 .6 (s'). 147.7 (s').
174 . 6 (s'), 174.9 (s'), 175.6 (s'); exact mass m/z calcd for
C23H20N2O2 356.1525, found 356.1522.

Compound 228a had: mp 158-160 °C; FTIR (CH2CI2 cast)
1771 cm'1; LH NMR (CDCI3, 400 MHz) 8 3.33 (d, J  = 3.3 Hz, 2

H) , 3 .97 (t, J = 1.5 Hz, 1 H) , 4.17 (d, J = 5.8 Hz, 1 H) ,
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4.56 (d, J = 1.8 Hz, IK), 5.59 (at, ,7=5.8, 3.4 Hz, IK), 
5.32-7.40 (m, 14 H); 13C NMR (CDCI3, 50.3 MKz) 5 38.5 (t').

50.9 (d'). 63.4 (d•), 34.5 (d'), 120.5 (d'), 123.3 (d'l,
125.0 (d*). 125.4 (d'), 127.6 (d'), 123.5 (d'), 129.6 (d'),

m/z calcd for C23K20N2O2 356.1525, found 356.1519.
Compound 2 2 8 b  had: mp 183-185 °C; FTIR (CH2CI2 cast) 

1761 cm"1; LH NMR (CDCI3 , 400 MHz) 5 3.21-3.37 (m. 2 H) , 4.20

H) ; 13C NMR (CDCI3 , 100.6 MHz) 5 38.6 (t‘), 49.6 (d' ) , 60.6 

(d'), 82.0 (d'), 121.5 (d* ) , 123.7 (d') , 125.0 (d') , 126.9
(d'), 128.4 (d'), 128.9 (d') , 129.5 (d'), 137.1 (s'), 140.9 
(s'), 148.0 (s'), 174.5 (s'); exact mass m/z calcd for

Ha XH NMR signal (for 2 2 8 a )  caused an NOE of 6 % in the signal 
for Hb» and 0% for the Hc signal; in the case of 2 2 8 b ,  the 
corresponding values were 6% and 3%, respectively.

(3aR*,7aR*)-3 -(2,2-Diphanylhydrazino)haxahydro-2(3H )- 
benzofuranona (230).
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139.7 (s'), 140.3 (s'), 146.9 (s'); 174.9 (s'); exact mass

(dd, J = 8.1, 4.7 Hz, 1H), 4.34 (dd, ,7=8.1, 1.5 Hz, 1H),
4.55 (s, 1 H) , 5.17 (t, J = 4.7 Hz, 1 H) , 7.03-7.40 (m, 14

C23H20N2O2 356.1525, found 356.1518. Irradiation of the

NNPh.

2 1 9 2 3 0

The general procedure for radical cyclization was



followed using 219 (0.450 g, 1.12 mmol) in PhMe (70 mL), 
3u3SnH (474 |J.L, 1.76 mmol) in PhMe (10 mL) , and AI3N (50 mg,
0.3 1 mmol) in PhMe (10 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 3 0 cm), using 3% EtOAc-hexane, 
gave 230 (0.261 g, 72%) as a pale yellow oil which was a 1:1 
mixture (-H NMR measurements) of isomers: FTIR (CH2CI2 cast)
1773 cm"1; lH NMR (CD2CI2, 400 MHz) 5 1.10-1.90 (m, 3 H) , 

2.15-2.25 (m, 0.49 (H), 2.48-2.68 (m, 0.69 H), 3.65 (dd, J =  
6.2, 1.3 Hz, 0.41 H) , 4.00 (dd, J =  6.2, 1.3 Hz, 0.42 H) ,
4.37-4.41 (m, 0.49 H) , 4.48 (s, 0.91 H) , 4.78 (dd, J =  12.2,
5.6 Hz, 0.34 H), 7.00-7.35 (m, 10 H); 13C NMR (CD2CI2, 100.6 
MHz) 5 20.1 (t'), 21.4 (f), 22.1 (t'), 23.1 (t'), 23.4 (f),

25.3 (t'), 27.7 (f), 29.0 (t'), 39.8 (d' ) , 41.1 (d') , 60.7
(d'), 63.3 (d'), 76.8 (d1), 78.2 (d'), 120.8 (d'), 121.1
(d'), 123.2 (d'), 123.4 (d') , 129.6 (d'), 129.7 (d1), 147.6
(s'), 147.9 (s'), 175.6 (s'), 176.2 (s'); exact mass m/z 
calcd for C20H22N2O2 322.1681, found 322.1678.

( 3a, 3aa. 7aa) -Haxahydro-3- [ (phanylntthoxy) amino] -2 (3H) - 
benzofuranona (231a) and (3a,3a^.7a^) >H«xabydro-3>
[ (phanylmathoxy) aaino]-2 (3S) -bamofuranona (231b) .

a Hb Hcv NHOBn
_ v

" " 0 ^ 0  
Ha

231b

,Br ^ NOBn

220

Hb Hc,  ^NHOBn 

+::X
Ha

231a

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



The general procedure for radical cyclization was 
followed, using 220 (0.202 g, 0.595 mmol) in PhMe (40 mL), 
BujSnH (240 .uL, 0.893 mmol) in PhMe (5 mL) , AIBN (20 mg, 0.12 
mmol) in PhMe (5 mL) . Flash chromatography of the residue 
over silica gel (1.6 x 28 cm), using first 3% EtOAc-hexane 
(500 mL) , and then 10% EtOAc-hexane, gave 231a (51 mg, 33%) 
as a crystalline solid and 231b (50 mg, 32%) as a colorless 
oil.

Compound 231a had: FTIR (CH2CI2 cast) 3254, 1775 cm"1;
-H NMR (CD2C12, 400 MHz) 5 1.22-1.75 (m, 7 H), 1.95-2.03 (m, 1

H), 2.59-2.67 (m, 1 H), 3.56 (dd, J =  9.4, 2.6 Hz, 1 H),
4.50-4.58 (m, 1 H), 4.68 (s, 2 H), 6.11 (d, J = 2.3 Hz, 1 H),
7.25-7.39 (m, 5 H) ; 13C NMR (CD2C12, 50.3 MHz) 5 21.2 (f),

22.0 (t■), 24.7 (t1), 29.7 (t’), 37.2 (d’), 62.9 (d’), 77.36 
(d'), 77.44 (f), 128.2 (d'), 128.6 (d') , 129.0 (d'), 137.8
(s'), 175.4 (s'); exact mass m/z calcd for C15H19NO3 261.1365, 
found 2 61.13 61.

Compound 231b had: mp 71.5-72.5 °C; FTIR (CH2C12 cast)
1774 cm-1; lH NMR (CD2C12, 400 MHz) 5 0.93-0.40 (m, 3 H) ,

1.52-1.73 (m, 4 H) , 2.13-2.26 (m, 1 H) , 2.50-2.57 (m, 1 H) ,
4.11 (dd, J = 6.1, 4.0 Hz, 1 H), 4.41-4.45 (m, 1 H), 4.70 (s,
2 H) , 5.91 (d, J = 3.5 Hz, 1 H) , 7.30-7.40 (m, 5 H) ; 13C NMR
(CD2C12, 50.3 MHz) 5 20.1 (t'), 22.7 (t'), 23.3 (t'), 27.7

(t'), 39.3 (d'), 66.6 (d1), 76.80 (t'), 76.81 (d1), 128.3 
(d'), 128.7 (d'), 128.8 (d'), 138.1 (s'), 174.8 (s'); exact
mass m/z calcd for C 15H19NO3 261.1365, found 261.1359. 
Irradiation of the Ha -̂H NMR signal (for 231a) caused an NOE
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of 8% in the signal for Hb, ana 1% for the He signal; in the 
case of 231b, the corresponding values were 12% and 11%, 
respectively.

( 3aR* , 7aJ?* ) - ( 2 , 2-Diphanylhydrazino) hexahydro-2 ( 3H) - 
benzofuranone (230).

The general procedure for radical cyclization was 
followed, using 221 (500 mg, 1.05 mmol) in PhMe (70 mL) , 
Bu3SnH (370 flL, 1.37 mmol) in PhMe (10 mL) , and AIBN (69 mg, 
0.42 mmol) in PhMe (10 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using 3% EtOAc-hexane, 
gave 230 (70 mg, 20%) as a pale yellow oil, which was a 1:1 
mixture NMR) of isomers. The spectroscopic data were
identical to those of 230 obtained previously.

3 - ( 2 , 2-Diphanylhydrazino) dihydro-4, 5-dipropyl-2 ( 3JT) - 
furanona (232).

NNPh.SePhJWP^

221 230

NHNPh.

222 232
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The general procedure for radical cyclization was 
followed, using 2 2 2  (0.494 g, 1.15 mmol) in PhMe (70 mL),
3u2SnH (474 |i.L, 1.7 6 mmol) in PhMe (10 mL) , and AI3N (30 mg,
0.18 mmol) in PhMe (10 mL). Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using 2% EtOAc-hexane, 
gave a crude fraction, which contained a small amount of 
tributyltin residues (1H NMR, 400 MHz) . Further purification 
by flash chromatography over silica gel (1.6 x 28 cm) . using 
3% EtOAc-hexane, gave 2 3 2  (330 mg, 82%) as a pale yellow oil, 
which was a 2:3:2:3 mixture (1H NMR) of four
chromatographically inseparable isomers: FTIR (CH2CI2 cast)
1771 cm"1; *H NMR (CD2Cl2, 400 MHz) 5 0.85-1.08 (m, 6 H) ,

1.25-1.95 (m, 8 H), 2.30-2.75 (m, 1 H), 3.65-3.75 (m, 0.42 
H), 4.00-4.07 (m, 0.58 H), 4.09-4.15 (m, 0.22 H), 4.31-4.39 
(m, 0.27 H), 4.40-4.45 (m, 0.33 H), 4.48 (s, 0.33 H), 4.63 
(s, 0.27 H) , 4.72 (s, 0.19 H) , 4.74-4.80 (m, 0.18 H) , 4.88 
(s, 0.21 H) , 7.05-7.40 (m, 10 H) ; 13C NMR (CD2C12, 100.6 MHz)
5 13.94 (q'), 13.97" (q'), 14.05 (q1 ) , 14.1 (q*), 14.2 (q'),

14.3 (q ' ) , 14.4 (q1 ) , 14.8 (q'), 19.5 (f), 19.7 (f), 19.9
(f), 20.1 (t'), 20.2 (f), 20.7 (f), 21.0 (f), 25.8 (t'),
29.5 (f), 29.6 (t'), 32.4 (t1), 32.5 (f), 33.5 {t ’ ) , 36.8
(d’), 37.4 (d'), 43.1 (d•) , 43.9 (d'), 45.5 (d'), 48.4 (d') ,
58.1 (d1), 60.8 (d•), 61.1 (d'), 61.8 (d'), 81.8 (d'), 82.1
(d'), 83.4 (d'), 83.7 (d'), 120.7 (d'), 121.0 (d’), 121.2 
(d'), 123.1 (d'), 123.3 (d‘) , 123.4 (d') , 129.5 (d') , 129.57
(d'), 129.62 (d'), 147.58 (s'), 147.7 (s'), 147.9 (s'), 148.0 
(s'), 175.36 (s'), 175.41 (s'), 175.7 (s'); exact mass m/z
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calcd for C22H28N2O2 352.2151, found 352.2146.

( 3a, 4a, 5 a ) -Dihydro-3- [ (phenylmethoxy) amino] -4,5- 
dipropyl-2 ( 3tf)-furanona (233), (3a, 4a, 5(3) -Dihydro-3 -
[ (phanyl-mathoxy)amino]-4,5-dipropyl-2(3ff)-furanona 
(234 ), (3ct, 4(3, 50) - Dihydro-3- [ (phanylmathoxy) amino] -
4,5-dipropyl-2 (3 IT) - furanona (235), and (3a, 4(3, 5a)- 
Dihydro-3 - [ (phanyl-mathoxy) amino] -4, 5-dipropyl-2 (3J7) 
furanona (236),

o ,  Hb NHOBnPr'. I Hb NHOBn

Ha Ha
2 3 3  2 3 4

NOBn

2 2 3
Hb NHOBn 
-r He

Hb NHOBn

Ha Ha
2 3 5  2 3 6

The general procedure for radical cyclization was 
followed, using 2 2 3  (0.407 g, 1.10 mmol) in PhMe (70 mL), 
Bu3SnH (474 |lL, 1.76 mmol) in PhMe (10 mL) , and AIBN (30 mg, 
0.18 mmol) in PhMe (10 mL). Flash chromatography of the 
residue over silica gel (1.6 x 3 0 cm) , using 5% EtOAc-hexane, 
gave a crude fraction which contained a small amount of 
tributyltin residues (1H NMR, 400 MHz) . Further purification 
by flash chromatography over silica gel (1.6 x 24 cm), using
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5% EtOAc-hexane, gave a 1:3:1:2 mixture (250 mg, 78% in all) 
of 233, 234, 235, and 236 (as judged by XH NMR 
measurements). Flash chromatography of the mixture over 
silica gel (1.6 x 25 cm), using 3% EtOAc-hexane, gave four 
fractions, *l-#4. Each fraction was further purified by 
flash chromatography over silica gel (1.0 x 20 cm), using 2% 
EtOAc-hexane. Fractions #1, #2, #3, and #4 gave 233, 234, 
235, 236, respectively, as colorless oils.

Compound 233 had: FTIR (CH2CI2 cast) 3259, 1773 cm"1;
XH NMR (CDCI3 , 400 MHz) 8 0.89-0.98 (m, 6 H), 1.29-1.61 (m, 7

H), 1.72-1.81 (m, 1 H), 2.52-2.60 (m, 1 H), 3.98 (dd, J =
7.6, 3.2 Hz, 1 H), 4.36-4.42 (m, 1 H), 4.72 (s, 2 H), 5.90
(s, 1 H) , 7.27-7.37 (m, 5 H) ; 13C NMR (CDCI3 , 50.3 MHz) 5 13.9

(q'), 14.5 (q'), 19.4 (f), 20.9 (t1), 25.7 (t1), 32.4 (f),
41.9 (d1), 63.7 (d’), 82.3 (d1), 128.1 (d1), 128.5 (d’),
12 8.6 (d 1), 13 7.2 (s'), 174.6 (s'); exact mass m/z calcd for 
C1.7H25NO3 291.1834, found 291.1833 . Irradiation of the
Ha NMR signal for 233 caused an NOE of 7.2% in the signal 
for Hb, and 3.5% for the He signal.

Compound 234 had: FTIR (CH2CI2 cast) 3237, 1773 cm-1; -̂H
NMR (CD2C12, 400 MHz) 5 0.92-0.99 (m, 6 H), 1.25-1.73 (m, 8 

H) , 2.11-2.20 (m, 1 H) , 3.75 (dd, J = 8.5, 2.9 Hz, 1 H),
4.21-4.28 (m, 1 H), 4.70 (d, J = 11.6 Hz, 1 H), 4.75 (d, J -

11.6 Hz, 1 H) , 6.02 (d, J = 2.7 Hz, 1 H) , 7.28-7.40 (m, 5 H) ;
13C NMR (CD2CI2 , 100.6 MHz) 8 14.0 (q'), 14.4 (q'), 19.5 (t‘),

21.3 (t‘), 29.0 (t'), 37.0 (t'), 44.1 (d'), 62.2 (d1), 76.3 
(f), 85.4 (d’), 128.4 (d1 ) , 128.8 (d'), 137.6 (s'), 175.8
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(s'); exact: mass m/z calcd for C17H25NO3 291.1834, found 
291.1827. Irradiation of the Ha XH NMR signal for 2 3 4  caused 
a NOE of 5% in the signal for the Hb, and 0% for the Hc
signal.

Compound 2 3 5  had: FTIR (CH2CI2 cast) 3253, 1778 cm'1;
~H NMR (CD2C12, 400 MHz) 8 0.88-1.00 (m, 6 H) , 1.25-1.65 (m, 8 

H), 2.60-2.70 (m, 1 H), 3.36 (d, J = 10.5 Hz, 1 H), 4.49-4.56
(m, 1 H), 4.69 (d, J =  0.9 Hz, 2 H), 6.13 (s, 1 H), 7.28-7.40
(m, 5 H); 13C NMR (CD2C12, 100.6 MHz) 8 14.0 (q1), 14.3 (q‘),

19.5 (f), 21.0 (t1), 30.3 (f), 32.7 (f), 40.6 (d1 ) , 64.6
(d'), 77.4 (t'), 80.9 (d'), 128.3 (d')( 128.7 (d‘), 129.1
(d'), 137.9 (s'), 175.4 (s’); exact mass m/z calcd for 
C17H25NO3 291.1834, found 291.1836. Irradiation of the Ha XH 
NMR signal for 2 3 5  caused a NOE of 13% in the signal for the
Hb, and 0% for the He signal.

Compound 2 3 6  had: FTIR (CH2CI2 cast) 1776 cm*1; XH NMR
(CDCI3, 400 MHz) 8 0.91-0.98 (m, 6 H), 1.30-1.72 (m, 8 H),

2.20-2.30 (m, 1 H), 3.41 (d, J = 9.9 Hz, 1 H) , 4.02 (td, J =
8.5, 3.5 Hz, 1 H), 4.72 (d, J = 2.8 Hz, 2 H) , 6.15 (s, 1 H) ,
7.27-7.38 (m, 5 H) ; 13C NMR (CDCI3, 50.3 MHz) 8 13.9 (q * ) ,

14.3 (q’), 18.9 (t’), 20.4 (t'), 34.2 (t*), 37.0 (t’), 42.7
(d'), 66.5 (d’), 76.9 (t’), 83.0 (d’), 128.0 (d'), 128.4
(d1), 12 8.7 (d'), 137.3 (s'), 175.1 (s'); exact mass m/z 
calcd for C17H25NO3 291.1834, found 192.1831. Irradiation of 
the Ha 1H NMR signal for 2 3 6  caused a NOE of 4% in the signal 
for the Hb/ and 5% for the He signal.
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Phenyl l-S«l«no-3, 5-0- (tetraisopropyldisiloxane-1, 3- 
diyl) -/3-D-ribof uranoside (239).

K2CO3 (123 mg, 0.891 mmol) was added to a stirred 
solution of 23852 (370 mg, 0.891 mmol) in 1:1 THF-MeOH (5
mL) . Stirring was continued for 6 h, and the mixture was
filtered through a pad (1 cm x 2 mm) of silica gel, and 
evaporated. Flash chromatography of the residue over silica 
gel (1.2 x 21 cm), using 2% MeOH-EtOAc, gave phenyl 1-seleno- 
/3-D-ribofuranoside (236 mg, 91%) as a pale yellow oil: FTIR
(MeOH cast) 3374 cm'1; LH NMR (CD30D, 360 MHz) 8 3.54-3.66 (m, 

2 H), 3.92-3.97 (m, 1 H), 4.03 (dd, J * 6.1, 5.0 Hz, 1H), 
4.13-4.15 (m, 1 H), 4.75-4.97 (br, 3 H) , 5.48 (d, J = 3.3 Hz,
1 H), 7.25-7.36 (m, 3 H), 7.58-7.70 (m, 2 H); 13C NMR (CD3OD,
100.6 MHz) 5 63.7 (f), 72.4 (d1), 77.6 (d') , 86.3 (d1), 88.2

(d'), 128.8 (d1), 130.1 (d'), 130.2 (s'), 135.6 (d1); exact 
mass m/z calcd for CnHi404Se 290.0057, found 290.0062.

1 - 3-Dichloro-l, 1, 3 , 3-tetraisopropyldisiloxane (470 jiL, 
1.47 mmol) was added dropwise to a stirred and cooled (0 °C) 
solution of the above triol (424.2 mg, 1.468 mmol) in dry 
pyridine (14 mL) . Stirring was continued for 3 0 min at 0 °C, 
and then for 6 h after removal of the ice bath. Pyridine was

AcO OAc

Pr-i

238 239
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evaporated under vacuum, and flash chromatography of the 
residue over silica gel (2.6 x 25 cm), using 5% EtOAc-hexane, 
gave 239 (624 mg, 80%) as a colorless oil: [a]o = -112.3 (c
1.14, CHCI3); NMR (CD2CI2 , 360 MHz) 5 0.93-1.17 (m, 28 H) ,

3 .03 (d, J = 1.6 Hz, 1 H) , 3.88-4.02 (m, 3 H) , 4.27 (dt, J =
5.1, 1.4 Hz, 1 H) , 4.37 (dd, J - 6.2, 5.2 Hz, 1 H) , 5.59 (d,
J = 1.2 Hz, 1 H) , 7.26-7.35 (m, 3 H) , 7.57-7.62 (m, 2 H) ; 13C
NMR (CD2C12, 100.6 MHz) 5 13.0 (d’), 13.2 (d'), 13.6 (d1),

13.6 (d'), 17.2 (q’), 17.2 (q'), 17.2 (q1), 17.4 (q‘), 17.5 
(q'), 17.6 (q'), 17.7 (<q‘), 64.4 (f), 74.6 (d1), 77.9 (d'),
83.4 (d■), 86.1 (d1), 128.4 (d'), 128.8 (s'), 129.5 (d1),
135.3 (d‘); exact mass (electrospray) m/z calcd for 
C23H4oNa05SeSi2 (M •+■ Na) 555.1477, found 555.1485.

Phanyl 2,3,5-Tri-O-acetyl-l-seleno-a-i,- 
arabinofuranosld* (241) .

A c O , 9 .  A c O , 0  S e P h

j C r < ------------

OAc OAc

240 241

BF3. Et20 (232 )1L, 1.88 mmol) was added dropwise to a 
stirred and cooled (0 °C) solution of 24053 (637 mg, 2.00 
mmol) and PhSeH (314 (IL, 2.96 mmol) in CH2CI2 (20 mL) . 
Stirring was continued for 28 h at 0 °C, and then saturated 
aqueous NaHC03 (5 mL) was added. The organic phase was
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washed with water (3 x 5 mL) and brine (5 mL) , dried (MgS0 4 ) 

and evaporated. Flash chromatography of the residue over 
silica gel (1.6 x 26 cm), using 20% EtOAc-hexane, gave 241 
(533 mg, 64%) as a colorless oil: [a]o = -161.4 (c 1.98,
CHC13); FTIR (CH2CI2 cast) 1747 cm"1; NMR (CD2CI2 , 360 MHz)
5 2.06 (s, 3 H) 2.07 (s, 3 H), 2.12 (s, 3 H), 4.25 (dd, J =

12.0, 5.6 Hz, 1 H) , 4.40 (dd, J = 12.0, 3.7 Hz, 1 H) , 4.46-
4.50 (m, 1 H), 5.03-5.05 (m, 1 H) , 5.34-5 .38 (m, 1 H) , 5.80-
5.82 (m, 1 H) , 7.29-7.34 (m, 3 H) , 7.60-7.66 (m, 2 H) ; 13C NMR
(CD2C12, 75.5 MHz) 5 20.8 (q1), 62.9 (f), 77.6 (d') , 81.5

(d1), 82.5 (d1), 87.3 (d'), 128.3 (d1), 129.5 (d’) , 129.6
(s'), 134.6 (d'), 169.8 (s'), 170.2 (s'), 170.6 (s'); exact 
mass m/z calcd for Ci7H2o0 7Se 416.0374, found 416.03774.

Phenyl 1-Salano-a-L-artbinofuranoaid* (242).

K2CO3 (173 mg, 1.26 mmol) was added to a stirred 
solution of 241 (522 mg, 1.26 mmol) in 1:1 THF-MeOH (8 mL), 
and the mixture was stirred for 1 h, filtered through a pad 
( 1 x 2  mm) of silica gel, and evaporated. Flash 
chromatography of the residue over silica gel (1.6 x 28 cm), 
using 2% MeOH-EtOAc, gave 242 (338 mg, 93%) as a pale yellow

OAc OH

241 242
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oil: [a]D = -267.9 (c 1.04, CHC13); FTIR (CH2C12 cast) 3373
cm"1; NMR (CD2Cl2, 400 MHz) 5 3.71 (d, J" = 11.5 Hz, 1 H) ,

3.79 (d, J" = 11.5 Hz, 1 H) , 4.11 (br s, 2 H) , 4.20-4.59 (br 
m, 4 H) , 5.69 (d, J = 2.6 Hz, 1 H) , 7.22-7.30 (m, 3 H) , 7.57- 
7.62 (m, 2 H) ; i3C NMR (CD2C12, 100.6 MHz) 5 61.3 (f), 77.2

(d'), 83.1 (d'), 84.6 (d‘), 89.2 (d1 ) , 128.1 (d'), 129.5 
(d'), 130.1 (s'), 134.3 (d‘); exact mass m/z calcd for
CnHi404Se 290.0057, found 290.0056.

Phenyl l-Seleno-3, 5-0- (tatraiaopropyldi 1 1 lox«n«-1, 3 
diyl)-a-L-arablnofuranoalda (243) .

hPrN .Pr-/

H O .O . S eR i 0 '  V q v  SePh

h X /  "
OH OH

242 243

1, 3-Dichloro-l, 1, 3 , 3-tetraisopropyldisiloxane (304 nL, 
0.952 mmol) was added dropwise to a stirred and cooled (0 °C) 
solution of 2 4 2  (275 mg, 0.952 mmol) in dry pyridine (10 m L ) . 
Stirring was continued for 30 min at 0 °C, and then for 6 h 
after removal of the ice bath. Pyridine was evaporated under 
vacuum, and flash chromatography of the residue over silica 
gel (1.6 x 28 cm), using 5% EtOAc-hexane, gave 2 4 3  (390 mg, 
77%) as a colorless oil: [OtJo = -141.2 (c 1.32, CHCI3 ); -̂H
NMR (CD2C12, 300 MHz) 5 0.96-1.15 (m, 28 H ) , 2.54 (d, J = 5.1 

Hz, 1 H), 3.91-4.04 (m, 3 H), 4.16-4.26 (m, 1 H), 3.33 (dd, J
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= 10.4, 5.0 HZ, 1 H), 5.62 (d, J = 4.6 Hz, 1 H) 7.27-7.33 (m, 
3 H), 7.60-7.67 (m, 2 H) ; 13c NMR (CD2Cl2, 75.5 MHz) 5 13.0

(d' ) , 13.3 (d1), 13.5 (d1), 13.9 (d1 ) , 17.2 (q1) , 17.2 (q ■ ) ,
17.3 (q ‘), 17.5 (q'), 17.7 (q1), 61.9 (t*), 77.4 (d1), 82.0 
(d *), 83.2 (d1), 88.5 (d1), 127.9 (d* ) , 129.4 (d1) , 130.5 
(s'), 134.0 (d‘); exact mass (electrospray) m/z calcd for
C23H4oNa05SeSi2 (M + Na) 555.1477, found 555.1477.

Phenyl 2-0-Acetyl-3, 5, 6-tri-0-benzyl-l-«eleno-/J-D- 
glucofuraaoald* (245).

BnO—
BnO—

/  V'-OAc 
BnO\  /

OAc

BnO—|
BnO— o .  S eph

BnO^ /

OAc

244 245

BF3 . Et20 (476 (JIj, 3.872 mmol) was added dropwise to a 

stirred and cooled (0 °C) solution of 24454 (2.20 g, 4.12 
mmol) and PhSeH (648 (XL, 6.09 mmol) in CH2C12 (40 mL) . 
Stirring was continued for 2 h at 0 °C, and then saturated 
aqueous NaHC03 (5 mL) was added. The organic phase was 
washed with water (2 x 10 mL) and brine (10 mL) , dried 
(MgS0 4 ) and evaporated. Flash chromatography of the residue
over silica gel (2.6 x 28 cm), using 10% EtOAc-hexane, gave 
2 4 5  (1.91 g, 73%) as a colorless oil: [0C]d = -117.8 (c 1.27,
CHCI3); FTIR (CH2C12 cast) 1747 cm"1; XH NMR (CD2C12, 300 MHz) 
5 2.12 (s, 3 H) , 3.80 (dd, J = 10.8, 4.6 Hz, 1 H) , 3.99 (dd.
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J = 10.8, 2.0 Hz, 1 H), 4.21 (ddd, J = 9.4, 4.5, 1.9 Hz, 1
H), 4.26 (d, J = 4.0 Hz, 1H), 4.44 (dd, J = 9.4, 4.0 Hz, 1
H) , 4.52 (d, J = 11.3 Hz, 1 H) , 4.61-4.65 (m, 3 H) , 4.79 (d,
J- = 11.3 Hz, 1 H) , 4.95 (d, J- = 11.4 Hz, 1 H) , 5.74 (s, 1 H) ,
7.29-7.51 (m, 18 H), 7.66-7.73 (m, 2 H); NMR (CD2Cl2, 75.5
MHz) §21.1 (q1), 70.5 (t ' ) , 72.5 (t'), 72.6 (f), 73.7 (t'),

76.3 (d1), 80.9 (d') , 81.1 (d1), 81.9 (d* ) , 87.5 (d‘), 127.8 
(d'), 127.8 (d’), 127.9 (d1) , 128.1 (d') , 128.3 (d'), 128.5
(d'), 128.6 (d1), 128.7 (d1) , 129.5 (d'), 131.9 (s'), 133.9
(d'), 137.9 (s'), 139.1 (s'), 139.3 (s’), 170.0 (s*); exact
mass (electrospray) m/z calcd for C3 5H3gNa0 6Se (M + Na)
655.1575, found 655.1577.

Phenyl 3,5,6-Tri-0-b«nzyl-l>i«leno-/}-D-gluco£uranoaide 
( 2 4 6 ) .

BnO—j 
BnO— O SePh

b*>Q
OAc

BnO—j 
BnO— O SeP h

J Q

OH

245 246

K2CO3 (177 mg, 1.28 mmol) was added to a stirred 
solution of 245 (812 mg, 1.28 mmol) in 1:1 THF-MeOH (10 mL), 
and the mixture was stirred vigorously for 15 min, filtered 
through a pad (2 cm x 1 mm) of silica gel, and evaporated. 
Flash chromatography of the residue over silica gel (1.6 x 28 
cm), using 20% EtOAc-hexane, gave 246 (727 mg, 96%) as a
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colorless oil: [a]D = -143.7 (c 1.47, CHCI3 ); FTIR (CH2Cl2
cast) 3415 cm"1; NMR (CD2C12/ 300 MHz) 5 2.38 (br, 1 H) ,

3 .74 (dd, J = 10.8, 4 .8 Hz, 1 H) ; 3 .93 (dd, J = 10.8, 2.0 Hz,
1 H), 4.07 (d, J = 4.2 Hz, 1 H), 4.14 (ddd, J = 9.2, 4.8, 2.0
Hz, 1 H) , 4.43 (dd, J = 9.2, 4.2 Hz, 1 H) , 4.49 (dd, J =
11.4, 2.2 Hz, 1 H) , 4.59 (s, 2 H) , 4.67-4.77 (m, 3 H) , 5.56 
(br s, 1 H), 7.22-7.41 (m, 18 H), 7.58-7.65 (m, 2 H); 13C NMR 
(CD2C12, 75.5 MHz) 8 70.8 (tt' ) , 72.6 (f), 72.7 (f), 73.7

(f), 76.6 (d1), 80.1 (d1), 81.6 (d' ) , 83.2 (d1), 90.4 (d1),
127.5 (d’) , 127.7 (d1 ) , 127.7 (d1 ) , 127.9 (d1) , 127.9 (d1 ) ,
128.1 (d1), 128.1 (d1), 128.5 (d‘) , 128.6 (d’), 128.7 (d1) ,
129.4 (d1), 132.2 (s'), 133.6 (d'), 138.1 (s’), 139.1 (s'),
13 9.3 (s'); exact mass (electrospray) m/z calcd for
C33H34Na05Se (M + Na) 613.1469, found 613.1480.

1,2-Di-0-acetyl-3,5,6-tri-0-»ethyl-tf, fi-D- 
gluco£uranoa«i (248) .

MeO—
MeO—

MeO—  
MeO

OAc
-o — ' «J ( _ rMeO.

----
OAc

247 248
PhC02H (170 mg, 1.39 mmol) was added to a stirred 

solution of 24757 (1.09 g, 4.18 mmol) in water (8.5 mL) and 
the mixture was refluxed for 6 h, cooled in an ice bath and 
filtered. The insoluble material was washed with cold H20 (2 
x 1 mL) , and the combined filtrates were evaporated. Water
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(5 mL) was added, and the solution was evaporated. The 
procedure was repeated with a further portion of water (6 

mL) , and water (25 mL) was added to the residue. The 
resulting solution was extracted with Et20 ( 2 x 4  mL) . 
Evaporation of the aqueous solution afforded a colorless 
syrup, which was dried under vacuum. Pyridine (9 mL) and 
Ac20 (6 mL) were added to the dried residue, and the mixture 
was stirred for 14 h. Excess of pyridine and Ac20 were 
evaporated under vacuum, and flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using 30% EtOAc- 
hexane, gave 248 (1.05 g, 82%) as a 67:33 mixture of a and |3 
anomers [iH NMR (300 MHz)]: [a]D = +8.7 (c 1.47, CHC13 ); FTIR
(CH2C12 cast) 1751 cm"1; 1H NMR (CD2C12, 300 MHz) 6 2.03 (s, 2 

H), 2.05 (s, 1 H), 2.07 (br s, 3 H), 3.34-3.47 (m, 10 H), 
3.52-3.69 (m, 2 H) , 3.76 (d, J = 4.5 Hz, 0.33 H) , 3.91-3.93 
(m, 0.67 H), 4.13-4.22 (m, 1 H), 5.14 (br s, 0.33 H), 5.19 
(dd, J = 4.5, 2.6 Hz, 0.67 H) , 6.02 (s, 0.33 H) , 6.29 (d, J =
4.4 Hz, 0.67 H); 13C NMR (CD2C12, 75.5 MHz) 5 20.6 (q‘), 20.9

(q'), 21.0 (q'), 21.2 (q'), 58.0 (q'), 58.2 (q'), 59.3 (q' ) ,
72.2 (f), 75.7 (d')« 77.5 (d' ) , 77.5 (d'), 78.8 (d'), 78.9 
(d1) , 81.9 (d'), 82.3 (d') , 83.2 (d'), 95.0 (d') , 99.8 (d') ,
169.6 (s'), 169.8 (s'), 169.9 (s'); exact mass (electrospray)
rn/z calcd for Ci3H22NaOs (M + Na) 329.1212, found 329.1211.
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Phenyl 2-O-acetyl-3 , 5, 6 -txri - 0-methyl -1-«eleno-/?-D■ 
glucofuranoside (249).

MeO 
MeO—

S  ^>~^OAc 
MeO\ /

OAc

MeO—| 
MeO— O SePh

OAc

248 249

BF 3 . Et20 (404 |1L, 3.2 8 mmol) was added dropwise to a 

stirred and cooled (0 °C) solution of 248 (1.07 g, 3.49 mmol) 
and PhSeH (557 jiL, 5.24 mmol) in CH2CI2 (35 mL) . Stirring was 
continued for 1.5 h at 0 °C, and then saturated aqueous 
NaHC03 (5 mL) was added. The organic phase was washed with 
water (2 x 10 mL) and brine (10 mL) , dried (MgS0 4 ) and 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 28 cm), using 20% EtOAc-hexane, gave 249 (1.20 g, 
85%) as a colorless oil: [<X]d = -147.7 (c 1.33, CHCI3); FTIR
(CH2C12 cast) 1748 cm'1; *H NMR (CD2CI2 , 360 MHz) 5 2.04 (s, 3

H), 3.36 (s, 3 H), 3.42 (s, 3 H), 3.47-3.51 [m, including s 
(3 H) at 5 3.50, 4 H in all], 3.67-3.73 (m, 2 H), 3.83 (d, J

= 4.0 Hz, 1 H), 4.12 (dd, J = 9.5, 4.0 Hz, 1 H), 5.50 (s, 1 
H) , 5.57 (s, 1 H) , 7.27-7.32 Cm, 3 H) , 7.57-7.63 (m, 2 H) ; 13C 
NMR (CD2C12, 75.5 MHz) 8 21.0 (q* ) , 58.0 (q1 ) , 58.2 (q1 ) , 59.4

(q'), 72.1 (f), 77.4 (d‘), 80.8 (d*), 81.6 (d'), 82.7 (d'),
87.3 (d'), 127.7 (d‘), 129.4 Cd'), 131.7 (s'), 133.9 (d1),
170.0 (s'); exact mass (electrospray) m/z calcd for 
Ci7H24NaOgSe (M -t- Na) 427.0636, found 427.0634.
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Phenyl 3,5,6-Tri-0-methyl-l-aeleno-/?-D-gluco£uranoside
( 250) .

MeO—|
MeO— O SePh  

MeO\ j}

OAc

MeO—j
MeO— O SePh  

OH

249 2 50

K2CO3 (385 mg, 2.78 mmol) was added to a stirred
solution of 249 (1.12 g, 2.78 mmol) in 1:1 THF-MeOH (20 mL)
and the mixture was stirred vigorously for 15 min, filtered 
through a pad (1 cm x 2 mm) of silica gel, and evaporated. 
Flash chromatography of the residue over silica gel (1.6 x 28 
cm), using 40% EtOAc-hexane, gave 250 (0.964 g, 96%) as a 
colorless oil: [a]D = -196.0 (c 1.30, CHCI3); FTIR (CH2C12
cast) 3410 cm"1; iH NMR (CD2C12, 300 MHz) 8 2 .88 (d, J" = 4.2 

Hz, 1 H), 3.35 (s, 3 H), 3.42 (s, 3 H), 3.44 (s, 3 H), 3.47-
3.53 (m, 1 H), 3.68-3.77 (m, 3 H), 4.19 (dd, J = 9.2, 4.2 Hz,
1 H) , 4.58-4.63 (m, 1 H) , 5.50 (br s, 1 H) , 7.25-7.32 (m, 3
H), 7.56-7.63 (m, 2 H); 13C NMR (CD2C12, 75.5 MHz) 5 58.0

(q'), 58.0 (q'), 59.4 (q1), 72.3 (t1), 77.6 (d1), 79.7 (d'), 
81.2 (d‘), 84.9 (d'), 90.3 (d'), 127.5 (d1), 129.4 (d'),
132.0 (s'), 133.5 (d‘); exact mass (electrospray) m/z calcd 
for Ci5H22Na05Se (M +■ Na) 385.0530, found 385.0532.
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Phenyl 2, 3-0-I«opropylidene-l-«eleno-/J-D-
ribofuranoside (251).

AcO - HO— ~  SePh

AcO OAc <0 O

X
238 251

K2CO3 (123 mg, 0.891 mmol) was added to a stirred 
solution of 23852 (370 mg, 0.891 mmol) in 1:1 THF-MeOH (5 
mL) . Stirring was continued for 6 h, and the mixture was 
filtered through a pad (1 cm x 2 mm) of silica gel, and 
evaporated. Flash chromatography of the residue over silica 
gel (1.2 x 21 cm), using 2% MeOH-EtOAc, gave phenyl 1-seleno- 
/?-D-ribofuranoside (23 5 mg, 91%) as a pale yellow oil.

p-MeCsH4S03H.H2O (9.2 mg, 0.048 mmol) was added to a 
stirred solution of phenyl l-seleno-/J-D-ribofuranoside (140.0

mg, 0.484 mmol) in acetone (5 mL). Stirring was continued 
for 5 h, NaHC03 (12.2 mg, 0.145 mmol) was then added.
Stirring was continued for another 0.5 h, and the mixture was 
then evaporated. Flash chromatography of the residue over 
silica gel (1.0 x 20 cm), using 30% EtOAc-hexane, gave 251 
(148 mg, 92%) as a colorless oil: FTIR (CH2CI2 cast) 3462
cm"1; 1H NMR (CD2CI2 , 360 MHz) 5 1.32 (s, 3 H) , 1.48 (s, 3 H) , 

2 .10 (dd, J = 7.0, 6.3 Hz, 1 H) , 3.69-3.81 (m, 2 H) , 4.30-
4.3 3 (m, 1 H) , 4.76 (dd, J- = 6.1, 1.8 Hz, 1 H) , 4.88 (dd, J =
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5.1, 2.1 Hz, 1 H), 5.82 (d, J = 2.1 Hz, 1 H), 7.28-7.40 (m, 3 
H) , 7.59-7.68 (m, 2 H) ; i3C NMR (CD2Cl2, 75.5 MHz) 5 25.4

(q'), 27.0 (q'), 63.1 (t'), 82.1 (d'), 87.1 (d1), 88.8 (d'),
38.9 (d’), 113.7 (s'), 128.3 (d1), 129.3 (s1), 129.6 (d'),
134.4 (d ' ) ; exact mass m/z calcd for Ci^HigC^Se 330.0370, 
found 3 3 0.0364.

3 -O-Banzyl-6•bromo-6-dtoxy-1,2-0-isopropylidene-a- d -  

glucofuranose (253).

HO— i 
HO
BnO

Br—
HO— | „0 
BnOO

v \ -

252 253

Ph3P (642 mg, 2.44 mmol) was added to a stirred and 
cooled (0 °C) solution of 25258 (379 mg, 1.2 mmol) in
pyridine (20 mL), and then CBr4 (405 mg, 1.22 mmol) was added
in several portions at 0 °C. After the addition, the mixture 
was heated to 60 °C for 10 min. MeOH (5 mL) was added to 
destroy any excess of reagents, and the mixture was 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 28 cm), using 20% EtOAc-hexane, gave 253 (402 mg, 
8 8%) as a colorless oil: [0C]d = -41.8 (c 1.25, CHCI3); FTIR
(CH2CI2 cast) 3482 cm*1; XH NMR (CD2C12, 300 MHz) 5 1.31 (br

s, 3 H) , 1.46 (br s, 3 H) , 2.38 (d, J =  5.9, 1 H) , 3.58 (dd,
J" = 10.5, 5.7 Hz, 1 H) , 3.71 (dd, J = 10.5, 2.7 Hz, 1 H) ,
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4.03-4.14 (m, 3 H) , 4.58 (d, J = 11.7 Hz, 1 H) , 4.64 (d, J =
2.1 Hz, 1 H) , 4.72 (d, J = 10.7 Hz, 1 H) , 5.89 (d, J- = 3 .7 
Hz, 1 H) , 7.32-7.40 (m, 5 H) ; 13C NMR (CD2Cl2, 75.5 MHz) 5

26.4 (q'), 27.0 (q1), 38.8 (f), 68.4 (d ■ ) , 72.5 (f), 81.1 
(d'), 81.9 (d'), 82.5 (d'), 105.6 (d1), 112.2 (s'), 128.2 
(d1), 128.4 (d'), 128.9 (d1), 137.8 (s1); exact mass 
(electrospray) m/z calcd for Cig^iBrNaOs (M + Na) 395.0470, 
found 395.0475.

Phenyl 3,4,6-Tri-0-benzyl-l-a«l«no-a-D-mannopyranosid<
(2 6 2 ).

BnO-— . OAc

SePh

BnO— . OH BnO^r-A^I-O
BnO-X^-^A

SePh

261 262

K2CO3 (153 mg, 1.10 mmol) was added to a stirred 
solution of 26160 (350 mg, 0.555 mmol) in 1:1 THF-MeOH (10 
mL) , and the mixture was stirred vigorously for 3 0 min, 
filtered through a pad (1 cm x 2 mm) of silica gel, and 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 27 cm), using 20% EtOAc-hexane, gave 262 (326 mg, 
90%) as a colorless oil: [a] D = +158.6 (c 1.2, CHCI3 ) ; FTIR
(CH2C12 cast) 3428 cm"1; LH NMR (CD2C12, 400 MHz) 8 2.87 (br,

1 H), 3.70 (dd, J = 10.8, 1.9 Hz, 1 H); 3.82 (dd, J = 10.8,
4.5 Hz, 1 H), 3.89 (dd, J = 9.1, 3.2 Hz, 1 H), 3.94-3.99 (m,
1 H) , 4.19-4.23 (m, 1 H) , 4.37 (dd, J = 3.0, 1.5 Hz, 1 H) ,
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4.50 (d, J = 11.8, 1 H), 4.59-4.63 (m, 2 H) , 4.73 (dd, J =

17.1, 11.5 Hz, 1 H), 4.89 (d, J = 10.9 Hz, 1 H), 5.90 (d, J =
1.3 Hz, 1 H) , 7.25-7.45 (m, 18 H) , 7.62-7.66 (m, 2 H) ; 13C NMR 
(CD2C12, 100.6 MHz) 5 69.2 (t ') , 70.6 (d'), 72.2 (t ' ) , 73.6

(f), 74.3 (d'), 74.7 (d'), 75.4 (t ’ ) , 80.9 (d' ) , 85.8 (d'),
127.9 (d')r 127.9 (d'), 128.1 (d'), 128.2 (d') , 128.3 (d'),
128.3 (d'), 128.6 (d' ) , 128.6 (d') , 128.8 (d • ) , 129.5 (d ') ,

exact mass (electrospray) m/z calcd for C33H34Na05Se (M +■ Na) 
613.1469, found 613.1477.

Phenyl 2-0-(Diphenylhydrazono)acetyl-1-aeleno-3,5-0- 
(tetralsopropyldiiiloxane-1,3-diyl)-jS-o-ribofuranoside
(269).

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (341 mg, 1.42 mmol), 239 (630 
mg, 1.18 mmol), DCC (3 22 mg, 1.56 mmol), and DMAP (20.0 mg, 
0.164 mmol) in CH2CI2 (10 mL) • Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using 5% EtOAc-hexane, 
gave 269 (839 mg, 94%) as a pale yellow oil: [a]o = -57.7 (c
1.05, CHCI3); FTIR (CH2C12 cast) 1740, 1711 cm*1; !h NMR

129.6 (s'), 134.4 (d1), 138.2 (s'), 138.6 (s'), 138.9 (s');

239 269
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(CD2C12, 360 MHz) 5-0.84-1.19 (m, 28 H) , 3.90-4.06 (m, 3 H) ,

4.42-4.49 (m, 1 H) , 5.62-5.68 (m, 2 H) , 6.51 (d, J =  2.2 Hz,
1 H) , 7.14-7.69 (m, 15 H) ; 13C NMR (CD2Cl2, 50.3 MHz) 5 13.1

(d'>, 13.4 (d ‘ ) , 13.6 (d1) , 17.1 (q')f 17.2 (q*) , 17.3 (q'),
17.4 (q1 ) , 17.6 (q'), 63.3 (t'), 72.7 (d'), 79.1 (d'), 82.9 
(d'), 83.6 id'), 122.7 (d') , 123. (d'), 126.5 (d'), 128.5
(s'), 128.6 (d' ) , 129.5 (d'), 130.3 (d'), 135.5 (d'), 142.6 
(s'), 163.4 (s'); exact mass (electrospray) m/z calcd for 
C37H5oN2Na0 6SeSi2 (M + Na) 777.2270, found 777.2276.

Phenyl 2-0-(Diphenylhydrazono)eeetyl-l-eeleno-3 , 5-0- 
(tetraisopropyldiailoxane-1,3-diyl)-a-v-
arabinofuranoaide (270).

,-Pr P"  /-Pr.e .Pr"'
S i S i

O SePh o  SePhr  ° / u \ i  y 0 / \ j

QH 0vff^NNPh2
O

243 270

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (162 mg, 0.677 mmol), 243 (240
mg, 0.452 mmol), DCC (153 mg, 0.745 mmol), and DMAP (10.0 mg, 
0.082 mmol) in CH2C12 (4 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 300 cm), using 5% EtOAc- 
hexane, gave 270 (308 mg, 90%) as a pale yellow oil: [a]o =
-56.9 (c 1.27, CHC13) ; FTIR (CH2Cl2 cast) 1711 cm’1; ^H NMR
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(CD2C12, 300 MHz) 5 0.98-1.17 (m, 28 H) 3.95 (dd, J =  12.4,

5.4 Hz, 1 H), 4.07 (dd, J = 12.4, 3.3 Hz, 1 H), 4.19-4.24 (m, 
1 Hi, 4.46-4.50 (m, 1 H), 5.46-5.49 (m, 1 H), 5.72-5.76 (m, 1
H) , 7.16-7.66 (m, 15 H) ; i3C NMR (CD2CI2 , 75.5 MHz) 5 12.8
(d'), 13.3 (d'), 13.6 (d') , 13.8 (d') , 17.1 (q' ) , 17.2 (q’ ) ,
17.5 {q ’ ) , 17.7 (q1), 62.0 (f), 76.3 (d1), 82.5 (d'), 84.0 
(a1), 86.0 (d'), 123.3 (d'), 127.9 (d'), 129.3 (d'), 130.4
(d'), 130.5 (s'), 134.2 (d'), 163.9 (s'), exact mass 
(electrospray) m/z calcd for C37H5oN2Na06SeSi2 (M +• Na) 
777.2270, found 777.2279.

Phenyl 3,5,6-Tri-0-banzyl-2-0-
(diphenylhydrazono) acetyl•l-aeleno-j}-o-glueofuranoaide
(271) .

BnO

SePh
BnO’

BnO

OH

BnO

SePh
BnO

BnO

2 4 6

°'|^NNPh2
O

2 7 1

The general procedure for coupling alcohols with reagent 
207 was followed, using 2 0 7  (293 mg, 1.22 mmol), 2 4 6  (600
mg, 1.01 mmol), DCC (277 mg, 1.34 mmol), and DMAP (15.0 mg,
0.123 mmol) in CH2C12 (10 mL). Flash chromatography of the
residue over silica gel (1.6 x 28 cm), using 10% EtOAc-
hexane, gave 2 7 1  (804 mg, 97%) as a pale yellow oil: [0t]o =
-81.7 (c 1.26, CHC13); FTIR (CH2C12 cast) 1731, 1704 cm"1; XH
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NMR (CD2C12, 300 MHz) 8 3.78 (dd, J = 10.8, 4.5 Hz, 1 H), 3.98 

(dd, J = 10.8, 1.9 Hz, 1H), 4.21 (ddd, J = 9.4, 4.6, 1.9 Hz,
1 H), 4.31 (d, J = 4.0 Hz, 1 H), 4.43 (dd, J = 9.3, 4.0 Hz, 1 
H) , 4.51 (a, J = 11.3 Hz, 1 H) , 4.61-4.68 (m, 3 H) , 4.77 (d,
J = 11.3 Hz, 1 H) , 4.99 (d, J = 11.4 Hz, 1 H) , 5.78 (s, 1 H) ,
5.87 (s, 1 H), 6.51 (s, 1 H), 7.19-7.72 (m, 30 H); 13C NMR 
(CD2C12, 50.3 MHz) 5 70.5 (t'), 72.5 (t '), 72.6 ( f ), 73.6

(f), 76.3 {d •) , 80.9 (d'), 81.2 (d* ) , 82.0 (d* ) , 87.5 (d'),
123.3 (d'J, 126.6 (d'), 127.7 (d') , 127.8 (d') , 127.9 (d'),
128.1 (d’), 128.3 (d’), 128.5 (d*), 128.6 (d* ) , 128.7 (d'),
129.4 (d'), 130.3 (d'), 131.8 (s'), 133.9 (d'>, 137.9 (s'),
139.1 (s'), 139.2 (s'), 142.3 (s'), 163.5 (s'); exact, mass
(electrospray) m/z calcd for C47H44N2NaOgSe (M + Na) 835.2262, 
found 835.2264.

Phenyl 2-0-(Diphenylhydrazono)acetyl-3,5,6-tri-O- 
methyl-l-seleno-/3-D-glucofuranoside (272) .

MeO

SePh
MeO

MeO

OH

MeO

SePh
MeO'

MeO

250

° ^ <5SfNNPh2
O

272

The general procedure for coupling alcohols with reagent 
207 was followed, using 207 (714 mg, 2.97 mmol), 250 (895
mg, 2.47 mmol), DCC (675 mg, 3.27 mmol), and DMAP (36.3 mg,
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0.298 mmol) in CH2Cl2 (25 mL) . Flash chromatography of the 

residue over silica gel (1.6 x 28 cm), using 30% EtOAc-
hexane, gave 2 7 2  (1.50 g, ca 103%) as a partially crystalline
light brown mass which contained a small amount [<10 mol% by 
-H NMR (400 MHz)] of chromatographically inseparable 
impurities. An analytical sample was prepared by swirling 
the material in 40% EtOAc-hexane (15 mL) and evaporating the 
clear supernatant. The resulting 2 7 2  had: [a]o = -116.4 (c
1.12, CHC13) ; FTIR (CH2Cl2 cast) 1734, 1708 cm"1; *H NMR
(CD2C12, 400 MHz) 5 3.36 (s, 3 H), 3.42 (s, 3 H), 3.48-3.55 
[m, including s (3 H) at 5 3.54, 4 H in all], 3.68-3.75 (m, 2 

H) , 3.90 (d, J = 4.0 Hz, 1 H) 4.14 (dd, J = 9.1, 4.0 Hz, 1
H) , 5 .62 (s, 1 H) , 5.65 (s, 1 H) , 6.43 (s, 1 H) , 7.15-7.65
(m, 15 H) ; 13C NMR (CD2Cl2, 100.6 MHz) 8  58.1 (q-) , 58.2 (q1),

59.4 (q'), 72.2 (t'), 77.4 (d1), 81.0 (d1 ) , 81.7 (d1), 82.8
(d'), 87.4 (d* ) , 123.3 (d'), 127.7 (d'), 129.4 (d*) , 130.4 
(d'), 131.7 (s'), 133.9 {d '), 163.4 (s’); exact mass 
(electrospray) m/z calcd for C29H32N2Na0 6Se (M + Na) 607.1323, 
found 607.1323.
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Phenyl 5-0-(Diphenylhydrazono)acetyl-2, 3-0- 
i8opropylidene-l-aeleno-j3-D-ribo£uranoside (273) .

1 2 1

CV°
251 273

The general procedure for coupling alcohols with reagent 
2 0 7  was followed, using 2 0 7  (121 mg, 0.504 mmol), alcohol
1 0 a  (148 mg, 0.449 mmol), DCC (114 mg, 0.550 mmol), and DMAP 
(6.1 mg, 0.05 mmol) in CH2CI2 (2 mL) . Flash chromatography of 
the residue over silica gel (1.0 x 20 cm), using 20% EtOAc- 
hexane, gave 2 7 3  (230 mg, 92%) as a pale yellow oil: FTIR
(CH2C12 cast) 1731, 1706 cm'1; 1H NMR (CD2CI2, 400 MHz) S 1.37

(s, 3 H) , 1.45 (s, 3 H) , 4.39 (dd, J = 10.0, 4.7 Hz, 1 H) ,
4.46-4.54 (m, 2 H), 4.81 (dd, J = 6.0, 1.6 Hz, 1 H). 4.96
(dd, J = 6.0, 1.8 Hz, 1 H) , 5.82 (d, J = 1.8 Hz, 1 H) , 6.56
(s, 1 H) , 7.20-7.64 (m, 15 H) ; 13C NMR (CD2C12, 100.6 MHz) 8

25.5 (q'), 27.0 (q1), 63.9 (t'), 82.6 (d') , 85.4 (d' ) , 37.1 
(d '), 88.3 (d‘), 113.8 (s'), 123.9 (d1), 126.5 (d'), 128.1 
(d ' ) , 129.4 (d'), 129.5 (d1 ) , 130.3 (d1), 134.6 (d') , 164.1 
(s'); exact mass m/z calcd for C28H28N20sSe 552.1163, found
552.1157.
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3-O-Benzyl-6-bromo-6-daoxy-5-0-
(diphenylhydrazono) acatyl-1, 2-0-i*opropylid«n«-a-D- 
glucofuranoa* (274).

HO

BnO BnO

253 274

The general procedure for coupling alcohols with reagent 
2 0 7  was followed, using 2 0 7  (303 mg, 1.26 mmol), 2 5 3  (392
mg, 1.05 mmol), DCC (286 mg, 1.39 mmol), and DMAP (20.0 mg,
0.164 mmol) in CH2CI2 (10 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using 10% EtOAc- 
hexane, gave 2 7 4  (601 mg, 96%) as a pale yellow oil: [(X]d =
-38.1 (c 2.0, CHCI3); FTIR (CH2C12 cast) 1732, 1708 cur1; !-H 
NMR (CD2C12, 360 MHz) 8 1.33 (s, 3 H) , 1.50 (s, 3 H) , 3.75

(dd, J = 11.5, 4.2 Hz, 1 H) , 3.94 (dd, J = 11.5, 2.7 Hz, 1
H) , 4.01 (d, J- = 3.1 Hz, 1 H) , 4.45-4.48 (m, 2 H) , 4.60-4.66
(m, 2 H) , 5.35-5.3 9 (m, 1 H) , 5.90 (d, J = 3 .6 Hz, 1 H) , 6.43
(s, 1 H) , 7.16-7.52 (m, 15 H) ; 13C NMR (CD2C12, 100.6 MHz) 8

26.5 (q’), 27.0 (q1), 34.3 (f), 69.2 (d') , 72.5 (f), 79.3 
(d'), 81.2 (d'), 82.3 (d’), 105.6 (d *), 112.5 (s'), 123.6 
(d'), 128.3 (d) , 128.4 (d’) , 128.8 (d') , 130.4 (d'), 137.6
(s'), 163.3 (s’); exact mass m/z ealed for C3oH3iN2OgBr
596.1345, found 596.1345.
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1,6-Anhydro-2-0-b«nzoyl-4-d«oxy-3-0-(diphenyl- 
hydrazono) -ac*tyl-4-iodo-/?-D-glucopyr»no«« (275) .

The general procedure for coupling alcohols with reagent 
2 0 7  was followed, using 2 0 7  (674 mg, 2.81 mmol), 2 6 0 59 (880
mg, 2.34 mmol), DCC (637 mg, 3.09 mmol), and DMAP (34.3 mg, 
0.281 mmol) in CH2CI2 (20 mL) . Flash chromatography of the 
residue over silica gel (2.6 x 28 cm), using first 10% EtOAc- 
hexane (300 mL) and then 20% EtOAc-hexane, gave 2 7 5  (1.276 g, 
91%) as a pale yellow oil: [a] p = -25.2 (c 1.0, CHCI3); FTIR
(CH2C12 cast) 1722 cm'1; 1H NMR (CD2C12, 300 MHz) 8 3.74 (dd,

J = 7.7, 5.6 Hz, 1 H) , 4.29 (br s, 1 H) , 4.33-4.36 (m, 1 H) , 
4.83 (d, J = 5.1 Hz, 1 H) , 4.92-4.96 (m, 1 H) , 5.40-5.44 (m,
1 H) , 5.64 (br s, 1 H) , 6.49 (s, 1 H) , 7.19-7.67 (m, 13 H) ,
8.18-8.26 (m, 2 H) ; !3C NMR (CD2CI2 , 75.5 MHz) 5 21.3 (d'),

67.6 (t'), 69.4 (d'), 73.6 (d'), 78.1 (d'), 99.5 (d'), 122.6
(d'), 128.8 (d'), 129.5 (s'), 130.4 (d'), 133.8 (d'), 162.9 
(s'), 165.4 (s'); exact mass m/z calcd for C27H23N2O6I 
598.0601, found 598.0610.

OCOPh OCOPh

260 275
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Phenyl 3,4,6-Tri-0-benzyl-2-0-
(diphenylhydrazono)acetyl-1-seleno-a-D-mannopyranoside
( 2 7 6 ) .

SePh

= N N P h .BnO -OBnO
BnO

SePh

262 276

The general procedure for coupling alcohols with reagent 
2 0 7  was followed, using 2 0 7  (156 mg, 0.652 mmol), alcohol 
2 6 2  (310 mg, 0.52 6 mmol), DCC (143 mg, 0.717 mmol), and DMAP 
(15.0 mg, 0.123 mmol) in CH2CI2 (10 mL) . Flash chromatography 
of the residue over silica gel (1.6 x 28 cm), using 10% 
EtOAc-hexane, gave 2 7 6  (396 mg, 92%) as a pale yellow oil:
[a]D = +61.5 (c 0.96, CHCI3); FTIR (CH2C12 cast) 1728, 1705
cm"1; NMR (CD2CI2 , 400 MHz) 6 3.71 (dd, J = 10.9, 1.9 Hz, 1

H), 3.81 (dd, J - 10.9, 4.9 Hz, 1 H), 3.94-4.00 (m, 2 H),
4.18-4.26 (m, 1 H), 4.49 (d, J = 12.1 Hz, 1 H), 4.55-4.61 (m,
3 H), 4.77 (d, J = 11.3 Hz, 1 H), 4.89 (d, J = 10.9 Hz, 1 H),
5.8 (t, J = 2.0 Hz, 1 H), 5.84 (d, J = 1.3 Hz, 1 H), 6.56 (s,
1 H), 7.20-7.48 (m, 28 H), 7.61-7.65 (m, 2 H); 13C NMR 
(CD2CI2, 100.6 MHz) 5 69.3 (t ' ) , 71.5 (d') , 72.1(f), 73.5

(f ), 74.8 (d' ) , 75.0 (d1), 75.5 ( f ), 79.2 (d1), 84.1 (d'),
123.4 (d'), 127.8 (d1), 127.9 (d1 ) , 128.1 (d') , 128.1 (d') ,
128.2 (d1), 128.6 (d1), 128.6 (d1), 128.7 (d1), 129.5 (d'),
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129.6 (s'), 130.3 (d'), 134.4 (d'), 138.2 (s'), 138.7 (s'),
13 8.9 (s'), 163.8 (s'); exact mass (electrospray) m/z calcd 
for C47H44N2Na0 6Se (M + Na) 835.2262, found 835.2256.

3,6-Anhydro-2-deoxy-2-( 2,2-diphenylhydrazino)-5,7-0- 
(tatraiaopropyldiailoxana-1, 3-diyl) -D-grlycmro-D-manno- 
heptono-1,4-lacton« and 3,6-Anbydro-2-deoxy-2-(2, 2- 
diphanylhydrazino)-5,7-0-(t«traiaopropyldlalloxan«- 
1/ 3-diyl) -D-flrlycaro-o-pluco-haptono-l, 4-lactona 
(284a,b).

The general procedure for radical cyclization was 
followed, using 269 (316 mg, 0.421 mmol) in PhMe (30 mL), 
BusSnH (340 (XL, 1.26 mmol) in PhMe (10 mL) , and AIBN (30 mg, 
0.183 mmol) in PhMe (10 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 29 cm), using 3% EtOAc-hexane,
gave the chromatographically less polar product 284a (or
284b) (117 mg, 46%), and the more polar product 284b (or
284a) (69.7 mg, 27%) as colorless oils. The
chromatographically less polar diastereomer had: [a]o =
+ 27.6 (c 1.09, CHCI3) ; FTIR (CH2C12 cast) 1779 cm"1; 1h NMR

f-Pr Pr-i
R = C(0)CH=NNPh2

Pr-i

269 284a,b
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(CD2C12, 400 MHz) 8 1.01-1.17 (m, 28 H), 3.64 (dt, J = 9.2,

2.3 Hz, 1 H), 3.77-3.79 (m, 1 H), 3.89-4.01 (m, 2 H), 4.28- 
4.35 (m, 2 H) , 4.80 (dd, .7=4.8, 0.6 Hz, 1H), 5.13 (t, J" =
4.6 Hz, 1 H), 7.06-7.38 (m, 10 H); 13C NMR (CD2C12, 75.5 MHz)
5 12.9 (d1 ) , 13.1 (d’) , 13.3 (d* ) , 13.8 (d') , 17.0 (q‘ ) , 17.1

(q'), 17.2 (q1 ) , 17.4 (q'), 17.4 (q'), 17.5 (q') , 60.0 (t'),
63.8 (d'), 71.7 (d'), 79.6 (d'), 79.7 (d'), 82.8 (d1 ) , 121.2
(d' ), 123.7 (d'), 129.8 (d') , 147.4 (s'), 174.8 (s'); exact
mass (electrospray) m/z calcd for C 3iH46N2NaOgSi2 (M + Na)
621.2792, found 621.2792.

The chromatographically more polar diastereomer had:
[a] D = +69.6 (c 1.09, CHCI3) ; FTIR (CH2C12 cast) 1786 cm'1; LH 
NMR (CD2C12, 400 MHz) 5 1.01-1.13 (m, 28 H), 3.76 (dt, J =

9.2, 2.4 Hz, 1 H), 3.79 (dd, J = 5.8, 3.5 Hz, 1 H), 3.94-4.10
(m, 2 H) , 4.37 (dd, J = 9.2, 4.1 Hz, 1 H) , 4.56 (dd, J = 5.8,
3.8 Hz, 1H), 4.83 (t, 3.9 Hz, 1H), 4.86 (d, J =  3.5 Hz,
1 H) , 7.01-7.35 (m, 10 H) ; 13C NMR (CD2Cl2, 100.6 MHz) 5 13.0

(d') , 13.2 (d'), 13.4 (d'), 13.8 (d' ) , 17.0 (q‘ ) , 17.1 (q'),
17.3 (q'), 17.4 (q'), 17.4 (q'), 17.4 (q'), 17.6 (q'), 60.4
(d ’ ) , 60.5 (f), 72.5 (d'), 75.6 (d' ) , 80.2 (d') , 81.2 (d’),
121.0 (d'), 123.2 (d'), 129.5 (d'), 147.5 (s'), 174.7 (s');
exact mass (electrospray) m/z calcd for C3iH46N2NaOgSi2 (M +
Na) 621.2792, found 621.2791.
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3,6-Anbydro-2-daoxy-2-(2 , 2-diphanylhydrazi.no)-5,7-0- 
(tatraisopropyldiiiloxan«-l,3-diyl)-L-glycaro-L-pulo- 
heptono-1, 4-lactona and 3 , 6-Anhydro-2-deoxy-2- (2 , 2- 
diphenylhydrazino) - 5 , 7 - 0 -(tatraiaopropyldiailoxana- 
1, 3 -diyl) - L-plycaro-i-ido-haptono-1, 4-lactona 
( 2 8 5 a , b ) .

/-Prv Pr-i i-Pr pr-i
,s>'O 0-0. f®Ph o vo o.

i-P r- 

i-PrK j Q  ' " ^ 0jO''YNHNphi
OR

R = C(0)CH=NNPh2
2 7 0  285a, b

The general procedure for radical cyclization was 
followed, using 2 7 0  (194 mg, 0.258 mmol) in PhMe (15 mL) , 
3u3SnH (208 (iL, 0.773 mmol) in PhMe (5 mL) , and AIBN (20 mg, 
0.12 mmol) in PhMe (5 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 28 cm) , using 2% EtOAc-hexane, 
gave 285a,b (97 mg, 63%) as a colorless oil which was a 
chromatographically inseparable mixture of two isomers in a 
1.5:1 ratio (LH NMR, 400 MHz): [a] D = +70.5 (c 0.88, CHC13);
FTIR (CH2CI2 cast) 1791 cm”1; LH NMR (CD2C12, 400 MHz) 5 1.02-

1.17 (m, 28 H), 3.75-3.79 (m, 0.44 H), 3.84-4.03 (m, 2.54 H),
4.17 (dd, J = 10.8, 3.2 Hz, 0.61 H), 4.32 (d, J = 2.0 Hz,
0.40 H), 4.37 (dd, J = 7.5, 3.1 Hz, 0.37 H), 4.45-4.47 (m,
0.57 H) , 4.53-4.55 (m, 0.58 H) , 4.73 (dd, J =  3.6, 0.6 Hz,
0.58 H), 4.77 (dd, J = 5.9, 1.4 Hz, 0.39 H), 4.81 (d, J = 3.7
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Hz, 0.56 H) , 5.14 (dd, J =  5.9, 3.1 Hz, 0.36 H) , 7.02-7.38 
(m, 10 H) ; i3C NMR (CD2Cl2, 100.6 MHz) 5 12.9 (d'), 13.2 (d ’ ) ,

13.3 <d'), 13.5 (d ' ) , 13.6 (d'), 13.7 (d1 ) , 13.7 (d'), 17.0

17.5 <q' ) , 17.5 (q'), 17.6 (q'), 17.7 (q'), 61.3 (d'), 62.8
(t1), 63.2 (d' ) , 64.8 (t'), 77.4 (d'), 78.7 (d') , 80.4 (d'),
30.6 (d'), 84.8 (d'), 87.7 (d'), 8 8.6 (d*), 89.7 (d'), 120.9
(d'), 121.2 (d'), 123.2 (d'). 123.8 (d' ) , 129.5 (d') , 129.8

mass (electrospray) m/z calcd for C3iH46N2Na06Si2 (M Na)
621.2792, found, 621.2805.

3,6-Anhydro-5,7,8-tri-0-banzyl-2-daoxy-2-(2,2- 
diphanyl-bydrazino) -D-aryebro-L-flrulo-octono-l, 4 -  

lacton* and 3, 6-Anhydro-5, 7, 8-tri-0-banzyl-2-daoxy-2 
(2, 2-diphanyl-hydrazino) -D-mrythro-v-ido-octono-l, 4 -  

lactona (286a,b).

The general procedure for radical cyclization was 
followed, using 276 (335 mg, 0.413 mmol) in PhMe (30 mL), 
Bu3SnH (334 M-L, 1.23 mmol) in PhMe (10 mL) , and AIBN (30 mg.

(o'), 17.1 (q'), 17.1 (q‘), 17.2 (q'), 17.3 (q1), 17.3 (q1).

(d1), 147.4 (s'), 147.6 (s'), 173.4 (s'), 174.0 (s'); exact

BnO—
B n O -J  O SePh

BnO—| 
BnO—J o

OR
R = C(0)CH=NNPh2

276 286a,b
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0.18 mmol) in PhMe (10 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 27 cm), using 10% EtOAc- 
hexane, gave the chromatographically less polar product 286a 
(or 286b) (108 mg, 40%), and the more polar product 286b (or
286a) (105 mg, 38%) as a colorless oil. The
chromatographically less polar diastereomer had: [a]o = +1.9
(c 1.13, CHCI3); FTIR (CH2C12 cast) 3277, 1784 cm"1; XH NMR 
(CD2C12, 300 MHz) 5 3.62 (dd, J = 10.7, 5.0 Hz, 1 H), 3.78-

3.82 (m, 1 H) , 3.88 (dd, J = 10.7, 2.0 Hz, 1 H) , 3.99 (ddd, J

= 8 .6 , 5.0, 2.0 Hz, 1 H) , 4.09 (dd, J" = 8 .6 , 33 Hz, 1 H) , 
4.32-4.38 (m, 2 H), 4.47-4.82 (m, 6 H), 4.93 (d, J = 4.9 Hz,
1 H) , 5.18 (d, J = 4.9 Hz, 1 H) , 7.07-7.40 (m, 25 H) ; 13C NMR
(CD2C12, 75.5 MHz) 5 62.9 (d'), 70.6 (f), 72.5 (f), 72.9

(t1) , 73.6 (t'), 76.1 (d1), 80.1 (d'), 81.2 (d') , 81.3 (d'),
84.6 (d'), 121.1 (d*), 123.7 (d'), 127.7 (d'), 127.8 (d'),
127.9 (d'), 128.1 (d'), 128.3 (d'), 128.6 (d'), 128.8 (d') ,
129.7 (d'), 137.7 (s'), 138.9 (s'), 139.1 (s'), 147.5 (s'),
174.2 (s'); exact mass (electrospray) m/z calcd for
C4iH40N2NaO6 (M + Na) 679.2784, found 679.2783.

The chromatographically more polar diastereomer had:
[a]D = +47 (c 1.19, CHCI3); FTIR (CH2C12 cast) 3289, 1791 
cm-l; lH NMR (CD2C12, 300 MHz) 5 3.72 (dd, J = 10.6, 5.2 Hz, 1 

H), 3.78-3.83 (m, 1 H), 3.93 (dd, J = 10.6, 1.8 Hz, 1 H),
3.98-4.03 (m, 1 H), 4.16 (dd, J = 9.0, 3.3 Hz, 1 H), 4.36 (d,
J = 3.1 Hz, 1 H), 4.41-4.66 (m, 6 H), 4.78-4.86 (m, 3 H),
7.00-7.41 (m, 25 H) ; 3-3C NMR (CD2C12, 75.5 MHz) 8 60.7 (d'),

70.9 (t '), 72.4 (t'), 73.2 (t'), 73.8 (t‘), 76.0 (d'), 77.4
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(d '), 30.5 (d' ), 81.5 (d') , 32.1 (d’), 120.9 (d'), 123.0 
(d ‘), 127.7 (d'), 127.9 (d1), 128.0 (d'), 128.1 (d'), 128.3
(d'), 128.5 (d'), 128.7 (d'>, 128.8 (d'), 129.4 (a1), 137.7
(s'), 139.0 (s'), 139.2 (s'), 147.5 (s'), 173.9 (s'); exact
mass (electrospray) m/z calcd for C4iH4oN2NaOs (M +• Na)
579.2784, found 679.2781.

3,6-Anhydro-2-d*oxy-2-(2,2-diphanylhydrazi.no)-5,7,8- 
tri-O-ntthyl-D-^ryChro-L-ido-octono-l, 4-lacton* (2 87a) 
and 3 , 6-Anhydro-2-d*oxy-2- (2, 2-diphanylhydrazi.no) - 
5,7, 8-tri-O-mathyl-D-arytliro-L-gu.Io-octono-l, 4-lacton* 
(287b).

MeO MeO MeO
SePh

MeO MeO' MeO
NHNPh-

MeO MeO MeO

O
272 287a 287b

The general procedure for radical cyclization was 
followed, using 272 [containing 3% impurities (̂ -H NMR, 400 
MHz)] (392 mg, 0.651 mmol) in PhMe (45 mL) , Bu3SnH (544 )lL,
2.02 mmol) in PhMe (10 mL) , and AIBN (30 mg, 0.18 mmol) in 
PhMe (10 mL). Flash chromatography of the residue over 
silica gel (1.6 x 30 cm), using 15% EtOAc-hexane, gave 287a 
(117.2 mg, 42%) as a colorless oil, and further elution, 
using 30% EtOAc-hexane, gave 287b (113.3 mg, 40%) as a
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crystalline solid.. Compound 287a had: [Ot]n = +14.7 (c 1.13,

CHC13) ; FTIR (CH2Cl2 cast) 3265, 1733 cm"1,- LH NMR (CD2C12,
400 MHz) 5 3.31 (s, 3 H), 3.37-3.41 [m, including s (3 H) at 8

3.40, 4 H in all), 3.47 (s, 3 H), 3.49-3.55 (m, 1 H), 3.65
(dd, J = 10.7, 2.1 Hz, 1 H), 3.74-3.78 (m, 1 H), 3.85 (dd, J

= 8 .8 , 3.4 Hz, 1 H), 3.98 (d, J =  3.4 Hz, 1 H), 4.29 (d, J =

2.0 Hz, 1 H), 4.84 (d, J = 4.9 Hz, 1 H), 5.12 (d, J = 4.9 Hz,
1 H) , 7.05-7.37 (m, 10 H) ; 13C NMR (CD2Cl2, 100.6 MHz) 8 58.1

(q'), 58.4 (q’), 59.4 (q1), 62.9 (d'), 72.3 (t'), 77.3 (d'),
79.7 (d'), 81.3 (d'), 83.0 (d'), 84.4 (d1), 121.2 (d'), 123.7
(d'), 129.7 (d‘), 147.5 (s'), 174.3 (s'); exact mass m/z
calcd for C23H28N2Og 428.1947, found 428.1951. Compound 287b
had: mp 141-142 °C; [a]D = +59.7 (c 1.16, CHC13); FTIR
(CH2C12 cast) 1790 cm"1; XH NMR (CD2C12, 400 MHz) 8 3.39 (s, 3 
H), 3.41 (s, 3 H), 3.44-3.49 [m, including s (3 H) at 8 3.45,

4 H in all], 3.51-3.55 (m, 1 H), 3.70 (dd, J = 10.5, 1.8 Hz,
1 H), 3.80 (t, J = 4.9 Hz, 1 H), 3.92 (dd, J = 9.0, 3.4 Hz, 1
H) , 4.01 (d, J = 3\4 Hz, 1 H) , 4.52 (dd, J = 5.2, 3.8 Hz, 1
H), 4.80-4.83 (m, 1 H), 7.00-7.34 (m, 10 H); 13C NMR (CD2C12,
100.6MHz) 8 58.1 (q‘), 58.7 (q1), 59.5 (q1), 60.7 (d'), 72.7

(f), 77.2 (d'), 77.4 (d1), 80.3 (d1 ) , 81.9 (d'), 83.2 (d1 ) ,
120.9 (d'), 123.1 (d’), 129.4 (d1). 147.6 (s’), 174.0 (s');
exact mass m/z calcd for C23H2sN20 428.1947, found 428.1947. 
Irradiation of the HCNHNPh2 -̂H NMR signal (for 287b) caused a 
NOE of 13.3% in the signal for the C(1)H of the furanose 
ring, and 4.4% for the C(2)H; in the case of 287a, the 
corresponding values were 4.9% and 1.2%, respectively. On
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this basis, we assigned the stereochemistries as shown, and 
our assignment was confirmed by an X-ray structure of 287b. 
Crystal data: monoclinic space group F2\ with a = 9.2836(5)
A, b = 8.5947(4) A, c = 13.8264(6) A, p = 91.089(5)° V -  
1103.01(9) A3, Z = 2, dialed = 1.290 g cm-3, /J. (Cu Ka [A =

1.54178 A]) = 0.772 mm-1; 3347 reflections measured (2913 
unique; 2749 with F0 2 > 2<T(F02) ) ; J?i (F) = 0.0327 (F02 > 
2c7(F02)), wR2 (F2) = 0.0868 (all data), GOF = 1.055 (all data).

C14
C16

C11 C12
N2

C19
06C10

C21C1805

C23CSC2
C4

03

Figure 7 Structure of 287b in the crystal
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3, 6-Anhydro-2 -daoxy-2- (2, 2-diphanylhydrazi.no) -4, 5-0- 
isopropylidana -o-plycaro-n-allo-haptono-1, 7-lactona 
and 3, 6-Anhydzo-2-deoxy-2- (2, 2-diphanylhydrazino ) -4, 5- 
O-isopropyl Ida na-D-glycero-D-altro -hap tono-1, 7-lactona
(288a,b) .

The general procedure for radical cyclization was 
followed, using 273 (160 mg, 0.290 mmol) in PhMe (20 mL), 
Bu3SnH (120 jlL, 0.445 mmol) in PhMe (5 mL) , and AIBN (10 mg, 
0.06 mmol) in PhMe (5 mL) . Flash chromatography of the 
residue over silica gel (1.0 x 20 cm), using 20% EtOAc-
hexane, gave 288a,b (73 mg, 64%) as a crystalline solid
which was a chromatographically inseparable mixture of two 
isomers in a 1.5:1 ratio (LH NMR, 400 MHz): FTIR (CH2C12
cast) 3292, 1736 cm'1; 1H NMR (CD2C12, 400 MHz) 5 1.29 (s, 1.2 

H) , 1.37 (s, 1.8 H) , 1.46 (s, 1.2 H) , 1.48 (s, 1.8 H) , 3.86
(d, J = 2.4 Hz, 0.6 H) , 3.98 (dd, J = 4.9, 2.2 Hz, 0.4 H),
4.15-4.46 (m, 3.6 H), 4.60 (d, J = 5.7 Hz, 0.4 H), 4.75-4.97 
(m, 3 H) , 7.03-7.37 (m, 10 H) ; 13C NMR (CD2C12, 100.6 MHz) 5

24.4 (q'), 24.5 (q’), 26.0 (q1), 26.1 (q‘) , 64.2 (d’), 66.1

O

273 288a,b
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(d'), 70.6 (f), 72.5 (t‘), 80.7 (d'), 81.2 (d'), 31.5 (d’>,
81.9 (d'), 82.6 (d'), 82.8 (d' ) , 83.4 (d'), 83.5 (d'), 112.7 
(s'), 113.0 (s'), 121.0 (d'), 123.5 (a1), 129.7 (d'), 147.6 
(s'), 170.8 (s'), 172.3 (s'); exact mass m/z calcd for 
C22H24N2O5 396.1685, found 396.1686.

3-0-B«niyl-6,7-didaoxy-7-(2,2-diphenylhydrazino)-1,2- 
O-isopropylidant-ii-glyccro-ff-o-glucofurinuroQO* 8 , 5 -
lacton* and 3-O-Banzyl-6, 7-didaoxy-7-(2,2-
dlphenylbydra z ioo)-1,2-0-isopropylidana-D-p2ycejro-a-D-
glucofuranurono-8, S-lactona (289a,b) , 3-O-Banzyl-6- 
daoxy-5-O-(diphcnylhydrazono)-acatyl-1,2-0- 
isopropylid«n«-a-o-gluco£uranoaa (290) .

The general procedure for radical cyclization was 
followed, using 274 (303 mg, 0.509 mmol) in PhMe (30 mL), 
Bu3SnH (274 \LL, 1.01 mmol) in PhMe (10 mL) , and AIBN (10 mg, 
0.06 mmol) in PhMe (10 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 29 cm), using 10% EtOAc- 
hexane, gave fractions #1, #2, and #3, which all contained a

Ph2NNH

R = C(0)CH=NNPh2

274 289a,b 290
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small amount of tributyltin residues (iH NMR, 400 MHz). Each 
fraction was further purified by flash chromatography over 
silica gel (1.0 x 20 cm), using 10% EtOAc-hexane. Fraction 
#1 gave a 1:1.7 mixture (51 mg) of the starting material and 
the simple reduction product 290 (12% as judged by iH NMR 
measurements); fraction #2 gave the chromatographically less 
polar lactone 289a (or 289b) (71 mg, 27%) as a colorless
oil; fraction #3 gave the chromatographically more polar 
lactone 289b (or 289a) (81 mg, 31%) as a colorless oil.

The fraction containing 290 had: FTIR (CH2CI2 cast)
1730, 1704 cm'1; LH NMR (CD2CI2 , 400 MHz) 8 1.29-1.34 (m, 3

H) , 1.40 (d, J = 6.3 Hz, 2 H) , 1.49 (s, 3 H) , 3.72-3.76 (m,
0.40 H), 3.92-4.01 (m, 1.43 H), 4.18 (dd, J = 8.4, 3.2 Hz,
0.65 H), 4.43-4.47 (m, 1.42 H), 4.59-4.65 (m, 2.12 H), 5.24-
5.38 (m, 1 K), 5.90-5.91 (m, 1 H), 6.42 (s, 0.65 H), 6.46 (s,
0.35 H) , 7.15-7.52 (m, 15 H) ; 13C NMR (CD2CI2 , 50.3 MHz) 8

17.9 (q1), 26.3 (q’), 26.5 (q1 ) , 26.9 (q1), 27.0 (q’ ) , 34.3
(f), 68.2 (d’), 69.2 (d’), 72.3 (t'), 72.5 (t 1 ) , 79.3 (d’),
81.1 (d’), 81.3 (d’), 82.3 (d‘), 82.4 (d'), 105.5 (d’), 105.6
(d1), 111.9 (s'), 112.5 (s’), 122.8 (d’), 123.5 (d'), 124.7
(d'), 126.4 (d1), 128.1 (d') , 128.3 (d1), 128.4 (d1), 128.4
(d’), 128.7 (d'), 130.3 (d1), 137.5 (s'), 137.8 (s’), 142.6
(s'), 163.2 (s'), 163.4 (s'); exact mass (electrospray) m/z
calcd for C3oH32N2NaOg (M ■+■ Na) 539.2158, found 539.2153.

The chromatographically less polar lactone had: [a] d =
-27.3 (c 1.19, CHCI3); FTIR (CH2Cl2 cast) 3278, 1782 cm*1; XH
NMR (CD2C12, 400 MHz) 8 1.34 (s, 3 H) , 1.51 (s, 3 H) , 2.32-
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2.40 (m, 1 H), 2.65-2.71 (m, 1 H), 3.92-3.97 (m, 1 H), 4.11
(d, J =3.2 Hz, IH), 4.32 (dd, J" = 7.4, 3.2 Hz, IH), 4.56-
4.73 (m, 5 H) , 5.92 (d, J" = 3.7 Hz, 1 H) , 7.02-7.39 (m, 15 
H) ; 13C NMR (CD2Cl2, 100.6 MHz) 5 26.3 (q'), 27.0 (q'), 33.7

(C), 56.5 (d ' ) , 72.6 (f), 74.5 (d'), 81.7 (d'), 82.0 (d'),
82.6 (d'), 105.6 (d'), 112.4 (s'), 120.8 (d') , 123.1 (d') ,
128.1 (d*) , 128.3 {d • ) , 128.8 (d'), 129.6 (d') , 137.8 (s’),
147.3 (s'), 175.0 (s'); exact mass (electrospray) m/z calcd
for C30H32N2NaO6 (M + Na) 539.2158, found 539.2160.

The chromatographically more polar lactone had: [a]o =
-16.2 (c 1.25, CHCI3 ) ; FTIR (CH2C12 cast) 3282, 1779 car1; XH 
NMR (CD2C12, 400 MHz) 5 1.31 (s, 3 H), 1.45 (s, 3 H), 2.42-

2.49 (m, 1 H), 2.59-2.65 (m, 1 H), 3.94-3.99 (m, 1 H), 4.05
(d, J = 3.5 Hz, 1 H) , 4.27 (dd, ,7=5.5, 3.4 Hz, IH), 4.53-
4.56 (m, 2 H), 4.64-4.70 (m, 2 H), 4.93-4.99 (m, 1 H), 5.89
(d, J = 3.7 Hz, 1 H) , 7.02-7.39 (m, 15 H) ; 13C NMR (CD2C12, 
100.6MHz) 5 26.3 (q'), 26.9 (q'), 31.1 (t '), 55.9 (d1), 72.6 

(t *) , 76.5 (d'), ai.2 (d’), 82.2 (d‘) , 82.6 (d1 ) , 105.7 (d1),
112.3 (s'), 120.8 (d1), 123.2 (d'), 128.1 (d*) , 128.3 (d' ) ,
128.8 (d'), 129.6 (d* ) , 137.7 (s'), 147.7 (s'), 175.4 (s');
exact mass (electrospray) m/z calcd for C3oH32N2NaOg (M + Na) 
539.2158, found, 539.2153.
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1,6-Anhydro-2-O-benzyl-4-deoxy-3-O- 
(diphenylhydrazono) -ac«tyl-j3-D-xylo-h«xopyrano§#
(292 ) . l, 6-Anhydro-2-0-b«nzoyl-4-d«oxy-4-C- [ (J?) - ( 2 , 2- 
diphenylhydrazino)carboxy-mathyl)]-/J-D-galactopyranoze
2 1 / 3-lactona (291b) and 1, 6-Anbydro-2-0-benzoyl-4 -  

deoxy-4-C-[(3 )- a - (2,2-dipheny1-
hydrazino) carboxymathyl) ] -/3-o-galactopyranoaa 2 ' , 3- 
lactona (291a) .

9

OCOPh

275

Ph2NNH
OCOPhOCOPh

291a 29ib

Ph2NN^xr 9
3 ^ 7

292 OCOPh

The general procedure for radical cyclization was 
followed, using 275 (268.0 mg, 0.448 mmol) in PhMe (30 mL), 
BujSnH (181 H-L, 0.6723 mmol) in PhMe (10 mL) , and AIBN (5 mg, 
0.031 mmol) in PhMe (10 mL) . Refluxing was continued for 7 h 
after the addition. Flash chromatography of the residue over 
silica gel (1.6 x 30 cm), using 10% EtOAc-hexane, gave 
fractions #1, #2, and #3, which all contained a small amount 
of tributyltin residues (LH NMR) . Fraction #1 was further 
purified by flash chromatography over silica gel (1.0 x 20
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cm), using 10% EtOAc-hexane, and gave 291* (73.6 mg, 34%) as 
a colorless oil. Fraction #2 was purified similarly, using 
20% StOAc-hexane, and gave 292 (53.2 mg, 25%) as a 
crystalline solid. Fraction #3 was purified similarly, using 
20% EtOAc-hexane, and gave 291b (48.6 mg, 23%) as a colorless 
oil.

Compound 291a had: [ajD = -*-87.8 (c 1.0, CHCI3) ; FTIR
(CH2C12 cast) 1782, 1725 cm*1; iH NMR (CD2C12, 400 MHz) 8 

3.32-3.37 (m, 1 H), 3.84 (dd, J = 8.9, 5.4 Hz, 1 H), 4.01 (d,
J = 8.9 Hz, 1 H) , 4.11 (dd, J" = 8.1, 1.4 Hz, 1 H) , 4.42 (br 
s, 1 H) , 4.47-4.49 (m, 1 H), 4.58 (t, J = 5.2 Hz, 1 H) , 5.11-
5.13 (m, 1 H), 5.56-5.58 (m, 1 H), 7.08-7.17 (m, 6 H), 7.32-
7.66 (m, 7 H) , 8.03-8.11 (m, 2 H) ; 13C NMR (CD2C12, 75.5 MHz)
5 38.5 (d'), 57.8 (d') , 65.3 (t‘), 67.5 (d*), 71.5 (d*), 75.0

(d')f 99.4 (d'), 121.2 (d'), 124.1 <d' ) , 128.9 (d') , 129.5
(s'), 129.9 (d'), 130.1 (d1) , 134.0 (d'), 147.6 (s'), 165.3
(s'), 17 3.8 (s'); exact mass m/z calcd for C27H24N2Og 
472.1634, found 472.1629. Irradiation of the CHNHNPh2 1H NMR 
signal caused an NOE of 7% in the pyranose C(3)H signal; the 
corresponding value for 291b was 0%.

Compound 292 had: mp 169-171 °C; [(X]d = +126 (c 1.0,
CHCI3); FTIR (CH2C12 cast) 1722 cm"1; 1H NMR (CD2C12, 400 MHz)
5 1.85-1.89 (m, 1 H), 2.50-2.56 (m, 1 H), 3.79-3.82 (m, 1 H),

4.33 (d, J = 6.9 Hz, 1 H), 4.62-4.64 (m, 1 H), 4.88 (d, J =
1.2 Hz, 1 H) , 5.15-5.17 (m, 1 H) , 5.55 (br s, 1 H), 6.50 (s,
1 H), 7.18-7.64 (m, 13 H), 8.05-8.11 (m, 2 H); 13C NMR 
(CD2C12, 50.3 MHz) 8 31.5 (f), 67.63 (t'), 67.8 (d'), 69.8
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(d'), 71.6 (d‘), 99.3 (d'), 123.8 (d'), 126.5 (d') , 128.3
(d1), 130.1 (d'), 130.3 <d'), 133.7 (d1), 163.7 (s'), 165.3
(s'); exact mass (electrospray) m/z calcd for C2?H24N2NaOs (M
- Ma) 495.1532, found 495.1537.

Compound 291b had: [a] = +42.1 (c 0.73, CHCI3); FTIR
(CK2CI2 cast) 3280, 1783, 1725 cm"1; LH NMR (CD2C12, 400 MHz)
5 3.23-3.26 (m, 1 H) , 3.58 (d, J = 2.2 Hz, 1 H) , 3.60-3.66 

(m, 2 H) , 4.38 (d, J = 2.2 Hz, 1 H) , 4.47-4.49 (m, 1 H) , 
4.88-4.94 (m, 1 H), 5.17 (br s, 1 H), 5.58-5.59 (m, 1 H),
7.05-7.68 (m, 13 H) , 8.02-8.08 (m, 2 H) ; 13C NMR (CD2C12,
100.6 MHz) 5 38.9 (d1 ) , 59.3 (d‘), 64.8 (t1), 68.3 (d*), 71.9 

(d•) , 77.2 (d*) , 99.5 (d1) , 120.9 (d1 ) , 123.8 (d’), 128.9 
(d'), 129.0 (s'), 129.9 (d1), 130.1 (d‘), 134.0 (d‘), 147.3
(s'), 165.4 (s'), 172.7 (s'); exact mass m/z calcd for
C27H24N2OS 472.1634, found 472.1635.

3.7-Anhydro-5 ,6,8-tr1-0-b«n*yl-2-deoxy-2 -(2 , 2-diphenyl 
hydrazino) mrythro-L-mmnno-oct.ono-1, 4-lactone and
3.7-Anhydro-5 ,6,8-tri-0-benzyl-2-deoxy-2-(2,2- 
diphenyl-hydrazino) -D-eryChro-L-pluco-octono-1, 4- 
lactone (293a,b).

O

NHNPh.

SePh

27 6 2 9 3 a , b
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The general procedure for radical cyclizatior. was 
followed, using 276 (391.1 mg, 0.482 mmol) in PhMe (35 mL),
BujSnH (19 5uL, 0.7234 mmol) in PhMe (5 mL) , and AIBN (30 mg,
0.183 mmol) in PhMe (5 mL) . Flash chromatography of the 
residue over silica gel (1.6 x 27 cm), using 10% EtOAc- 
hexane, gave 293a,b (151.8 mg, ca 48%), which contained a 
small amount of chromatographically inseparable impurities 
(̂ H NMR, 300 MHz) . The structural assignment was made on the 
basis of the following characteristic spectroscopic 
properties: FTIR (CH2CI2 cast) 1788 cm-1 (y-lactone) ; NMR
(CD2C12, 300 MHz) 5 3.35-3.93 (m, 6.1 H) , 4.21-5.13 (m, 8.5 
H) , 7.06-7.50 (m, 25.5 H) ; 13C NMR (CD2Cl2, 100.6 MHz) 6 69.3 

(t 1 ) , 69.6 (t ’ ) , 72.1 (t 1 ) , 72.5 (t'), 73.7 (f), 73.9 (t'),
74.4 (d'), 74.6 (d'), 75.1 (f), 75.5 (f), 75.6 (d‘ ) , 76.5
(d'), 78.3 (d'), 78.4 (d1 ) , 78.5 (d') , 79.4 (d'), 80.0 (d'),
147.5 (s', NPh.2 quaternary carbon), 147.75 (s', NPh2
quaternary carbon), 173.33 (s', y-lactone carbonyl), 173.50 
(s', y-lactone carbonyl); exact mass m/z calcd for C41H40N2O6 

6 5 6.2886, found 656.2887.
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3,6-Anhydro-1 - 0 - t(1,1-dimethyl*thy1)diphenylsilyl]-2- 
deoxy-2-(2,2-diphenylhydrazi.no)-5, 7,8-tri-O-methyl-D- 
erythro-L-ido-octitol (295e).

MeO MeO

MeO MeO
NHNPh.

MeO MeO NHNPh.
O H

287a 295a

A solution of 287a (124 mg, 0.291 mmol) in THF (0.5 mL, 
plus 2 x 0.5 mL as a rinse) was added to a stirred and cooled 
(0 °C) suspension of LiAlH4 (24.3 mg, 0.639 mmol) in THF (1.5 
mL) . Stirring was continued for 3 0 min at 0 °C, and then for 
1 h after removal of the ice bath. MeOH (0.2 mL) was added 
carefully to quench the reaction, followed by saturated 
NaHC03 (0.1 mL) . The mixture was stirred for 15 min, 
filtered through a pad (1 cm x 2 mm) of Celite, using EtOAc, 
and evaporated, to give the expected diol.

t-BuPh2SiCl (77 (iL, 0.29 mmol) was added dropwise to a 
stirred solution of the above diol and imidazole (37.0 mg, 
0.543 mmol) in CH2CI2 (3 mL) . Stirring was continued for 3.5 
h, and the solvent was evaporated. Flash chromatography of 
the residue over silica gel (1.6 x 28 cm), using 20% EtOAc- 
hexane, gave 295e (154 mg, 79%) as a colorless oil: [a]p =
+3.5 (c 1.18, CHC13) ; FTIR (CH2CI2 cast) 3444 cm'1; NMR 
(CD2C12, 400 MHz) 5 1.08 (s, 9 H) , 3.43 (s, 3 H) , 3.45 (s, 3

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 4 2

H) , 3.48 (s, 3 H) , 3.52-3.67 (m, 5 H) , 3.75-3.85 (m, 2 K) .
3.94-3.98 (m, 2 H) , 4.12 (dd, J = 9.1, 3.3 Hz, 1 H) , 4.44 (br 
s, 1 K) , 4.79 (s, 1 H) , 6.95-7.05 (m, 6 H) , 7.21-7.66 (m, 14 
H) ; 13C NMR (CD2Cl2, 100.6 MHz) 5 19.2 (s'), 26.9 (q'), 58.1

(q'), 58.2 (q'), 59.5 (q* ) , 59.7 (d'), 64.2 (f), 73.1 (f),
74.1 (d'), 77.5 (d*), 79.2 (d'), 83.7 (d‘), 86.0 (d‘), 120.4
(d' ) , 122.5 (d1 ) , 128.2 (d’ ) , 129.2 (d') , 130.4 (d') , 130.4 
(d'), 132.4 (s'), 132.6 (s'), 135.8 (d'), 135.9 (d*), 148.2 
(s'); exact mass m/z calcd for C39HsoN20 6Si 670.3438, found 
670 .3434 .

3,6-Anhydro-1-0- [(1,1-diaethylethyl)diphanylsilyl]-2- 
deoxy-2-(2,2-diphenylhydrazino)-5,7,8-tri-O-mathyl-D- 
erytiro-L-guIo-octitol (295b).

MeO

MeO

MeO

O H
295b

MeO

M eO
NHNPh

MeO

287b

A solution of 287b (121 mg, 0.283 mmol) in THF (0.5 mL, 
plus 2 x 0.5 mL as a rinse) was added to a stirred and cooled 
(0 °C) suspension of LiAlH4 (23.6 mg, 0.623 mmol) in THF (1.5 
mL) . Stirring was continued for 3 0 min at 0 °C, and then for 
1 h after removal of the ice bath. MeOH (0.2 mL) was added 
carefully to quench the reaction, followed by saturated
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aqueous NaHCC>3 (0.1 mL) . The mixture was stirred for 15 min, 

filtered through a pad (1 cm x 2 mm) of Celite, using EtOAc, 
and evaporated, to give the expected diol.

c-3u?h2SiCl (75 fi.L, 0.28 mmol) was added dropwise to a 
stirred solution of the above diol and imidazole (36.0 mg,
0.530 mmol) in CH2CI2 (3 mL). Stirring was continued for 3.5 
h, and the solvent was evaporated. Flash chromatography of 
the residue over silica gel (1.6 x 28 cm), using 20% EtOAc- 
hexane, gave 295b (153 mg, 81%) as a pure (1H NMR, 400 MHz), 
colorless oil: [a]D = +27.1° (c 1.0, CHC13) ; FTIR (CH2C12
cast) 3405, 1589, 1496, 741, 701 cm"1; iH NMR (CD2C12, 400
MHz) 5 1.04 (s, 9 H), 3.33 (s, 3 H), 3.38-3.41 [m, including 
s (3 H) at 5 3.39, 4 H in all], 3.43 (s, 3 H), 3.50 (ddd, J =

9.3, 5.5, 1.8 Hz, 1 H), 3.60-3.67 (m, 2 H), 3.73 (d, J = 3.4
Hz, 1 H), 3.79 (dd, J =  10.6, 6.7 Hz, 1 H), 4.02-4.08 (m, 3
H), 4.16 (br s, 1 H), 4.35 (br s, 1 H), 4.74 (br s, 1 H),
7.06-7.49 (m, 16 H) , 7.60-7.66 (m, 4 H) ; 13C NMR (CD2C12,
100.6 MHz) 5 19.4 (s'), 27.0 (q'), 58.0 (q') , 58.1 (q'), 59.2 

(d'), 59.3 (q'), 63.6 (t'), 73.5 (t'), 74.6 (d'), 77.6 (d‘),
79.3 (d'), 81.9 (d1), 85.9 (d'), 121.5 (d'), 123.9 (d'),
128.1 (d') , 128.1 (d'), 129.6 (d'), 130.1 (d') , 133.3 (s'),
133.5 (s'), 135.9 (d‘), 136.0 (d'), 148.9 (s'); exact mass
m/z calcd for C39H5oN2OgSi 670.3438, found 670.3437.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 4 4

3,6-Anhydro-2-benzamido-4-0-benzoyl-l-0-[(1,1- 
dimethyl-ethyl)diphanylsilyl]-2-daoxy-5,7,8-tri-O- 
methyl-D-erytbro-L-ido-octitol (296a) .

MeO

MeO
MeO

O H

295a

MeO

M e O
M e O

PhCOO

296a

Camphorsulfonic acid (72.4 mg, 0.312 mmol) and then 10% 
Pd-C (30.0 mg) were added to a solution of 295a (95.0 mg, 
0.142 mmol) in a mixture of EtOAc (2.4 mL) and MeOH (0.6 mL). 
The mixture was shaken under H2 (50 psi) for 2 h (Parr 

shaker) , and then filtered through a pad of Celite. The pad 
was washed with EtOAc ( 3 x 5  mL, and the combined filtrates 
were evaporated, and stored under oil-pump vacuum for 4 h. 
Then CH2C12 (5 mL) , EtsN (197 jxL, 1.41 mmol), PhCOCl (131 M.L, 
1.133 mmol) , and DMAP (15.0 mg, 0.123 mmol) were added in 
that order to a stirred solution of the resulting yellow 
foam. Stirring was continued for 24 h, and the solvent was 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 28 cm), using 30% EtOAc-hexane, gave 296a (77 mg, 
76%) as a pale yellow oil: [a]d = .5 (c 1.06, CHCI3); FTIR
(CH2C12 cast) 3438, 1723, 1667 cm'1; XH NMR (CD2C12, 400 MHz)
5 1.07 (s, 9 H), 3.39 (s, 3 H), 3.43 (s, 3 H), 3.56 (dd, J =

10.5, 4.4 Hz, 1 H), 3.59 (s, 3 H) , 3.63 (ddd, J =  9.3, 4.4,
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1.8 H z ,  1 H), 3.74-3.79 (m, 3 K), 3.93 (d, J =  3.4 Hz, 1 H),
4.19 (dd, J = 9.3, 3.4 Hz, 1 H), 4.52-4.60 (m, 1 H), 4.79- 
4.82 (m, 1 H ) ,  5.64 (dd, J  = 4.0, 0.6 Hz, 1 H), 6.81 (d, J  =

3.3 H z ,  1 H), 7.15-7.54 (m, 12 H), 7.62-7.84 (m, 8 H); 13C NMR 
(CD2C12, 100.6 MHz) 5 19.5 (s'), 26.9 (q'), 50.2 (d'), 58.1
(q'), 58.3 (q1), 59.5 (q1), 64.6 (t'), 72.4 (f), 77.0 (d '),
77.4 (d'), 77.4 (d'), 79.8 (d'), 84.3 (d'), 127.2 (d'), 128.0
(d'), 128.1 (d' ) , 128.5 (d' ) , 128.8 (d') , 129.7 (s'), 129.9
(d'), 130.0 (d'), 130.1 (d'), 131.6 (d') , 133.5 (d’), 133.6
(s'), 134.8 (s'), 135.9 (d'), 165.9 (s'), 166.0 (s'); exact
mass (electrospray) m/z calcd for C4iH4gNNaOgSi (M +• Na)
734.3125, found 734.3130.

3,6-Anhydro-2-b«nz*mido-4-0-b«n*oyl-l-0-[(1,1- 
dimethyl-ethyl)diphenylsilyl]-2-deoxy-5,7,8-tri-O- 
m e t h y l - D - erythro-L-guIo-octitol (296b) .

MeO-

295b

MeO-

NHNPh2 
— OSiPh2Bu-f

■NHCOPh 
PhCOO I— OSiPh2Bu-f

296b

Camphorsulfonic acid (102 mg, 0.443 mmol) and then 10% 
Pd-C (35.0 mg) were added to a solution of 295b (135 mg, 
0.201 mmol) in a mixture of EtOAc (3.2 mL) and MeOH (0.8 mL). 
The mixture was shaken under H2 (50 psi) for 2 h (Parr

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



shaker), and Chen filtered through a pad of Celite. The pad 
was washed with EtOAc ( 3 x 6  mL), and the combined filtrates 
•were evaporated and stored under oil-pump vacuum for 4 h. 
CH2CI2 (5 mL) , Et3N (280 jJ.L, 2.01 mmol), PhCOCl (187 (iL. 1.61 
mmol), and DMAP (10.0 mg, 0.082 mmol) were added in that 
order to a stirred solution of the resulting yellow foam. 
Stirring was continued for 24 h, and the solvent was 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 28 cm), using 30% EtOAc-hexane, gave 296b (107 mg, 
75%) as a pure (1H NMR, 300 MHz), pale yellow viscous oil 
which recrystallized after the NMR solvent (CD2CI2 ) 
evaporated, to give a white solid: mp 186-188 °C; [a]o =
-47.9° (c 1.11, CHC13) ; FTIR (CH2Cl2 cast) 1720, 1671 cm"1; lH

NMR (CD2C12, 300 MHz) 8 1.09 (s, 9 H), 3.35 (s, 3 H), 3.44-
3.50 [m, including s (3 H) at 8 3.44, 4 H in all], 3.57 (s, 3

H) , 3.64 (ddd, J = 9.3, 5.3, 1.8 Hz, IH), 3.76 (dd, J =
10.5, 1.8 Hz, 1 H), 3.88 (dd, J -  10.0, 1.5 Hz, 1 H), 3.93
(d, J = 3.8 Hz, 1 H), 4.13-4.20 (m, 2 H), 4.61-4.66 (m, 2 H), 
5.62 (br s, 1 H) , 6.51-6.54 (br m, 1 H) , 7.30-7.71 (m, 18 H) , 
8.02-8.07 (m, 2 H) ; 3-3C NMR (CD2C12, 100.6 MHz) 5 19.6 (s'),

27.0 (q'), 49.4 (d'), 58.3 (q'), 58.5 (q‘), 59.4 (q'), 64.0 
(t'J, 73.1 (t’), 75.4 (d'), 77.6 (d'), 78.2 (d'), 79.9 (d') ,
84.6 (d'), 127.1 (d'), 128.1 (d' ) , 128.6 (d1), 128.7 (d1), 
128.8 (d1), 130.1 (d1), 130.2 (d'), 130.2 (d'), 130.5 (s'),
131.7 (d * ), 133.4 (d‘) , 133.5 (s'), 133.6 (s'), 135.2 (s'),
135.8 (d‘), 135.9 {d '), 165.8 (s'), 166.5 (s'); exact mass
(electrospray) m/z calcd for C^^gNNaOgSi (M + Na) 734.3125,

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



found 734.3122.

3,6-Anhydro-2-benzamido-4-0-banzoyl-2-daoxy-5,1, 8-tri- 
0-methyl-D-#ryt2i.ro-L-ido-octitol (297a) .

3U4NF (1.0 M solution in THF, 388 (XL, 0.388 mmol) was 
added dropwise to a stirred solution of 296a (92.0 mg, 0.129 
mmol) and anhydrous pyridinium hydrochloride (22.4 mg, 0.194
mmol) in THF (1 mL) . Stirring was continued for 12 h, and
the mixtur% was then evaporated. Flash chromatography of the 
residue over silica gel (1.6 x 27 cm), using 80% EtOAc-
hexane, gave 297a .(51 mg, 83%) as a pale yellow oil: [Ot]o =
-12.3 (c 1.4, CHC13) ; FTIR (CH2Cl2 cast) 3427, 1722, 1651 
cm'1; -H NMR (CD2C12, 300 MHz) 8 3.25-3.35 (br, 1 H) , 3.41 (br 
s, 6 H) , 3.55-3.79 [m, including s (3 H) at 8 3.56, 8 H in 

all], 3.93 (dd, J = 3.4, 0.8 Hz, 1 H), 4.22 (dd, <J = 9.2, 3.4
Hz, 1 H), 4.38-4.47 (m, 1 H), 4.59 (t, J = 3.9 Hz. 1 H), 5.64
(dd, J = 3.9, 0.8 Hz, 1 H) , 6.97 (d, J =7.5 Hz, 1 H) , 7.15-
7.55 (m, 6 H) , 7.68-7.87 (m, 4 H) ; 13C NMR (CD2C12 , 100.6 MHz)
8 51.6 (d1 ) , 58.0 (q1), 58.3 (q‘) , 59.5 (q1 ) , 64.5 (f). 72.2

(t ' ) , 76.8 (d*), 77.2 (d1), 77.6 (d‘), 79.9 (d') , 84.3 (d1 ),

MeO MeO— ,

NHCOPh NHCOPh

PhCOO PhCOOOSiPhoBu-f

296a 297a
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127.2 (d'), 128.6 (d'), 128.8 (d’), 129.6 (s'), 129.9 (d'),
131.S (d'), 133.6 (d'), 134.4 (s'), 165.9 (s'), 167.4 (s');
exact, mass (electrospray) m/z calcd for C25H3iNNaOg (M * Na)
496.1947, found 496.1933.

3,6-Anhydro-2•b«nzaaldo*4-O-benzoyl-2-daoxy-5,7,8-tri-
O-methyl-D-erythro-L-guIo-octitol (297b) .

MeO

MeO

MeO

PhCOO

296b

MeO

MeO

MeO NHCOPh

OH

297b

BU4NF (10 M solution in THF, 3 97 \xL,, 0.3 97 mmol) was 

added dropwise to a stirred solution of 296b (94.0 mg, 0.132 
mmol) and dry pyridinium hydrochloride (19.0 mg, 0.164 mmol) 
in THF (1 mL). Stirring was continued for 17 h, and the 
mixture was then evaporated. Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using 80% EtOAc-
hexane, gave 297b (51 mg, 81%) as a pure (1H NMR, 3 60 MHz),
pale yellow oil: [a]D = -80.2° (c 1.07, CHCI3); FTIR (CH2C12 
cast) 3331, 1721, 1643 cm"1; XH NMR (CD2C12, 360 MHz) 6 2.75-

3.14 (br, 1 H), 3.38 (s, 3 H), 3.40 (s, 3 H), 3.50-3.56 [m, 
including s (3 H) at 5 3.55, 4 H in all], 3.59 (ddd, J = 9.3,

4.6, 2.0 Hz, 1 H), 3.73 (dd, J = 10.5, 2.0 Hz, 1 H), 3.81
(dd, J = 11.3, 3.5 Hz, 1 H), 3.92 (d, J = 3.6 Hz, 1 H), 4.04
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(dd, J- = 11.3, 3.2 Hz, 1 H) , 4.19 (dd, J" = 9.2, 3.7 Hz, 1 K) ,
4.41-5.53 (m, 2 H), 5.63 (d, J =  4.1 Hz, 1 H), 6.77 (d, J =
8.2 Hz, 1 K) , 7.36-7.70 (m, 8 H) , 7.99-8.06 (m, 2 H) ; 13C NMR
(CD2C12, 100.6 MHz) 5 50.5 (d •), 58.1 (q'), 58.4 (q'), 59.4

(q'), 63.3 (t ’ ) , 72.7 (C), 75.9 (d'), 77.2 (d'), 79.7 (d1 ),
80.1 (d'), 84.1 (d') , 127.3 (d') , 128.8 (d'), 130.0 (d'),
131.7 (d‘), 133.7 (d'), 134.9 (s'), 165.8 (s'), 167.4 (s');
exact mass (electrospray) m/z calcd for C^HgiNNaOg (M + Na)
496.1947, found 496.1934.

Methyl 3 , 6-Anhydro-2-banzaaido-4-0-banzoyl-2 -daoxy-
5,7, 8-tri-O-aethyl-o-erytliro-L-ido-octonate (298a) .

MeO

MeO

MeO NHCOPh

PhCOO COzMe

MeO

MeO'

MeO NHCOPh

PhCOO OH

297a 298a

Jones reagent (125 )iL, 8 N) was added dropwise to a 
stirred and cooled (0 °C) solution of 297a (53.0 mg, 0.112 
mmol) in acetone (0.8 mL) . Stirring was continued for 1.5 h 
before the excess of Jones reagent was quenched with i-PrOH 
(70 (i.L) . Stirring was continued for 2 h, the mixture was 
filtered, and the green precipitate was washed with Et20 (3 x 
4 mL) . The combined filtrates were evaporated, dissolved in 
a little Et20 , and treated with an ethereal solution of CH2N2
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until a slight yellow color persisted. The excess of CH2N2 

v/as destroyed with a few drops of AcOH, and the solvent was 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 27 cm), using 40% EtOAc-hexane, gave 298a (43 mg, 
76%) as a white foam: [a]o = -11.2 (c 0.86, CHC13); FTIR

(CH2C12 cast) 3344, 1725, 1667 cm”1-; NMR (CD2CI2 , 300 MKz)
5 3.41 (br s, 6 H), 3.52-3.62 (m, 5 H), 3.70 (s, 3 H), 3.71-

3.77 (m, 1 H) , 3.92 (d, J = 3.4 Hz, 1 H) , 4.24 (dd, J- = 9.0,
3.4 Hz, 1 H), 4.79 (t, J = 3.9 Hz, 1 H), 5.02 (dd, J = 8.1,
3.6 Hz, 1 H) , 5.71 (d, J = 4.2 Hz, 1 H) , 6.96 (d, J = 8.1 Hz, 
1 H), 7.19-7.57 (m, 6 H), 7.70-7.88 (m, 4 H); 13C NMR (CD2C12,
100.6 MHz) 5 52.2 (d1) or (q' ) , 52.9 (d') or (q‘) , 58.0 (q'),

58.4 (q ' ) , 59.5 (q'), 72.2 (f), 76.5 (d1 ) , 77.2 (d1 ) , 78.5 
(d'), 80.3 (d‘), 84.2 (d1), 127.4 (d1), 128.6 (d1), 128.8
(d1), 129.5 (s'), 130.0 (d1), 132.0 (d*), 133.6 (d1), 134.1 
(s'), 165.8 (s'), 166.7 (s'), 171.1 (s'); exact mass 
(electrospray) m/z calcd for C26K3iNNaOg (M +• Na) 524.1896, 

found 524.1900.

Mathyl 3, 6-Anhydro-2-banxamido-4-0-banxoyl-2-daoxy-
5,7, 8-tri-O-mathyl-D-arytbro-t-yulo-octonata (298b) .

M e O ^  MeO —

NHCOPh

PhCOO

NHCOPh

297b 298b
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Jones reagent (104 |J.L, 8 N) was added dropwise to a 
stirred and cooled (0 3C) solution of 297b (44.0 mg, 0.093 
mmol) in acetone (0.8 mL) . Stirring was continued for 1.5 h 
before the excess of Jones reagent was quenched with i-PrOH 
(60 uL). Stirring was continued for 2 h, the mixture was 
filtered, and the green precipitate was washed with Et20 (3 x 

3 mL). The combined filtrates were evaporated, dissolved in 
a little Et20, and treated with an ethereal solution of CH2N2 
until a slight yellow color persisted. The excess of CH2N2 
was destroyed with a few drops of AcOH, and the solvent was 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 25 cm), using 40% EtOAc-hexane, gave 298b (36 mg, 
77%) as a pure (̂ -H NMR, 300 MHz), white foam: [a]o - +16.1°
(c 1.05, CHCI3); FTIR (CH2C12 cast) 3321, 1745, 1723, 1646 
cm"1; 1H NMR (CD2C12, 300 MHz) 5 3.27 (s, 3 H), 3.39 (s, 3 H), 
3.40-3.44 (m, 1 H), 3.52-3.59 [m, including s (3 H) at 5 
3.56, 4 H in all], 3.70 (dd, J = 10.6, 2.0 Hz, IH), 3.73 (s,
3 H), 3.92 (d, J fe 3.4 Hz, 1 H), 4.17 (dd, J = 9.3, 3.4 Hz, 1 
H) , 4.7 0 (dd, *7=7.7, 4.1 Hz, 1 H) , 5.27 (dd, J = 8.7, 7.9
Hz, 1 H), 5.69 (d, J = 4.1 Hz, 1 H), 6.77 (d, J = 8.9 Hz, 1
H), 7.38-7.72 (m, 8 H), 7.99-8.05 (m, 2 H); 13C NMR (CD2C12,
50.3 MHz) 5 52.3 (d') or (q'), 52.7 (d‘) or (q‘) , 58.0 (q') ,

58.4 (q'), 59.3 (q’), 72.2 (t'), 76.1 (d'), 77.2 (d'), 79.4
(s'), 80.3 (d'), 84.1 (d'), 127.3 (d'), 128.8 (d'), 128.
(d‘), 129.8 (s'), 129.9 (d*), 132.0 (d'), 133.8 (d'), 134.3
(s'), 165.6 (s'), 167.1 (s'), 171.0 (s'); exact mass
(electrospray) m/z calcd for C2sH3iNNa09 (M +■ Na) 524.1896,
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found 524.1882.

Methyl 3,6-Anhydro-4-O-benzoyl-2-[[(1,1-
dimethylethoxy)-carbonyl]amino]-2-deoxy-5,7,8-tri-O
methyl - D - erythro-L-ido-octonate (299).

MeO

MeO
MeO NHBOC

299

MeO

MeO
MeO NHCOPh

PhCOO COzMe

(t-BuOCO)2O (56.0 mg, 0.257 mmol) was added to a stirred 
solution of 298a (35.0 mg, 0.070 mmol) and DMAP (2.1 mg,
0.017 mmol) in THF (1 mL), and the mixture was refluxed for 4 
h. The solution was cooled to room temperature, MeOH (1 mL)
and N2H4 (13 nL, 0.419 mmol) were added, and the mixture was
stirred for 4 h (TLC indicated complete reaction), and 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 24 cm), using first 30% EtOAc-hexane (200 mL) and 
then 40% EtOAc-hexane, gave 299 (30 mg, 8 6%) as a colorless 
oil: [a]D = -5.6 (c 1.02, CHCI3) ; FTIR (CH2CI2 cast) 3365,
1723, 1601, 1585 cm'1; iH NMR (CD2C12, 400 MHz) 8 1.30 (s, 9

H), 3.38 (s, 3 H), 3.40 (s, 3 H), 3.45-3.49 (m, 1 H), 3.52- 
3.58 [m, including s (3 H) at 5 3.54, 4 H in all], 3.66 (s, 3

H), 3.71 (dd, J = 10.5, 1.9 Hz, IH), 3.91 (dd, J = 3.6, 0.8
Hz, 1 H), 4.13 (dd, J = 9.2, 3.6 Hz, 1 H), 4.48-4.58 (m, 2
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K) , 5.26 (d, J = 8.3 Hz, 1 H) , 5.60 (a, J = 3.4 Hz, 1 H) ,
7.42-7.62 (m, 3 H) , 8.00-8.05 (m, 2 H) ; 13C NHR (CD2CI2 , 100.6
MHz) 5 28.2 (a'), 52.7 (d') or (q'), 53.6 {d ') or (o'), 58.3

(o'), 58.4 (q1 ) , 59.4 (q'), 72.9 (t ' ) , 76.3 (d'), 77.4 (d'),
73.5 id'), 79.9 (s'), 80.1 (d*), 84.3 (d'), 128.8 (d'), 129.8
(s'), 130.1 (d'), 133.7 (d’), 155.5 (s'), 165.8 (s'), 171.4 
(s'); exact mass (electrospray) m/z calcd for C24H35NNaOio 
+ Na) 520.2159, found 520.2167.

Benzyl 3, 6-Anhydro-2-banzaaido-4-0-banzoyl-2-daoxy- 
5,7/ 8 -tri-O-methyl-D-erytbjro-L-ido-octonate (300 ) .

MeO

MeO

MeO NHCOPh

300

MeO

MeO'
MeO NHCOPh

PhCOO OH

297a

Jones reagent (121 |iL, 8 N) was added dropwise to a 
stirred and cooled (0 °C) solution of 297a (51.0 mg, 0.108 
mmol) in acetone (0.9 mL) . Stirring was continued for 1.5 h 
before the excess of Jones reagent was quenched with i-PrOH 
(70 (J.L) . Stirring was continued for 2 h, the mixture was 
filtered, and the green precipitate was washed with Et20 (3 x 
5 mL) . The combined filtrates were washed with brine ( 2 x 2  
mL) , dried (MgS0 4 ) , and evaporated. DMF (1 mL) , NaHC03 (27.2 
mg, 0.3 23 mmol), BnBr (64 )iL, 0.53 mmol), and Nal (1.0 mg,
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0.007 mmol) were added to the resulting residue, and the 
mixture was stirred for 22 h (TLC indicated complete 
reaction). The DMF was evaporated under oil-pump vacuum.
Flash chromatography of the residue over silica gel (1.6 x 27 
cm) , using 40% EtOAc-hexane, gave 300 (48 mg, 77%) as a
colorless oil: [a]D = -19.7 (c 0.98, CHC13) ; FTIR (CH2CI2
cast) 3350, 1725, 1668 cm"1; NMR (CD2C12, 400 MHz) 8 3.39 

(s, 3 H) , 3.41 (s, 3 H) , 3.52 (dd, J" = 10.6, 4.3 Hz, 1 H) ,
3.55 (s, 3 H) , 3.59 (ddd, 7 = 9.2, 4.3, 1.8 Hz, 1 H) , 3.73
(dd, 7 = 10.6, 1.8 Hz, 1 H) , 3.94 (dd, >7=3.4, 0.6 Hz, 1 H) ,
4.24 (dd, 7 = 9.2, 3.4 Hz, IH), 4.82 (t, 7 =  3.9 Hz, IH),
5.0 9 (dd, 7 = 8 . 2 ,  3.7 Hz, 1 H), 5.14 (d, 7 = 12.4 Hz, 1 H),
5.20 (d, 7 = 12.4 Hz, 1 H), 5.69 (dd, 7=4.1, 0.7 Hz, IH),
7.00 (d, 7 = 8.2 Hz, 1 H), 7.19-7.56 (m, 11 H), 7.70-7.87 (m,
4 H); 13C NMR (CD2C12, 100.6 MHz) 5 52.5 (d’), 58.1 (q'), 58.4

(q'), 59.5 (q‘), 67.6 (t ■), 72.3 (t1), 76.5 (d'), 77.2 (d'),
78.5 (d'), 80.3 (d•) , 84.2 (d') , 127.4 (d'), 128.3 (d* ) ,
128.6 (d'), 128.8 (d'), 129.5 (s'), 130.0 (d'), 132.0 (d'),
133.6 (d1), 134.1 (s'), 135.8 (s'), 165.8 (s'), 166.8 (s'),
17 0.5 (s'); exact mass (electrospray) m/z calcd for
C32H35NNa09 (M + Na) 600.2209, found 600.2218.
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Benzyl 3, 6-Anhydro-4-O-benzoyl-2- [[(1,1-
dimethylethoxy) - carbonyl] aaino] - 2 -deoxy- 5 , 7, 8-tri-O-
methyl-D-erythro-L-ido-octonate (301) .

MeO

MeO
MeO NHCOPh

MeO

MeO
MeO

PhCOO C02Bn

300 301

(t-BuOCO)20 (56.0 mg, 0.257 mmol) was added to a stirred 
solution of 300 (41.0 mg, 0.071 mmol) and DMAP (2.2 mg, 0.018 
mmol) in THF (1 mL) , and the mixture was refluxed for 4 h.
The solution was cooled to room temperature, MeOH (1 mL) and 
N2H4 (16 |i.L, 0.50 mmol) were added, and the mixture was 
stirred for 6 h (TLC indicated complete reaction) , and 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 25 cm), using 40% EtOAc-hexane, gave 301 (36 mg, 
89%) as a colorless oil: [a]o = -2.7 (c 1.12, CHCI3); FTIR
(CH2C12 cast) 3367, 1723, 1601, 1585 cm*1; LH NMR (CD2C12, 400 
MHz) 5 1.29 (s, 9 H), 3.37 (s, 3 H), 3.40 (s, 3 H), 3.41-3.48 
(m, 1 H), 3.51-3.58 [m, including s (3 H) at 5 3.52, 4 H in

all], 3.68 (dd, J = 10.6, 1.9 Hz, 1 H), 3.92 (d, J = 3.5 Hz,
1 H), 4.13 (dd, J = 9.2, 3.7 Hz, 1 H), 4.55-4.63 (m, 2 H),
5.12 (s, 2 H), 5.30 (d, J = 8.1 Hz, 1 H) , 5.58 (d, J = 3.3
Hz, 1 H), 7.25-7.62 (m, 8 H), 7.97-8.02 (m, 2 H); 13C NMR 
(CD2C12, 100.6 MHz) 5 28.2 (q'), 53.8 (d1), 58.3 (q‘ ) , 58.4
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(q'), 59.4 (q'), 67.4 (f), 72.9 (f), 76.4 (d' ) , 77.3 {d * ) ,
78.4 (d'), 79.9 (s'). 80.0 (d’>, 84.2 (d'), 128.3 (d‘), 128.5 
f d ‘ ) , 128.3 (d'), 129.7 (s'), 130.1 (d'), 133.7 (d'), 135.8
(s'), 155.5 (s'), 165.7 (s'), 170.8 (s'); exact mass
(electrospray) m/z calcd for C3oH3gNNaOio (M +- Na) 596.2472, 
found 596.2473.

Phenyl 2,3,5-Tri-0-acetyl-l-«eleno-/3-L-xylofur*no«ide 
(304) .

HO

302

/°VX  / "  SePh 
AcO—' _ ^-O A c

AcO

304

Methanolic hydrogen chloride [1.06 M, prepared by 
addition of AcCl (23 5 )lL) to stirred and cooled (0 °C) dry

MeOH (3.15 mL)], was added to a stirred mixture of anhydrous
l-xylose (302) (0.500 g, 3.33 mmol) and dry MeOH (10 mL).
Stirring at 5-10 °C was continued overnight. Pyridine (2 mL) 
was then added to neutralize the acid, and the mixture was 
evaporated at room temperature, the pyridine being removed
under high vacuum. The residue was dissolved in pyridine (4
mL), and AC2O (1.5 mL) was added with ice-bath cooling. The
cold bath was left in place and the solution was stirred for
24 h. Evaporation of the solvents under high vacuum gave a 
syrupy product which was dissolved in a mixture of AcOH (5 
mL) and AC2O (1.25 mL). Concentrated H2SO4 (0.25 mL) was
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added at 0 °C. The solution was left overnight at room 
temperature, and then poured onto crushed ice (7.5 g). The 
mixture was stirred for 1.5 h, and extracted with CHCI3 (3 x 
2 5 mL). The combined extracts were washed with water (5 mL) 
and saturated aqueous NaHC03 (4 x 5 mL) , dried (Na2S0 4) , and
evaporated. The residue was kept under high vacuum for 4 h, 
and then dissolved in dry CH2CI2 (35 mL) . PhSeH (600 fj.L,

5.649 mmol) was added, and the mixture was stirred and cooled 
(0 =C) . BF3 . Et20 (3 87 nL, 3.1446 mmol) was added dropwise

over 0.5 h. Stirring was continued for 36 h at 0 °C, and 
then saturated aqueous NaHC03 (2 mL) was added. The organic 
phase was washed with water ( 2 x 5  mL) and brine (5 mL) , 
dried (Na2S0 4 ) and evaporated. Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using first 10% EtOAc- 
hexane (200 mL), and then 20% EtOAc-hexane, gave 304 (1.067 
g, 77%) as a colorless oil: [ Ot ] d = 107.2 (c 1.18, CHCI3);
FTIR (CH2CI2 cast) 1748 cm'1; -̂H NMR (CD2C12, 400 MHz) 8 2.06 

(s, 3 H), 2.07 (s, 3 H), 2.10 (s, 3 H), 4.26 (dd, J = 11.7,
6.9 Hz, 1 H), 4.34 (dd, J" = 11.7, 5.1 Hz, IH), 4.50 (dt, J =

6 .8 , 4.9 Hz, 1 H), 5.33 (dd, J =  4.6, 1.5 Hz, 1 H), 5.41 (t,
J = 1.7 Hz, 1 H), 5.55 (d, J = 1.8 Hz, 1 H), 1.29-1.24 (m, 3 
H) , 7.62-7.66 (m, 2 H) ; 13C NMR (CD2C12, 100.6 MHz) 8 20.7

(q'), 20.8 (q'), 20.9 (q'), 62.2 (f), 75.1 (d‘) , 79.7 (d'),
81.8 (d'), 86.2 (d'), 128.2 (d'), 129.4 (d* ) , 129.9 (s'),
134.6 (d'), 169.5 (s'), 169.6 (s'), 170.6 (s'); exact mass 
(electrospray) m/z calcd for Ci7H2oNa07Se (M + Na) 439.0272, 
found 43 9.0279.
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Phenyl l-Seleno-/?-L-xylofuranosldi (305) .

AcO HO
304 305

K2CO3 (3 45 mg, 2.50 mmol) was added to a stirred 
solution of 304 (1.03 g, 2.50 mmol) in 1:1 THF-MeOH (20 mL), 
and the mixture was stirred vigorously for 20 min, filtered 
through a pad (2 mm x 1 cm) of flash chromatography silica 
gel, and evaporated. Flash chromatography of the residue 
over silica gel (1.6 x 28 cm), using 2% MeOH-EtOAc, gave 305 
(0.715 g, 99%) as a pale yellow oil: [a]d = 189.2 (c 1.0,
MeOH); FTIR (CH2Cl2 cast) 3407 cm'1; LH NMR (CD2C12). 400 MHz) 
5 2.31-2.35 (m, 2 H) , 3.74 (d, J =  5.5 Hz, 1 H) , 3.88-3.94

(m, 1 H), 3.97-4.02 (m, 1 H), 4.24-4.30 (m, 2 H), 4.39-4.41 
(m, 1 H), 5.56 (d, J = 2.4 Hz, 1 H), 7.29-7.3 5 (m, 3 H), 
7.50-7.66 (m, 2 H); 13C NMR (CD3OD, 100.6 MHz) 5 61.9 (t1),

77.1 (d*), 84.3 (d'), 84.8 (d'), 90.5 (d') , 128.1 (d'), 130.0 
(d‘), 132.9 (s'), 134.3 (d'); exact mass m/z calcd for 
CiiHi4Na04Se 312.9955, found 312.9944.
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Phenyl 3,5-O-Ieopropylid l e n o - / ? - L -

xylofuranoalde (306).

4 ,OH
HO

305 306

p-MeCgH4S0 3H. H2O (6.0 mg, 0.03 mmol) was added to a 
stirred solution of 305 (506 mg, 1.75 mmol) in dry acetone 
(10 mL) . Stirring was continued for 1.5 h, NaHC03 (20 mg) 
was added, stirring was continued for 0.5 h, and the mixture 
was filtered through a pad (2 mm x 1 cm) of flash 
chromatography silica gel. Evaporation of the filtrate and 
flash chromatography of the residue over silica gel (1.6 x 27 
cm), using 30% EtOAc-hexane, gave 306 [510 mg, 89% or 94% 
after correction for recovered starting material (28 mg)] as 
a white powder: mp 130-131 °C; [a]o = 178.6 (c 1.1, CHCI3 );
FTIR (CH2C12 cast) 3419 cm-1; XH NMR (CD2C12, 400 MHz) 8 1.43 

(s, 6 H) , 2.26 (d, J = 4.1 Hz, 1 H) , 4.00-4.11 (m, 3 H), 4.23 
(dd, J = 3.0, 1.0 Hz, 1 H), 4.60 (d, J = 4.0 Hz, 1 H) , 5.54 
(s, 1 H), 7.23-7.32 (m, 3 H), 7.59-7.65 (m, 2 H); 13C NMR 
(CD2C12, 100.6 MHz) 5 19.6 (q1), 28.4 (q'), 60.5 (f), 74.5

129.4 (d'), 132.8 (s'), 133.2 (d'); exact mass (electrospray) 
m/z calcd for Ci4HigNa0 4Se (M +• Na) 353.0268, found 353.0269.

(d'), 75.2 (d‘), 83.1 (d'), 91.5 (d'), 97.9 (s'), 127.3 (d'),
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Phenyl 2-0-(Diphenylhydrezono)acetyl-3, 5-0-
isopropylideae-l-ieleno-^-L-xylofuranoilde (307) .

(2,2-Diphenylhydrazono)acetic acid (207) (22 5 mg, 0.941
mmol) was added to a stirred mixture of 306 (258 mg, 0.784
mmol), DCC (213 mg, 1.03 mmol) and DMAP (11.5 mg, 0.094 mmol)
in dry CH2CI2 (15 mL) . Stirring was continued for 12 h, and 
the mixture was then filtered. The insoluble material was 
washed with dry CH2CI2 and the combined filtrates were 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 26 cm), using 10% EtOAc-hexane, gave 307 (409 mg, 
9 5%) as a white powder: mp 158-160 °C; [a)o = 160.9 (c 1.17,
CHCI3) ; FTIR (CH2CI2 cast) 1733, 1706 cm"1; NMR (CD2C12,
400 MHz) 8 1.45 (s, 3 H) , 1.47 (s, 3 H) , 4.02-4.14 (m, 3 H) ,

4.38-4.42 (m, 1 H), 5.57 (s, 1 H) , 5.65 (s, 1 H) , 6.43 (s, 1
H) , 7.13-7.49 (m, 13 H) , 7.62-7.68 (m, 2 H) ; 13C NMR (CD2Cl2,
100.6 MHz) 5 19.7 (q‘), 28.3 (q‘) , 60.4 (t‘), 72.6 (d‘), 75.5 

(d'), 84.3 (d'), 89.1 (d'), 98.1 (s'), 123.0 (d'), 127.5 
(d'), 129.3 (d'), 130.3 (d') , 132.6 (s'), 133.6 (d') , 163.1 
(s'); exact mass (electrospray) m/z calcd for C28H28N2NaOsSe 
(M + Na) 575.1061, found 575.1067.

SePh
^ff^NNPh;

306 307
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Phenyl 2-0- (Diphenylhydrazono)acetyl-l-«eleno-/?-L-
xylofuranoaide (308).

1 6 1

SePh

’°NIf<̂ NNPh3
O

HO

OH

SePh

XNPh:
O

307 308

Camphorsulfonic acid (158 mg, 0.684 mmol) was added to a 
stirred solution of 307 (377 mg, 0.684 mmol) in MeOH (225 
mL) . Stirring was continued for 3.5 h, NaHC03 (57.5 mg,
0.684 mmol) was added, and stirring was continued for 0.5 h. 
The mixture was then evaporated. Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using 50% EtOAc-
hexane, gave 308 (336 mg, 96%) as a pale yellow foam: [CX]d =
132.7 (c 1.12, CHCI3), FTIR (CH2CI2 cast) 3427, 1706 cm'1; *H 
NMR (CD2CI2 , 400 MHz) 5 2.60 (br s, 1 H), 3.92-4.06 (m, 2 H), 

4.15-4.22 (m, 1 H)/ 4.28 (dd, J = 8.1, 4.3 Hz, 1 H), 4.43- 
4.46 (m, 1 H), 5.42 (d, J = 1.6 Hz, 1 H), 5.71 (d, J = 2.0 
Hz, 1 H) , 6.45 (s, 1 H) , 7.15-7.51 (m, 13 H) , 7.62-7.70 (m, 2
H) ; 13C NMR (CD2C12, 100.6 MHz) 5 61.4 (t ') , 76.4 (d1), 82.7

(d'), 85.0 (d1), 86.1 (d'), 123.0 (d'), 128.1 (d1), 129.5 
(d1), 130.3 (d'), 130.5 (s'), 134.2 (d1), 164.0 (s'); exact 
mass (electrospray) m/z calcd for C2sH24N2NaOsSe (M +■ Na) 
535.0748, found 535.0746.
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Phenyl 5-Deoxy-2-0-(Diphenylhydrazono)acetyl-5-
phenylseleno-l-eeleno-/?>L-xylofuranoside (309) .

HO
OH O OH O

308 309

Freshly prepared PhSeCN82 (107 mg, 0.592 mmol) in THF (2 
mL) was added over 6 h by syringe pump to a stirred solution 
of 308 (275 mg, 0.538 mmol) and BU3P (161 |1L, 0.645 mmol) in

THF (2 mL) . Stirring was continued for 1.5 h, and the 
mixture was then evaporated. Flash chromatography of the 
residue over silica gel (1.6 x 26 cm), using first 10% EtOAc- 
hexane (100 mL) , and then 30% EtOAc-hexane, gave 309 [349 mg, 
7 5% or 8 9% after correction for recovered starting material 
(44 mg)] as a pale yellow oil: [<X]d = 135.1 (c 1.04, CHCI3) ;
FTIR (CH2C12 cast) 3419, 1705 cm'1; XH NMR (CD2C12, 300 MHz) 8 

2.84 (d, J" = 6.1 Hz, 1 H) , 3.23-3.35 (m, 2 H) , 4.36-4.45 (m,
2 H) , 5.43-5.44 (m, 1 H) , 5.64 (d, J = 1.8 Hz, 1 H), 6.44 (s, 
1 H) , 7.14-7.50 (m, 16 H) , 7.53-7.69 (m, 4 H) ; 13C NMR 
(CD2C12, 100.6 MHz) 8 26.1 (f), 75.0 (d') , 83.7 (d1 ) , 84.9

(d-), 85.3 (d1), 123.1 (d1), 127.4 (d'), 128.2 (d') , 129.5 
(d1), 130.4 (d'), 132.9 (d1), 134.6 (d1), 163.9 (s'); exact 
mass (electrospray) m/z calcd for C3iH28N 2Na0 4Se2 (M + Na) 
675.0277, found 675.0264.

3 , 6-Anhydro-2, 7 -dideoxy-2- (2, 2-diphenylhydrazino) -L-
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glycero-D-ido-haptono-l, 4-lactona (310*) and 3,6- 
Anhydro-2, 7-did#oxy-2- (2,2-diphenylhydrazino) -L- 
glyc»ro-D-gulo-h«ptono-l,4-l»cton« (310b) .

/ ° \ / H X  / "'SePh
PhS

OH
'vff^=:rNNPh2 
O

NHNPh-.

309 310a

NHNPh-,(„H

310b

This experiment was carried out in a 200 mL round- 
bottomed flask equipped with a Teflon-coated stirring bar and 
a reflux condenser sealed with a rubber septum. The flask 
was charged with 309 (858 mg, 1.32 mmol), and the system was 
flushed with argon for 5-10 min. Dry PhMe (80 mL) was 
injected , and the flask was placed in an oil bath preheated 
to 110 °C. Solutions of Ph3SnH (2.54 g, 7.26 mmol) in PhMe 
(10 mL) and of AIBN (130 mg, 0.792 mmol) in PhMe (10 mL) were 
injected simultaneously by syringe pump over 10 h. Refluxing 
was continued for 2 h after the addition. The mixture was 
cooled, and the solvent was evaporated. Flash chromatography 
of the residue over silica gel (2.5 x 29 cm), using first 20% 
EtOAc-hexane (3 00 mL) , and then 30% EtOAc-hexane, gave two 
fractions which all contained a small amount of triphenyltin 
residues (1H NMR) . Each fraction was further purified by 
flash chromatography over silica gel (1.6 x 28 cm), using 30% 
EtOAc-hexane, to give 310a (187 mg, 42%), and 310b (166.1 
mg, 37%), both as colorless oils.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 6 4

Compound 310a had: [a]o = -23.1 (c 1.19, CHCI3 ); FTIR
(CH2C12 cast) 3452, 1779 cm"1; XH NMR (CD2C12, 300 MHz) 5 1.23 

(d, J = 6.4 Hz, 3 H) , 1.95 (d, *7 = 6.1 Hz, 1 H) , 3.76 (t, J =
1.0 Hz, 1 H), 4.02 (qd, J = 6.3, 2.8 Hz, 1 H), 4.22 (dd, J =
5.8, 2.8 Hz, 1 H) , 4.31 (d, J = 2.0 Hz, 1 H) , 4.86 (d, J =
4.9 Hz, 1 H), 5.08 (d, J =  4.9 Hz, 1 H), 7.05-7.18 (m, 6 H) , 
7.30-7.38 (m, 4 H) ; 13C nmr (CD2Cl2, 100.6 MHz) S 13.1 (q-) ,

62.9 (d'), 75.3 (d') , 77.2 (d'), 80.2 (d') , 88.2 (d’), 121.1 
(d*), 123.7 (d‘), 129.7 (d1), 147.4 (s'), 174.7 (s'); exact 
mass m/z calcd for CigH2oN204 340.1423, found 3 40.1422.

Compound 310b had: [<X]d = -48.7 (c 0.94, CHCI3) ; FTIR
(CH2C12 cast) 3455, 1781 cm'1; LH NMR (CD2C12, 400 MHz) 5 1.28 

(d, J = 6.4 Hz, 3 H), 2.02 (d, J = 4.3 Hz, 1 H) , 3.75 (d, J =
5.7 Hz, 1 H), 4.08-4.15 (m, 1 H), 4.20-4.24 (m, 1 H), 4.60
(dd, J = 5.7, 4.0 Hz, 1 H), 4.77 (d, J = 4.0 Hz, 1 H), 4.89 
(s, 1 H), 7.00-7.05 (m, 2 H), 7.25-7.34 (m, 8 H); 13C 
NMR.(CD2Cl2, 100.6 MHz) 5 13.3 (q‘), 60.1 (d*), 75.6 (d1 ) ,

76.4 (d1), 77.8 (d1), 85.7 (d1), 120.9 (d'), 123.0 (d'),
129.4 (d')f 147.4 (s'), 174.9 (s'); exact mass m/z calcd for 
Ci9H20N2O4 340.1423, found 340.1422.
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2,5-Anhydro-l,6-dideoxy-7-0-[{1,1-
dimethylethyl)diphenyl-silyl]-6- (2, 2-
diphenylhydrazino) -D-glycero-L-ido-heptitol (312)

NHNPh NHNPh

,OHMe

HO

310a 312

A solution of 310a (186 mg, 0.547 mmol) in THF (1 mL, 
plus 2 x 1 mL as a rinse) was added to a stirred and cooled 
(0 °C) suspension of LiAlH4 (68.5 mg, 1.81 mmol) in THF (2 
mL) . Stirring was continued for 0.5 h at 0 °C, and then for
1.5 h after removal of the ice bath. MeOH (0.3 mL) was added 
carefully to quench the reaction, followed by saturated 
aqueous NaHC03 (0.3 mL) . The mixture was stirred for 15 min, 
diluted with THF (5 mL) , and filtered through a pad (2 mm x 1 
cm) of Celite, using THF (40 mL) . Evaporation of the 
filtrate gave the expected triol (311) , which was used 
directly in the next step.

t-BuPh2SiCl (151 |iX > , 0.581 mmol) was added dropwise to a

stirred solution of the triol (all the material from the 
above experiment) and imidazole (69.6 mg, 1.02 mmol) in THF 
(4 mL) . Stirring was continued for 6 h, and the solvent was 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 28 cm), using 30% EtOAc-hexane, gave 312 (236 mg, 
74%) as a colorless oil: [a]p = -42.1 (c 1.19, CHCI3) ; FTIR
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(CH2C12 cast) 3439 cm"1; *H NMR (CD2CI2 , 300 MHz) 5 1.01 (s, 9

K) , 1.2 5 (d, J = 6.5 Hz, 3 H) , 1.71 (d, J = 5.0 Hz, 1 H) ,
3.51 (td, J  = 9.0, 2.4 Hz, 1 H) , 3.58-3.65 (m, 1 H) , 3.79 (d,
J = 2.1 Hz, 1 H ) , 3.94 (dd, J = 10.1, 2.5 Hz, 1 H), 4.00-4.05 
(m, 2 H), 4.27-4.38 (m, 2 H), 4.78 (s, 1 H), 6.91-7.00 (m, 6
H) , 7.17-7.63 (m, 14 H) ; 13C NMR (CD2CI2 , 100.6 MHz) 5 13.8

(q'), 19.1 (s'), 26.9 (q'), 59.4 (d'), 64.2 (t'), 76.6 (d'),
78.5 (d* ) , 78.6 (d'), 82.8 (d’), 120.6 (d') , 122.5 (d' ) ,
123.2 (d'), 129.2 (d'), 130.4 (d') , 130.4 (d* ) , 132.4 (s'),
132.5 (s'), 135.8 (d‘), 135.9 (d‘), 148.2 (s'); exact mass
(electrospray) m/z calcd for C35H43N20 4Si (M + H) 583.2992, 
found 583.2994.

2,S-Anhydro-7-O- [ (1#1-dimethylethyl)dlphenylsilyl]-6■ 
[ [ (phaaylmathoxy) carbonyl] aalao] -1, 6-dideoxy-D- 
srlycero-i.-iodo-heptitol (313).

NHNPh

,OHMe
HO

Me

NHCOOBn 
H

OSiPtv>Bu-r 
OH

HO

312 313

Caunphorsulfonic acid (199 mg, 0.858 mmol) and then 10% 
Pd-C (90.0 mg) were added to a solution of 312 (227 mg, 0.390 
mmol) in a mixture of EtOAc (5.6 mL) and MeOH (1.4 mL) . The 
mixture was shaken under H2 (50 psi) for 2 h (Parr shaker), 
and then filtered through a pad of Celite. The pad was
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washed with EtOAc (3 x 12 mL) , and the combined filtrates 
were evaporated. THF (7.5 mL) , water (2.5 mL) , and NaHCCK 
(17 0 mg, 2.02 mmol) were added to the resulting yellow foam.
The mixture was stirred and cooled (0 °C) , and BnOCOCl (84 
|1L, 0.58 mmol) was added dropwise. Stirring was continued

for 0.5 h at 0 °C, and then for 0.5 h after removing the cold 
bath. The mixture was extracted with CH2CI2 (50 mL) , and the 
organic extract was washed with brine (10 mL) , dried (Na2SO<;) , 
and evaporated. Flash chromatography of the residue over 
silica gel (1.6 x 28 cm), using 40% EtOAc-hexane, gave 313 
(171 mg, 80%) as a colorless oil: [CXJd = -4.8 (c 1.04,
CHCI3 ) ; FTIR (CH2C12 cast) 3434, 1700 cm'1; J-H NMR (CD2CI2 ,
400 MHz) 5 1.06 (s, 9 H), 1.19 (d, J = 6.5 Hz, 3 H), 2.05 (s,

1 H) , 3.34 (s, 1 H) , 3.62-3.69 (m, 1 H), 3.78 (dd, J = 10.2,
4.4 Hz, 1 H), 3.95-4.02 (m, 1 H), 4.03-4.12 (m, 1 H), 4.15- 
4.22 (m, 2 H), 4.27 (qd, J = 6.5, 3.5 Hz, 1 H), 5.06 (s, 2 
H) , 5.20 (br d, J = 6.3 Hz, 1 H) , 7.28-7.48 (m, 11 H) , 7.63- 
7.72 (m, 4 H) ; 13C NMR (CD2CI2 , 100.6 MHz) 5 14.1 (q'), 19.4

(s'), 26.9 (q'), 52.6 (d' ) , 64.9 (f), 67.1 (t')« 76.5 (d ■ ) ,
78.6 (d1), 78.9 (d'), 79.2 (d'),128.2 (d') , 128.3 (d'), 128.8 
(d'), 130.3 (d1), 133.0 (s'), 135.9 (d1), 137.0 (s'), 156.8
(s'); exact mass (electrospray) m/z calcd for C3iH4oN0 6Si (M +
H) 550.2625, found 550.2641.
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2,5-Anhydro-l,3,4,6 -tetradeoxy-7-O-[(1,1- 
dimethylethyl)-diphenylsilyl]-6 -
[ [ (phenylmtthoxy) carbonyl] amino] -o-xylo-hept-3-enitol
( 314) .

NHCOOBn NHCOOBn

OSiPh2Bu-f 

313 314

Ph3P (324 mg, 1.23 rranol) , CHI3 (243 mg, 0.619 mmol) and 
imidazole (42.2 mg, 0.619 mmol) were added to a stirred 
solution of diol 313 (170 mg, 0.310 mmol) in dry PhMe (5 mL). 
The mixture was refluxed for 22 h, cooled to room 
temperature, and extracted with PhMe (50 mL) . The organic 
extract was washed with saturated aqueous NaHC03 (10 mL), 
saturated aqueous Na2S203 (5 mL) and brine (10 mL) , dried 
(Na2S0 4 ) , and evaporated. Flash chromatography of the residue 
over silica gel (1.6 x 28 cm), using 10% EtOAc-hexane, gave 
314 (102 mg, 64%) and phenylmethyl (R)-[[2-[[(1,1-
dimethylethyl) diphenylsilyl ] oxy] -1- ( 5-methylfuran-2- 
yl)]ethyl]carbamate (33 mg, 21%).

Compound 314 had: mp 111-112 °C; [a]p = 80.6 (c 1.08,
CHCI3 ); FTIR (CH2C12 cast) 3321, 1715, 1693 cm*1; LH NMR 
(CD2C12, 400 MHz) 5 1.05 (s, 9 H), 1.21 (d, J = 6.4 Hz, 3 H) ,

3.71 (d, J = 6.4 Hz, 2 H), 3.85-3.95 (m, 1 H), 4.80-4.95 (m,
2 H), 5.03 (s, 2 H), 5.13-5.18 (m, 1 H), 5.72 (br d, J = 5.3

NHCOOBn 
‘ H

OSiPh-.Bu-f

HO
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Hz, 1 H), 5.83-5.89 (m, 1 H), 7.26-7.46 (m, 11 H), 7.64-7.72 
(m, 4 H) ; NMR (CD2C12, 100.6 MHz) 5 19.4 (s’), 21.9 (q* ) ,

26.9 (o'), 55.8 (d‘), 64.1 (f), 66.7 (t'), 83.0 (d’), 84.2
(d'), 127.1 (d'), 128.0 (d *) , 128.1 (d' ) , 128.2 (d'), 128.7
(d’ ) , 130.0 (d1 ) , 130.1 (d*) , 133.5 (d’) , 133.8 (s’), 135.9
(d ' ) , 13 7.4 (s'), 156.6 (s’); exact mass (electrospray) m/z
calcd for C3iH3aN0 4Si (M + H) 516.2570, found 516.2582.

Phenylmethyl (R)-[[2-[[(l,l- 
dimethylethyl)diphenylsilyl]oxy]-1-(5-methylfuran-2- 
yl)] ethyl ] carbamate had: [Olio = 15.3 (c 1.05, CHCI3); FTIR
(CH2C12 cast) 3445, 3332, 1725 cm'1; LH NMR (CD2C12, 400 MHz)
5 1.01 (s, 9 H), 2.25 (s, 3 H), 3.91 (d, J = 4.7 Hz, 2 H) ,

4.83-4.93 (m, 1 H), 5.10 (d, J = 1.2 Hz, 2 H) , 5.35-5.45 (m,
1 H) , 5.91-5.97 (m, 1 H), 6.13 (d, J =  3.0 Hz, 1 H) , 7.28- 
7.75 (m, 15 H) ; 13C NMR (CD2C12, 100.6 MHz) 8 13.6 (q') , 19.4

(S’), 26 . 8 (q'), 51.5 (d'), 65.5 (t'), 67.0 (t'), 106.4 (d'),
107 .9 (d' ), 128.0 (d'), 128.3 (d’), 128.3 (d') , 128.8 (d1),
129 . 9 (d' ), 130.1 {“d 1 ) , 133 .5 (s’ ) , 133.6 (s') , 135.1 (d1),
135.9 (d1 ), 137.2 (s'), 151.3 (s’). 151.9 (s’), 156.0 (s');
exact mass m/z calcd for C3iH35N04Si 513.2335, found 513.2335.
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2,5-Anhydro-l,3,4,6-tttr«d«oxy-6-[[(ph«nylm«thoxy)-
carbonyl] amino] -D-xylo-h«pt-3-*nitol (315) .

1 7 0

NHCOOBn
i-H NHCOOBn

OSiPh-.Bu-r OH
Me Me

314 315

3U4NF (1.0 M solution in THF, 33 5 (XL, 0.3 34 mmol) was 

added dropwise to a stirred solution of 314 (114 mg, 0.223 
mmol) in THF (3.6 mL). Stirring was continued for 0.5 h, and 
the mixture was then evaporated. Flash chromatography of the 
residue over silica gel (1.6 x 28 cm), using first 40% EtOAc- 
hexane (100 mL), and then 60% EtOAc-hexane, gave 315 (59 mg, 
96%) as a white solid: mp 69.5-71.5 °C; [0t]o = 196 (c 1.0,
C H C I3 )  [lit.42 [a]d28 = 195.8 (c 0.99, CHCI3)]; FTIR (CH2C12 
cast) 3425, 3327, 1702 cm'1; 1h NMR (CD2C12, 360 MHz) 8 1.21 

(d, J = 6.3 Hz, 3 H) , 2.60-2.68 (br, 1 H) , 3.64-3.88 (m, 3 
H ) , 4.93-5.01 (m, 1 H), 5.03-5.10 (m, 3 H), 5.23 (br d, J =
6.6 Hz, 1H), 5.73 (d, J =  6.0 Hz, 1H), 5.86 (ddd, J - 6.2, 
2.1, 1.5 Hz, 1 H), 7.28-7.39 (m, 5 H); 13C NMR (CD2Cl2, 100.6
MHz) 5 21.9 (q1), 55.1 (d1), 64.9 (t1), 66.8 (t1), 83.4 (d'), 

37.1 (d*), 126.9 (d1), 128.1 (d1), 128.3 (d1 ) , 128.7 (d'),
13 3.4 (d‘), 137.2 (s'), 157.0 (s'); exact mass m/z calcd for 
C15H19NO4 277.1314, found 277.1308.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 7 1

2 -Amino-3 , 6-anhydro-2,4,5,7-tetradeoxy-L-xylo-hept-4 
enonic acid (furanoaycin) (180).

A solution of 315 (44.0 mg, 0.159 mmol) in CH2CI2 (1 mL, 
plus 2 x 0.5 mL as a rinse) was added dropwise to a stirred 
solution of Dess-Martin reagent (87.6 mg, 0.207 mmol) in 
CH2CI2 (0.8 mL). Stirring was continued for 0.5 h, and Et20 
(5 mL) was added, followed by saturated aqueous NaHC03 (l*7 
mL) containing Na2S203 (409 mg) . The mixture was stirred for 
5 min, and Et20 (10 mL) was added. The organic phase was 
washed with saturated aqueous NaHCC>3 (2 mL) and brine (2 mL) , 
dried (Na2S0 4 ) , and evaporated. The residue (aldehyde 316) 
was dissolved in t-BuOH (3.2 mL) and 2-methyl-2-butene (1.6 
mL) , and a solution of NaCl02 (53.9 mg, 80%, 0.476 mmol) and 
NaH2PC>4 (65.7 mg, 0.476 mmol) in water (657 |1L) were added 

over 5 min. The pale yellow reaction mixture was stirred at 
room temperature for 10 h. Volatile components were 
evaporated under water pump vacuum, and the residue was 
dissolved in water (5 mL), and extracted with hexane ( 2 x 2  
mL) . The aqueous layer was acidified to pH 3 with 3% HC1 and 
extracted with Et2<3 (3 x 15 mL) . The combined organic 
extracts were washed with brine (5 mL) , dried (Na2S0 4 ) , and 
evaporated.

NHCOOBn NH-)

315 180
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TFA (5 mL) , followed by PhSMe79 (136 *IL, 1.15 mmol) was 

added to the resulting pale yellow oil (crude furanomycin 
benzyl ester), and stinting was continued for 12 h at room 
temperature. The solvents were then evaporated under oil- 
pump vacuum. The resulting residue was dissolved in water 
(10 mL), and passed through an ion-exchange column (AG 50W- 
X8 , 1.4 x 9 cm), the column being washed slowly with water 
(10 0 mL), and then eluted with NH4OH (0.5 N). Ninhydrin 

positive fractions were collected and evaporated to give 180 
(18 mg, 71%) as a white powder of at least 98% purity (1H 
NMR, 3 00 MHz). Recrystallization from an acetone-water 
mixture gave crystalline material (13 mg, 52%) (we suspect 
that a better yield could be obtained if the crystallization 
is practiced, and done on a larger scale; we tried the 
crystallization once): mp 221-223 °C (dec.) [lit.39fa mp
222.5-224.5 (dec.)]; [a]D 25 = 142.6 (c 0.53, H20) [lit.39b 
[a]D = 140 (c 1, H20) ] ; the XH NMR spectrum (360 MHz, D20 was 

identical to that reported previously.3913

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 7 3

IV. References and Footnotes

For recent reviews, see: Fossey, J.; Lefort, D.; Sorba,
J .  Free radicals in Organic Chemistry; Translated by 
Lomas, J.; Wiley: New York, 1995; p 151 and p 243. (b)
Ryu, I.; Sonoda, N. ; Curran, D. P. Chem. Rev. 1996, 96,

ill. (c) Snider, B. B. Chem. Rev. 1996 96, 339. (d)
Giese, B.; Kopping, B.,- Gobel, T.; Dickhaut, J.; Thoma,
G.; Kulicke, K. J.; Trach, F. Org. React. (N.Y.) 1996,
48, 301. (e) Fallis, A. G. ; Brinza, I. M. Tetrahedron

1997, 53, 1754.
Corey, E. J. ; Pyne, S. G. Tetrahedron Lett. 1983, 24,

2821.
Hart, D. J.; Seely, F. L. J. Am. Chem. Soc. 1988, 110,

1631.
Bartlett, P. A.; McLaren, K. L.; Ting, P. C. J. Am.
Chem. Soc. 1988, 110, 1633.
Kiguchi, T.; Tajiri, K. ; Ninomiya, I.; Naito, T.;
Hiramatsu, H. Tetrahedron Lett. 1995, 36, 2 53.
Ingall, H. A.; Moore, P. R. ,- Roberts, S. M. Tetrahedron 
Asymmetry 1994, 5, 2155.
(a) Marco-Contelles, J. ; Destabel, C.; Gallego, P. J. 
Carbohydr. Chem. 1995, 14, 1343. (b) Marco-Contelles,
J.; Pozuelo, C.; Jimeno, M. L. ; Martinez, L.; Martinez- 
Grau, A. J. Org. Chem. 1992, 57,2625.
(a) Chiara, J. L. ; Marco-Contelles, J. ; Khiar, N. ;
Gallego, P.; Destabel, C.; Bernarbe, M. J. Org. Chem.

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 7 4

1995, 60, 6010. (b) Marco-Contelles, J.; Gallego, ?.,-
Rodriguez-Fernandez, M. ; Khiar, N. ; Destabel, C.; 
3ernarbe, M. ; Chiara, J. L. J. Org. Chem. 1997, 62,

7397 .
9 Ando, O.; Satake, H. ; Ttoi, K. ; Sato, A.; Nakajima, M.; 

Takahashi, S.; Haruyama, H.; Ohkuma, Y. ; Kinoshita, T.; 
Enokita, R. J. Antibiot. 1991, 44, 1165.

10 Boiron, A.; Zillig, P.; Faber, D. ; Giese, B. J. Org.

Chem. 1998, 63, 5877.
11 Enholm, E. J.; Burroff, J. A.; Jaramillo, L. M. 

Tetrahedron Lett. 1990, 31, 3727.
12 (a) Pattenden, G. ; Schultz, D. J. Tetrahedron Lett.

1993, 34, 6787. (b) Hollingworth, G. J.; Pattenden, G.;
Schultz, D. J. Aust. J. Chem. 1995, 48, 381.

13 Hatem, J.; Henriet-Bernard, C. ; Grimaldi, J. ; Maurin, R. 
Tetrahedron Lett. 1992, 33, 1057.

14 (a) Naito, T.; Tajiri, K.; Harimoto, T.; Ninomiya, I.;
Kiguchi, T. Tetrahedron Lett. 1994, 35, 2205. (b)
Naito, T.; Nakagawa, K. ; Nakamura, T.; Kasei, A.; 
Ninomiya, I.; Kiguchi, T. J-. Org. Chem. 1999, 64, 2003.

15 (a) Naito, T.; Torieda, M.; Tajiri, K.; Ninomiya, I.;
Kiguchi, T. Chem. Pharm. Bull. 1996, 44, 624. (b)
Miyabe, H.; Torieda, M. ; Inoue, K.; Tajiri, K. ; Kiguchi, 
T.; Naito, T. J. Org. Chem. 1998, 63, 4397.

16 Torino, J. ; Hays, D. S.; Fu, G. C. J. Org. Chem. 1998,
63, 201.

17 (a) Keck, G. E.; McHardy, S. F.; Murry, J. A. J. Am.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 7 5

Chem. Soc. 1995, 117. 7289. (b) Keck, G. E.; Wager, T.
T.; MeHardy, S. F. J. Org. Chem. 1998, 63, 9164.

18 Ghosal, S.; Singh, S.; Kumar, Y.; Srivastava, R. S. 
Phytochemistry 1989, 28, 611.

19 Curran, D. P.; Iserloh, U. J. Org. Chem. 1998, 63, 4711.
20 (a) Kim, S.; Kee, I. S.; Lee, S. J. Am. Chem. Soc. 1991,

113, 9882. (b) Kim, S.; Kee, I. S. Tetrahedron Lett.

1993, 34, 4213. (c) Lee, H.-Y.; Kim, D.-Y.; Kim, S. J. 
Chem. Soc., Chem. Commun. 1996, 1539.

21 (a) Sturino, C. F.; Fallis, A. G. J. Am. Chem. Soc.
1994, 116, 7447. (b) Sturino, C. F.,- Fallis, A. G. J.

Org. Chem. 1994, 59, 6514. (c) Brinza, I. M. ; Fallis,
A. G. vJ. Org. Chem. 1996, 61, 3580.

22 (a) Bowman, W. R.,- Stepheson, P. T.; Terrett, N. K. ;
Young, A. R. Tetrahedron Lett. 1994, 35, 63 69. (b)
Bowman, W. R.; Stepheson, P. T.,- Terrett, N. K. ; Young,
A. R. Tetrahedron 1995, 51 7959.

23 (a) Takano, S.; Suzuki, M.; Kijima, A.; Ogasawara, K.
Chemistry Lett. 1990, 315. (b) Takano, S.; Suzuki, M. ;
Kijima, A.; Ogasawara, K. Heterocycles 1994, 37 149.

24 Kihlberg, J.; Elofsson, M. Curr. Med. Chem. 1997, 4, 85, 
and references cited therein.

25 Goto, T.; Toya, Y.; Ohgi, T.; Kondo, T. Tetrahedron 
Lett. 1982, 23, 1271.

26 Seto, H.; Koyama, M.; Ogino, H.; Tsuruoka, T.
Tetrahedron Lett. 1983, 24, 1805.

27 (a) Isono, K.; Asahi, K. ; Suzuki, S. J. Am. Chem. Soc.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 7 6

1969, 91, 7490. (b) Isono, K.; Suzuki, S. Heterocycles

1979, 13, 333.
2 8 (a) Konig, W. A.; Hass, W. ; Dehler, W. ; Fiedler, H.-P.;

Zahner, H. Justus Liebigs Ann. Chem. 1980, 622. (b)
Schuz, T.; Fiedler, H.-P.; Zahner, H.; Riecj, M.; Konig,
W. A. J. Antibiot. 1992, 45, 199.

29 For examples of recent synthetic work, see: (a) Patrus,
L.; BeMiller, J. N. Carbohydr. Res. 1992, 230, 197. (b)
Bertozzi, C. R.; Cook, D. G.; Kobertz, W. R.; Gonales- 
Scarano, F.; Bednarski, M. D. J. Am. Chem. Soc. 1992,
114, 10639. (c) Bertozzi, C. R.; Hoeprich, P. D., Jr.;
Bednarski, M. D. J. Org. Chem. 1992, 57, 6092. (d)
Kessler, H.; Wittmann, V. ; Kock, M. ; Kottenhahn, M.
Angew. Chem., Int. Ed. Engl. 1992, 31, 902. (e) Chen,
A.; Savage, I.; Thomas, E. J. ; Wilson, P. D. Tetrahedron 
Lett. 1993, 34, 6769. (f) Rassu, G.; Zanardi, F.;
Battistini, L.; Casiraghi, G. Tetrahedron: Asymmetry

1995, 6, 371. (g) Czernecki, S.; Horns, S.; Valery, J.-
M. J. Org. Chem. 1995, 60, 650. (h) Dorgan, B. J. ;
Jackson, R. F. W. Synlett 1996, 859. (i) Herpin, T. F.;
Motherwell, W. B.; Weibel, J.-M. Chem. Commun. 1997,
923. (j) Burkart, F.; Hoffmann, M.; Kessler, H. Angew.
Chem., Int. Ed. Engl. 1997, 36, 1191. (k) Lay, L.;
Meldal, M.; Nicotra, F.; Panza, L.; Russo, G. Chem.

Commun. 1997, 1469. (1) Debenham, S. D.; Debenham, J.
S.; Burk, M. J.; Toone, E. J. J. Am. Chem. Soc. 1997,
119, 9897. (m) Dondoni, A.; Junquera, F.; Merchan, F.

R eproduced  with permission of the  copyright owner. Further reproduction prohibited without permission.



i. / /

L. ; Merino, P.; Scherrmann, M.-C.; Tejero, T. J. Org.

Chem. 1997, 62, 5484. (n) 3ouifraden, S.; Lavergne, J.-
P.; Martinez, J. ; Viallefont, P.; Riche, C. Tetrahedron: 
Asymmetry 1997, 8, 949. (o) Urban, D.; SJcrydstrup, T.;
3eau, J.-M. Chem. Commun. 1998, 955. (p) Ben, R. N. ;
Orellana, A.; Arya, P. J. Org. Chem. 1998, 63, 4817.
(q) Fuchss, T.; Schmidt, R. R. Synthesis 1998, 753. (r)
Lowary, T.; Meldal, M. ; Helmboldt, A.; Vasella, A. ;
3ock, K. J. Org. Chem. 1998, 63, 9 657. (s) Tedebark,
U.; Meldal, M. ; Panza, L.; Bock, K. Tetrahedron Lett. 
1998, 39, 1815. (t) Dondoni, A.; Marra, A.; Massi, A.
J. Org. Chem. 1999, 64, 933.

30 Bischofberger, K. ; Brink, J. A.; de Villiers, O. G.;
Hall, R. H. ; Jordaan, A. J Chem. Soc., Perkin Trans I 
1977, 1472.

31 Barrett, A. G. M.; Lebold, S. A. J. Org. Chem. 1990, 55,
3853 .

32 Simchen, G. ; Purkner, E. Synthesis 1990, 525.
33 Lieberknecht, A.; Schmidt, J. ; Stezowski, J. J. 

Tetrahedron Lett. 1991, 32, 2113.
34 Colombo, L. ; Casiraghi, G. ; Pittalis, A. J. Org. Chem. 

1991, 56, 3897.
35 Casiraghi, G. ; Colombo, L. ; Rassu, G. ; Spanu, P. J. Org. 

Chem. 1991, 56, 6523.
3 6 It is speculated that the addition of 168 occurred

preferentially to the nitrone face opposite to that of
the furanose or pyranose ring. The free sugar nitrones

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1 7 8

and precomplexed sugar nitrones adopt different 
conformations, as shown below for nitrone 170. This 
difference explains the opposite diastereofacial 
selectivity of the free nitrone and precomplexed 
nitrone.

Bn Bn
I

+N—O 
S' OMe

' O£
O — N +

OMe
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I. Introduction
1 3 4

CP-225,917 (1) and CP-263,114 (2) were isolated recently 
from an unidentified fungus by Pfizer scientists.1 Both have 
been shown to inhibit Ras famesyl protein transferase.2 
Inhibition of this transferase is particularly important

HO,
26.0H

25

0=! 0=!24

CP-225,917 1 CP-263.114 2
Figure 1 Structure of the fungal metabolites 1 and 2

because farnesylated mutagenic Ras is implicated in many 
types of human cancers.3 This fact suggests that these 
compounds may serve as leads in the design of anticancer 
drugs.4 Structurally, the compounds have a unique polycyclic 
skeleton, which consists of a bridgehead double bond, y-

lactone acetal or hemiacetal, and a maleic anhydride moiety.1 
The proposed biosynthetic origin1'2 of both compounds suggests 
that they are related to the nonadride family of natural 
products5 in that they contain a nine-membered ring fused to a 
maleic anhydride moiety. Because of the unique skeletal 
complexity and interesting biological activities, these 
compounds have attracted considerable interest from synthetic 
chemists. Several early and interesting model studies
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directed at the synthesis of 1 and 2 have been reported by 
the groups of Nicolaou,6 Davies,7 Clive,9 Armstrong,9 
Dar.ishefsky,10 Fukuyama, 11 Snair,12 and Leighton.12

Two topics are relevant in the review section for my 
work aimed at the synthesis of 1 and 2 : the biological basis
of the importance of the compounds, and recent synthetic
studies related to 1 and 2 .

A. Biological Activity of CF-225,917 and CP- 
263,114
The fungal metabolites 1 and 2 are inhibitors of Ras 

farnesyl protein transferase, a medicinal target of great 
current interest.14 They serve as lead structures for the 
design of other inhibitors. The development of such 
inhibitors holds great promise for the discovery of a new 
commercial anticancer drug, and the following paragraphs will 
describe the role of Ras farnesyl transferase, as well as how
chemical intervention in the action of the transferase cam be
used in the search for a cure for cancer.

Cell growth is a carefully regulated process but, 
occasionally, the mechanisms that control cell proliferation 
fail. The proteins responsible for control of cell growth 
are encoded by four classes of proto-oncogenes: growth
factors (Class I proto-oncogenes), growth factor receptors 
(Class II proto-oncogenes), intracellular signal transducers 
(Class III proto-oncogenes), and nuclear transcription 
factors (Class IV proto-oncogenes).15 Of all classes of
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proto-oncogenes, intracellular signal transducers (Class III) 
is the largest,i3 and comprises the ras genes [Harrey (Ha),
Kirsten (Ki), and N-ras] .3a The ras gene products, a family 
of 21-kDa proteins called p2l or Ras,3a-i6 play key roles in 
cell growth and are closely associated with 3 0% of all human 
cancers.3b

Optimal division and differentiation in many cells 
requires the synthesis of normal Ras.3a'15 Ras is synthesized 
as a biologically inactive precursor protein and is found in 
the soluble fraction (cytoplasm) of cells.14b Several post- 
translational modifications are required at the carboxy- 
terminal of Ras before it becomes a biologically active 
protein that is then localized in the plasma membrane.4

The lipophilic farnesyl group, a Cis-isoprenoid unit, 
covalently attached to Ras, is responsible for membrane 
localization of Ras, by interacting with the lipids that 
constitute the inner side of the cell membrane.4

Farnesylation (attachment of a farnesyl group to Ras) is 
essential to Ras function17 and is performed by an enzyme — a 
farnesyl transferase (FTase) — able to recognize certain 
amino acid sequences of the protein, the so-called Caax 
motifs.4 This short sequence is composed of a cysteine 
residue (C), followed in general by two aliphatic (a) amino 
acids and one carboxy-terminal amino acid (X).

In malignant cells, some of the common mutations are 
alterations of the Harrey (Ha-), Kirsten (Ki-) and N-ras 
genes.3b These alterations have been found in many different
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tumors, including carcinomas of the colon, pancreas, lung, 
and in various leukemias.3

The transformation of the normal ras proto-oncogene into 
a ras oncogene can be triggered by carcinogens or oncogenic 
viruses; the ras oncogene then codes for the synthesis of a 
mutant oncogenic Ras protein.15 Normally, bioactive Ras 
protein binds GTP and GDP and serves as a molecular switch. 3a 
When Ras is stimulated by receptor activation to bind GTP, it 
promotes cell proliferation. Normal farnesylated ras has 
GTPase activity, and this then turns off the biological 
event.3a The most common mutation of ras genes in human 
cancer cells produces Ras protein that lacks GTPase activity, 
and so Ras remains bound to GTP and continuously stimulates 
cell growth3a (i.e., the switch is stuck in the "on" 
position). Consequently, the membrane-bound mutant Ras 
protein is permanently activated and continuously generates 
uncontrolled proliferation signals,3a thus leading to cancer.

Based on the above summary, it is clear that one way of 
halting the unregulated cell growth mechanism is to prevent 
membrane attachment of mutant Ras protein (and hence the 
dispatch of proliferation signals) . This can be achieved by 
inhibiting the post-translational farnesylation step, because 
such action would stop the mutant protein from becoming 
anchored to the cell membrane and would therefore prevent the 
triggering of proliferation signals.

Recent research in the area of farnesyl transferase 
inhibition supports the above idea.18'19 It has been shown
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chat the growth of malignant cells can be inhibited by FTase 
inhibitors (FTIs) in vitro,20 and experiments in vivo21 have 
also shown that certain tumors can completely regress.
Surprisingly, the growth of normal cells was not affected.21b 
The above facts indicate that the development of FTIs is a 
very promising lead to new chemotherapeutic agents for 
treatment of cancers.

CP-225,917 (1) and CP-263,114 (2) belong to an emerging
group of natural products22 that are FTase inhibitors.
Compounds 1 and 2 inhibit FTase activity with IC50 values of 
6 jiM and 20 ÎM,2 respectively. Although the mode of

inhibition and what features confer inhibitory properties are 
unknown, one might speculate that the anhydride substructure 
serves as a prodrug that is converted into a dicarboxylic 
acid on hydrolysis. In this respect it is noteworthy that 
chaetomellic acids22b'c (which are alkyl derivatives of maleic 
acid) are also inhibitors of farnesyl transferase. The 
hydrocarbon appendages may mimic the farnesyl unit that 
becomes attached to the Ras protein, and this suggests that 
the hydrocarbon chains of 1 and 2 may be important, although 
those present in the natural product may not be the best ones 
for high activity.

No synthetic route to 1 and 2 is presently available, 
but current synthetic work, which is described in the 
following section, may provide the tools necessary for the 
design of novel anticancer drugs, based on the properties and 
features of the natural products 1 and 2 .
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B. Synthetic Approaches to CP-225,917 and CP- 
263, 142
Although no synthetic route to CP-225,917 (1) and CP-

263,142 (2) has been reported, synthetic chemists have made
considerable efforts towards the total synthesis. Inspection 
of the structures of 1 and 2 reveals that the basic carbon 
skeleton can be simplified to the model system 3 (Figure 2), 
which contains the key — and challenging — bicyclic core, as 
well as anchoring groups for elaborating the remaining 
functionalities and side chains.

R2

3
Figure 2 Structure of 3

The key reactions that have been used to construct the 
model system 3 can be classified as follows: intramolecular
Diels-Alder reaction. Cope and oxy-Cope or related 
rearrangements, intramolecular aldol condensation, or a 
combination of aldol condensation and Heck reaction.

1. Intramolecular Diels-Alder Reaction
Nicolaou and his colleagues6* used a Diels-Alder
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reaction to prepare the model systems 4a,b (Figure 3).
Applying a [4 + 2] retroanalysis to 4a, b leads to the

MeO

CH2OBn 
4a,b

Figure 3 Structure of 4a,b

open-chain triene 5 (Scheme 1) as a potential precursor. 
Scheme 1 summarizes the synthesis of 5 from 1,4-butanediol
(6 ) . Monosilylation of 6 , followed by oxidization of the 
resulting alcohol 7, gave aldehyde 8. Alkylation of 8, via 
its N-eyelohexylimine derivative 9, with LDA and allyl 
bromide (10) furnished 11, which was reduced with NaBH4 in 
methanol to afford alcohol 12. After benzylation of 12, the 
resulting terminal olefin 13 was cleaved by ozonolysis to 
give aldehyde 14. Formation of the imine of 14, followed by 
anion generation, and condensation with n-butanal afforded 
aldehyde 15 as a mixture of isomers (E:Z ca. 1:1). 0- 
Methylation of 15 with Me2S04 in the presence of KH and HMPA 
proceeded to afford diene 16 as a single geometrical isomer. 
Desilylation of 16, and replacement of the resulting hydroxyl 
by iodine, gave iodide 18. Finally reaction of 18 with the 
lithio derivative of the trimethylsilyl-protected cyanohydrin 
19, followed by exposure to BU4NF in aqueous THF, led to the 
key triene 5.
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S 0 3 -Pyridine,
DMSO, Et3N FBuMe2SiO,

f-BuMe2SiCI 
NaH L6  R = 

7 R =

6 R = H
SiMejBii't

8  X=0CeHnNHa
9 X = NC6 Hn

?-BuMe2SiO NaBH4  f-BuMe2SiO

BnBr, NaH, . 
n-Bu4 NI, DMF L

OR

|— 12 R = H; X = CH2 

13 R = Bn; X = CH2

O3 , Ph3P L 14 R = Bn; X = O

CgHi 1NH2; 
LDA, n-butanal

CHO
MeO

OBn

15

OBn

Tb a f - I " 1* * *  OSiM ^Bu-f 

1— 17 X = OHLh< P. 
imidazole >18 X = I

OTMS

MeO

O

4a,b

19 I LiHMDS; 
^CNi TBAF

MeO

OBn5

Scheme 1
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This triene smoothly underwent intramolecular Diels- 
Alder reaction in the presence of Me2AlCl in CH2CI2 at -10 °C 
to give 4a,b (stereochemistry unassigned) in 66% and 20% 
yield, respectively.

Very recently, Nicolaou's group6c have reported the 
synthesis of the more advanced model 20 (Figure 4), with a 
maleic anhydride moiety, by a novel route from compound 21 
(Scheme 2) . The latter was probably synthesized by a similar 
approach23 to 4a,b, but details have not yet been published.

Ketone 21 (Scheme 2) was first converted into the 
corresponding enol triflate 22, and then palladium-catalyzed 
carboxymethylation provided the a, 3-unsaturated ester 23 in
7 6% yield from 22. DIBAL reduction of 23, followed by 
directed epoxidation of the resulting allylic alcohol 24, 
furnished epoxide 25 (85% yield, 3.7:1 in favor of epoxide 
25) . Diethylaluminium cyanide-mediated epoxide opening 
resulted in the formation of the cyano diol 26, which had the

PMBO
,OSi(Pr-/)3

O

20

Figure 4 Structure of 20
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PMBO PMBO.

TfO

C8H15 KHMDS; PhNTf2 CaH

21 22

PMBO.PMBO
HO MeOOC

OIBAL

2324

PMBO.PMBO.
HONC'HO

NC« CaHCaH

25 26
MsCI. Et3 N; K2CO3. MeOH; 
Et20 , 10% oxalic acid (5% v/v) 
air

20
S c h M M  2
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correct geometrical arrangement for the ensuing reactions.
Diol 26 was then transformed into maleic anhydride 20 in 60% 
yield, without isolation of intermediates. Thus, 26 was 
submitted to mesylation, followed by treatment of the crude 
mesylate with potassium carbonate in methanol, evaporation of 
the solvent, dissolution of the residue in diethyl ether, and 
addition of a 10% aqueous oxalic acid. This sequence of 
operations resulted in the maleic anhydride 20. Evidently, 
the sequence involves (a) selective mesylation, (b) epoxide 
formation, (c) epoxide opening by |3—elimination, (d) 5-exo-

digonal cyclization, (e) oxidation, and (f) nitrogen/oxygen 
exchange. The synthesis of 20 represents a promising 
strategy for the total synthesis of 1 and 2 .

Fukuyama's group11 also used an intramolecular Diels- 
Alder reaction to construct their bicyclic model 27 (Scheme 
3) .

The synthesis (Scheme 3) started from methyl 4- 
ethylthio-2-butynoate 28. Upon treatment with a catalytic 
amount of DBU in THF, 28 underwent smooth isomerization to 
allene 29. The addition of E-l-hexenylcopper to 29 gave 
(E,E)-diene 30 with high stereoselectivity. A second 
methoxycarbonyl group was then introduced by acylation of 30 
under conventional conditions to give malonate 31. This was 
subjected to Michael addition to acrolein so as to obtain 
aldehyde 32. After reaction of an alkenylaluminum reagent 
with 32, and Swern oxidation of the resulting allylic 
alcohols 33, enone 34 was formed. This compound is the key
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substrate for the intramolecular Diels-Alder reaction.

EtS.
-C 0 2Me

cat. DBU
EtS-

28 29

-0O 2Me

Cu. Bu

MeG2C

LHMDS,
CIC02Me

31
C02M6

EtS Bu

30
cat. CsaCQj j acrolein

EtS

OHC B̂u2AI
Bu

MeOzC COzMe 

32

EtS

•COzMe 

33 C 02Me

Bu E t A I C I 2

COzMe

C 0 2Me MCPBA; q
3 5  ^  TFAA, Et3N ii 3 4

Swem

C 02Me

v A ^ -
^ ---^-C02Me

C02Me
27

SchMM 3

Upon treatment of 34 with EtAlCl2 at 0 °C, the critical
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intramolecular Diels-Alder reaction proceeded to give the 
desired bicyclic product 35. Oxidation of 35 with MCPBA, 
followed by Pummerer rearrangement, then gave the desired 
diketone 27 .

2 . Cop* and Oxy-Cope or Ralatad Rearrangements
Clive's group8 was the first to use an oxy-Cope 

rearrangement to approach the core structure of 1 and 2. The 
strategy was based on the idea that anionic oxy-Cope 
rearrangement of 36a,b (Scheme 4) should provide ketones

OBn

O
OH

Me.

BnO

36e,b 37a,b
Schama 4

37a,b, which resemble the core skeleton of 1 and 2.
The synthesis of 36a and 36b started from the known 

norbornene 3824 (Scheme 5) . Hydrogenation of 38, followed by 
benzoylation and acetal hydrolysis gave ketone 39.
Treatment of 39 with vinylmagnesium bromide afforded a 
mixture of tertiary alcohols, with contained largely the 
desired isomer 40. Hydrolysis of the benzoyl group, followed 
by Dess-Martin oxidation and protection of the tertiary
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MeO OMe

HO 38

i) H2. Pd-C
ii) BzCI, Pyridine

lii) Ac0H-H20

PhCOO

O H

PhCOO 4 0

OSiEt-,
NaBH4,
CeCI3-7H20 h

HO 43a,b

OSiEt

i) U0H H20
ii) Dess-Martin
iii) Et3 Si0 S 0 2 CF3 1 

2 ,6 -lutidine

i) LDA, MeCHO 1\
ii) MeSQ2 CI, Et3N — y

iii) DBU
O

41

i) BnBr, NaH
ii) TBAF
^OH OBn

Me O

BnO

BnO

O

36a,b 37a 
Sehra* 5

Me
37b

hydroxyl, gave ketone 41. Aldol condensation, mesylation and 
base-induced elimination then produced 42 as a major isomer. 
Reduction of 42 gave a 1:1 mixture of endo- and exo-alcohols 
(43a,b) . Benzylation of 43a and 43b, followed by 
desilylation with BU4NF, took the sequence as far as 36a and 
3 6b.

When 36a and 36b were individually submitted to anionic 
oxy-Cope rearrangement [(Me3Si)2NK, PhMe, 100 °C, ca. 20 h] , 

reaction proceeded smoothly to give 37a and 37b, thus 
showing that the anionic oxy-Cope route could be used to make
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models that represent the core system of the target natural 
products.

Davies' employed a tandem cyclopropanation/Cope 
rearrangement to generate appropriate substrates to construct 
[4.3.1]-bicyclic compounds which might be useful for the 
synthesis of 1 and 2.

Rhodium(II) octanoate-catalyzed decomposition of 44a 
(Scheme 6) (for values of a-d, see Table 1) led to the 
tricyclic product 45a in 83% yield. Extended investigations

were carried out on more elaborate furan systems, and the 
results are listed in Table 1.

f-BuMe2SiO O 

44a-d

Rh2 (OOct)4

hexanes
f-BuMe2SiO

f*BuMe2SiO 45a-d
Seheae 6
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Table 1 Synthesis of [4 . 3 .1]-bicyclic compounds

1 9 9

Ri R 2 R3 yiald \

a H H H 83
b H Me H 29
c CH2Bn H H 66
d H H Et 48

In their preliminary studies, Nicolaou's group also 
tried to apply a divinylcyclopropane rearrangement to 
construct compound 46 as a model (see Figure 5). However, 
they finally got 57 (Scheme 8) which has the opposite 
stereochemistry at the quaternary center.

O

0

46 O
Figura 5 Structure of 4 6

The synthesis of 46 required the intermediate 
ketocyclopropane 53, which was prepared by the route shown in 
Scheme 7.6b Methyl vinyl ketone (47) was converted into 
bis(silyl)ether 48 in several steps.25 Sequential 
deprotection, Swern and NaCl0 2 /NaH2P04 oxidations, followed by
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exposure of the resulting carboxylic acids to diazomethane, 
led to methyl ester 4 9 .  The diazo ester 5 0  was synthesized 
from 4 9  by a modified Taber procedure.25 Treatment of 50  

with a catalytic amount of Rh.2 (OAc)4 gave predominantly 
vinyicyclopropane 5 1 ,  together with some diastereoisomer 5 2 .  

The configuration of 5 1  was inverted to 5 2  by desilylation, 
Mitsunobu inversion, removal of the resulting benzoate group,

PmbO

OSiMfijt'Bu OSiMe2 f-Bu
4a

OPmb

i ) KHMDS, PhC02 Me;
ii) 4-nitrobenzene- 

sulfonyl azide,
OBU

i) CSA, MeOH-CH2 CI2;
ii) Swem;
iii) NaCI02, NaH2 P 0 4;
iv) CH2 N2

COOMe PmbO

OSiMe2 f-Bu

COOMe

50
Rh2 (OAc)4  (cat) i) TBAF;

ii) DEAD, Ph3 P,
/ v PhC 02H;

MeOOC \ \ -------- /  iii) NaOMe.
-OSiMe2 f-Bu MeOH

iv) f-BuMe2SiOTf,

OSiMe2 f-Bu

49

MeOOC

PmbO 51

2 ,6 -lutidine

OSiMe2 f-Bu

PmbO 53

S c h e m e  7

PmbO

OSiMe2 t-Bu

52

i) DIBAL;
ii) TPAP, NMO;

iii) MeMgCI;
iv) TPAP
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and silylation. Finally, the desired keCocyclopropane 53 was 
reached from 52 by Che following sequence: DIBAL reduccion,
NMO/TPAP oxidacion, MeMgCl addiCion, and a second NMO/TPAP 
oxidacion.

TreaCmenC of 53 (Scheme 8) wich KHMDS and EC3N/EC3SiCl 
gave Che inCermediaCe silyl enol eCher 54, which underwenc 
divinylcyclopropane rearrangeraenc to give, afCer removal of 
boCh silyl groups, alcohol 55. This alcohol was Chen

<

OSiMe2 Bu*f

KHMDS, 
E^SiCI, Et3N

PmbO

O

PmbO 55

’ i) Divinylcyclopropane 
H rearrangement 

ii) TBAF

OSiMe2Bu-f

PmbO

i) PhSSPh, 
n-Bu3P

ii) DDQ
iii) BrCH2C0 2 H,

DCC, DMAP O

BrCH2COO

O MesSnSnMes

57
O O

Scheme 8
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converted into a phenyl sulfide with inversion, the PM3 group 
was removed, and protection of the liberated hydroxyl as an 
a-bromoacetate, furnished compound 56.

Exposure of 56 to Me3SnSnMe3 and irradiation (hv) led to 

lactone 57 by means of radical intermediates and ring closure 
with concomitant expulsion of sulfenyl radical. This last 
operation served to generate simultaneously the required

Me3SrT +

58 59
OMe

Pb(OAc)*
51%

OMe

O60

OMe

60
O

r2BrMg 61
65%

62

OMe

O60

Ri

BrMg

63

64

BrMg 26
10

65 17
OMe

64%
O60
Ri = C6H13: R2 = CH3; R3 = CHzCHjOSiPr̂ Bu-f 
Scheme 9
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quaternary center (albeit with the opposite stereochemistry 
to that of 46) and the bridgehead olefin, which are two of 
the challenging structural elements in 1 and 2.

Recently, Shair and his colleagues12 reported a rapid 
and stereospecific synthesis of the core structure of 1 and
2. The method is based on tandem oxy-Cope
rearrangement/transannular bond formation between C(10) and 
C(26) to generate the core skeleton. The synthesis (Scheme
9) was started by treatment of vinylstannane 58 with 
Pb(OAc)4 , followed by exposure of the intermediate vinylated 
reagent to 3-ketoester 59, to obtain ketone 60. Treatment of 

60 with (Z)-1-propenylmagnesium bromide 61 gave compound 62 
(65% yield), which represents the desired bicyclic ring 
system.

The stereoselectivity of the bicyclization reaction was 
examined by exposure of ketone 60 to (E) -1-propenylmagnesium 
bromide (63) and the (E) -vinyl Grignard reagent 65. The 
major products, 64 and 6 6 , show a trans relationship between 
C (9) and C(17), corresponding to the stereochemistry of the 
side chains of 1 and 2 .

A mechanistic and stereochemical interpretation of this 
process is provided in Scheme 10. It is assumed that anti 
addition of a vinyl Grignard reagent to chelated intermediate 
60 generates magnesium alkoxide 67. An anionic oxy-Cope 
rearrangement of 67 though a chair transition state would 
afford the Z,Z-l,5-cyclononadiene intermediate 68, as a 
bromomagnesium enolate. The chair transition state (Scheme
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60 65

65

BrMg
Mg-Br

OMe

Me

MeO

Me

BrMgO 67

Me

66

17 Me

BrMgO

Scheme 10

10) would explain the stereochemical outcome observed with 
vinyl Grignard reagents 61, 63 and 65. The presence of the 
methyl ester in 67 may explain the facility of the 
rearrangement of 67 (0 °C, magnesium alkoxide) , since Evans 
and coworkers have reported27 that anion-accelerated oxy-Cope 
rearrangements are further accelerated by appropriately- 
positioned carbanion-stabilizing groups that promote C-C bond 
ionization. Following the rearrangement, the bromomagnesium 
enolate 68 underwent transannular acylation between C(10) and 
C(26) to furnish 66, the core structure of 1 and 2.

In the above process, four stereochemical or structural
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problems [see C(9), C(10), and C(17), and the C (15)-C(16) 
trisubstituted bridgehead double bond in Scheme 10] have been 
effectively dealt with in a single transformation, while 
assembling the core system of 1 and 2. The reactions 
described above also demonstrate the feasibility of a C(10)- 
C(26) transannular cyclization that has been proposed for the 
biosynthesis of 1 and 2.1

More recently. Bio and Leighton13 described a mild 
version of an oxy-Cope process similar to Clive's for making 
the advanced model 70 (Scheme 11) that resembles the core 
skeleton of 1 and, especially, 2 .

OSiEt-

Me
TfO

69
OH

EUSiO Me

70

Sch«a« 11

Their synthesis commenced with ketone 71 (Scheme 12) . 
Treatment with an excess of vinylmagnesium bromide gave 
allylic alcohol 72 with very high diastereoselectivity, and 
the alcohol was then protected as its triethylsilyl ether 73. 
A straightforward transformation of 73 into 76 was effected 
by the Arndt-Eistert sequence. Chemo- and regioselective 
functionalization of the endocyclic double bond in 76 was 
accomplished by treatment of acid 76 with Hg(OAc)2 » followed 
by treatment first with NaBH4 to reduce the alkylmercury, and
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ir
H O ^ k 0
71

CH2=CHMgBr

^ \ ^ O S i E t 3 
Me

//j w
%

h o 2c
76 Hg(OAc)2; 

NaBH4; 
LiAIH4

hv, H20 ,  
dioxane

OSiEt

f-BuMe2 SiCI,
imdazoie

OH
OH

77

imida20|e

HO-^s-,
72 LiOH;

DMF, (COCI)2

OSiEt3

OSiEt-

MeMe

O 7475

OSiEt

Me
Swem

OH

OSiEt-

Me

Me

70

78 KHMDS. HC02 Me; 2 -[N,N- 
bis(trifluoromethylsutfonyl) 
amino]-5-chloropyridine

Pd(PPh3)4. E^N; 
600 psi CO. PhCt 
75-110 °C

79

OSiEt-

Me
TfO

ORC80 R -  SiMe2 Bu-f 

69  R = H

Scheme 1 2

then with LiAlH4 to reduce the lactone. This sequence
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afforded the desired diol 77. Selective protection of the 
primary alcohol as its t-butyldimethylsilyl (TBDMS) ether 78, 
was followed by Swern oxidation of the secondary alcohol to 
obtain 79. Ketone 79 was subjected to a Claisen condensation 
with methyl formate and the product was trapped in situ with 
2-[N,N-bis(trifluoromethanesulfonyl)amino]-5-chloropyridine.28 
This procedure provide vinyl triflate 80 in 48% yield, as a >
10:1 Z'.E mixture of olefin isomers, along with 41% recovered 
79. Selective methanolysis of the t-butyldimethylsilyl group 
then gave the required hydroxy enol triflate 69 in 74% yield. 
Treatment of 69 with Pd(PPh3>4 and Et3N under 600 psi CO in 
benzonitrile at 7 5°C, and then simply raising the temperature 
of the reaction mixture to 110°C, led to the isolation of 70 
with the required y-lactone acetal unit in 46% yield. This

route illustrates mild oxy-Cope conditions to construct the 
functionalized core skeleton of 1 and 2 .

3. intramolecular aldol condensation, or a
combination of aldol condensation and Heck 
reaction
Intramolecular Mukaiyama aldol condensation has been 

used by Armstrong's group9 to synthesize the 
bicyclo[4.3.1]decenones 81a and 81b from cyclohexanone 
(Scheme 13). Reaction of the lithium enolate of 
cyclohexanone with diethyl ketomalonate gave 82. Conversion 
of 82 into 83 was achieved using a two step procedure: 
acetylation (AC2O, cat. Me3SiOTf, 93%) followed by treatment
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with DABCO to effect acetate elimination and alkene 
isomerization (75%). Regioselective alkylation with 3- 
bromopropanal dimethyl acetal then afforded 8 4 .  At that

LDA, OH O

Diethylketo- E t O O C ^ ' \ ^ ^ v s  1 

™ } ?nate ,  EtOOC T I

Y

81a X = OMe, Y = H 

81b X = H. Y = OMe

EtO20  O

i) Me3 SiOTf, 1  1
AC20  E t02C ^

l\ / / 1 ii) DABCO 

82 83
i) NaH, Bu4 NI, DMF
ii) Bromopropanal 

dimethylacetal

TiCU

MeO OMe

OSiMe>

85

MeO OMe

EtQ2C

84

S c h M M  1 3

point, conversion of 8 4  into the trimethylsilyl enol ether 
8 5 ,  set the stage for the key ring closure step. Treatment 
of 8 5  with TiCl4 in CH2CI2 , resulted in an intramolecular 
Mukaiyama aldol reaction, and provided the desired bicyclic 
products 8 1 a  and 8 1 b .

All the above approaches dealt directly with the 
introduction of the C(15)-C(16) bridgehead double bond, which 
is present in both compounds 1 and 2; however a route 
explored by Danishefsky's group reflected a different view of
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the problem.10 His. group applied a combination of aldol 
condensation and intramolecular Heck reaction to construct 
the main framework of 1  and 2  with a 15,16-dihydro ring 
system.

Two starting components, enone 8 9  and 2,3,4- 
trisubs tituted furan 9 6 ,  for aldol condensation were made by 
the route shown in Scheme 14.10a Alkylation of 8 6  with 8 7  

afforded 88 in 78% yield, and reduction of 88 and acidic 
hydrolysis led to enone 8 9 .  The synthesis of 2,3,4-

OEt

86

LDA

l(CH2 )6OPmb 
O 87

OEt

OPMB

89 (CHa)6  

OPMB

hô o  1 •BuLi; 
Bu3SnCI HO

SiMe2?-Bu

MsCI, Et3N R

f-BuMe2 SiCI, i— 90 R = H f”  9 2  R = Bu3Sn „  R _ QM
NEt(APr)2; |2; KF KCN. | 9 4  R ~ OMs
n-BuLi, HMPA L ^91 R = SiM e^Bu ^ 9 3  R = l DMF ^  R _ CN

SiMe2 f-Bu

DIBAL.
toluene

96

S c h e m e  1 4

trisubstituted furan 9 6  started from the commercially
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available 9 0 .  Compound 9 0  was first silylated with c- 
BuMe2SiCl (TBSC1), followed by treatment with n-BuLi in KMPA 
to furnish 9 1 .  Hydroxyl-directed metalation at C(3) of 9 1  

afforded 9 2 .  Destannylative iodination provided 9 3 ,  which 
was homologated (via mesylate 9 4 )  into the 
furanylacetonitrile derivative 9 5 .  Reduction of 9 5  with 
DIBAL gave the required 2,3,4-trisubstituted furan 9 6 .

Aldol condensation of the a'-enolate derived from 8 9

(Scheme 15) with aldehyde 9 6  proceeded with high 
stereoselectivity, and afforded 9 7  in 91% yield. After

SiMe2 Bu-f

SiMe2 Bu-f

O

OPmb
i (CH2)6

I
OPmb

f-BuMe^SiOTf,
2,6-lutidine

98 R = SiMe2 Bu-r

SiMe2Bu-f SiMe2Bu-f

Heck reaction

f-BuMe2SiO .....

H

(CHjk

DIBAL

f-BuMe2SiO ....

H

100 (CH2)6
i I

OPmb OPmb

S e h « m «  1 5
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silylation of 9 7 ,  the critical intramolecular Heck reaction 
of 9 8  resulted in formation of 9 9 .  Reduction gave alcohol 
100, which appears to be correctly constituted for further 
functional group elaboration, so as to introduce all the 
features required to reach 1 and 2.

Installation of the side chain at C(9) (see Figure 1)

OMe
OTBSOTBS

100

H O
101 102

OTBS LiEtaBH, THF FBuMe2SiO..
NaOH, H2O2

OTBS

f*BuPh2SiClt 
CON(Me)2  imidazole

105

BH3.THF;
NaOH, H2 O2 ; f'BuMe2Si° ....
Dess-Martin

OTBS

106 (CHa)*
1

OPmbTBS = f-BuMe2Si

Scheme 16
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was achieved in the following way. Silylation of 100 (Scheme 
16)-L°a gave 101, and oxidation with SeO2 furnished 102.
Reaction of 102 with 103 gave, upon [3,3]-sigmatropic 
rearrangement, the y, S-unsaturated amide 104. Reduction of

the amide linkage and protection of the resulting primary 
alcohol then led to 105 which, on hydroboration and 
oxidation, provided 106 with the desired side chain.
Introduction of the required quaternary center at C(14)10b was 
practiced by carrying out the following transformations.

Acetylation of 100 (Scheme 17), followed by desilylation

OAc OHHO TPAP, NMO; 
K2CO3, MeOH

100
TBAF

107 108 (CH2)6
I

OPmbOPmb

PhS
OH

PhSSPh.
NaOMePhS

112 111

Scheme 17
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of che resulting acetates, gave 107. Oxidation and then 
deacetylation, afforded 108. Reaction of 108 with reagent 
110, a relatively non-basic ylide derived from the Trost 
sulfonium salt 109,29 occurred in a highly stereo-selective 
fashion co provide, after acidic treatment, the 
spirocyclobutanones 111. Under Trost's conditions29 for bis- 
sulfenylative fragmentation, the cyclobutanone 111 afforded 
lactone 112. This sequence therefore establishes a method 
for introducing the required quaternary center at C(14) in 1 
and 2 .

The maleic anhydride moiety10b was also assembled in 
these model studies. Acetylation of 100 provided 113, and 
photooxidation (Scheme 18) then gave rise to compound 114 as

OAcf-BuMe2SiO 

H AC2O, NEt3
OH

H hv

113 (CHa)6 
OPMB

100 (CH ê 0 
OPMB i l

OAcOAc
OH

PCC

114 1 1 5  (CH2)6

OPMB

Scheme 18
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a mixture of diastereomers. Further oxidation with PCC 
afforded the desired anhydride 115.

In summary, the challenging structure of 1 and 2 
provides many opportunities for synthetic organic chemists to 
develop and apply new strategies. Although it is not clear 
how the compounds will eventually be reached by total 
synthesis, it is apparent that 1 and 2 represent attractive 
and important targets.
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II. Results and Discussion
2 1 5

Background Information
Anionic oxy-Cope rearrangement (Scheme 19) (Re = Me, R7 

= H) represented an initial approach developed8 earlier in 
this laboratory in work aimed at the total synthesis of both 
natural products 1 and 2. '/Then I started my own work, the

(Me3 Si)2NK. 
PhMe, 
heat; H+

116

OBn

O

Eq 1

117
Schama 19

following two additional findings had been made: (i) The
anionic rearrangement did not proceed30 if the ethylidene unit 
is modified by increase in chain length (116, Re = CH2CH2OPMB 
or CH20Bn, Rz = H; Re = Re = CH20Bn) . (ii) The thermal oxy- 
Cope rearrangement, to afford 118, does proceed smoothly with 
the bicyclic strained lactone 128, made by the route31 shown 
in Scheme 20. Aldol condensation of the readily available 
ketone 119 with 2-[ (4-methoxyphenyl) methoxy] acetaldehyde, 
mesylation, and treatment with DBU gave Z-olefin 122 (58%), 
as well as the corresponding £-isomer (30%) . Removal of the 
(4-methoxyphenyl)methyl group was done in such a way as to 
lead directly to an aldehyde (122 —> 123, DDQ, 2.3 equiv,
CH2CI2 , 12 h; 94%) so that a single further oxidation provided
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OSiEt- OSiEt- OSiEt

PMBO,
DBUPMBO

PMBO
ROLDAO 120 R = H

121 R = Mi
J DDQ

NaBH4,
CeCI3 .7H20  R 0 2C'r o 2c ^

HO- 

LiOH C
126 R = Me
127 R = H

1 2 3

2 -chloro-1 -methylpyridinium 
I iodide

1 ,2 -dichloro- 
benzene. reflux

128 118
Schema 2 0

acid 124, which was then esterified to give 125. At this 
point, reduction with NaBH4 and CeCl3.7H20 gave largely (65%) 
the desired exo-alcohol 126. Ester hydrolysis liberated 
hydroxy acid 127, and this could be cyclized to lactone 128 
by treatment with 2-chloro-1-methylpyridinium iodide (Et3N, 
CH2CI2 , reflux, 34 h; 81%). When 128 was heated in refluxing 
1,2-dichlorobenzene for 40 min, it was converted into 118 in 
79% yield.

In order to establish the applicability of the above 
findings for the construction of more advanced [4,3,1]- 
decadienones, especially for the introduction of 
differentiable substituents at C(14), which is a quaternary
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center and is a significant structural feature in 1 and 2 , we 
proposed to make compounds 129 (Figure 6), having a 
modifiable substituent R, as such substrates would give the

OSiEt-

O

1 2 9

Figure 6 Structure of 129

required quaternary center in 1 and 2 after thermal oxy-Cope 
rearrangement.

Preparation of the Strained Lactones
Retrosynthetic analysis suggested that the first task in 

making 129 was to carry out an aldol condensation of 119® 
with a ketone so as to attach the required side chain for 
further modification. Since it had been found32 in this 
laboratory that aldol reactions of ketone 119 did not occur 
with ordinary ketones, it was clear that the ketone used had 
to be extremely reactive, and we thought that diethyl 
ketomalonate might be a suitable choice. Fortunately, when

EtOOC.
SOCI2,
pyridine EtOOC-

1 1 9 1 3 0 8  52% 1 3 1  91% from 130a
130b  43% 76% from 130b

S c h s M  21
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kecone 119 was subjected to aldol condensation with diethyl 
ketomalonate (Scheme 21) , the reaction proceeded smoothly to 
give two separable aldol adducts 130a and 130b in 95% 
combined yield. Both aldol adducts could be dehydrated33 to 
afford compound 131 with a doubly substituted ethylidene 
unit. This encouraging result promoted us to attempt the 
synthesis of the strained lactone 135 by the route shown in

HOOC.. 

Hydrolysis HOOC

.................  HO
2 -chloro-1 -

NaBH4,
CeCI3 .7H2OEtOOC

methylpyridinium • 
iodide, Et3N t

OSiEtHOOC
HOOC

Amdt-Eistert

1 3 5 1 3 4

Schaaa 22

Scheme 22. Accordingly, 131 (Scheme 23) was reduced to give 
largely the desired exo-alcohol 132 (64%). However, many 
attempts to effect hydrolysis of 132 were unsuccessful, and

OSiEt3
NaBH4l
CeCI3.7H20;

"764%
HOOC.

Schaaa 23

we had to modify the procedure. [In these exploratory
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experiments, not all the compounds were fully characterized, 
since some of the routes could not be carried on to the end, 
bun all compounds that are part of the final routes were 
characterized.] Ketone 131 (Scheme 24) was first hydrolyzed 
co keto diacid 136, followed by reduction of the ketonic 
carbonyl to give the required 133. When we first tried this 
modified route, we found that hydrolysis of the two ester

OSiEt-OSiEt- OSiEt-
HOOC.EtOOC. HOOC.

HOOCEtOOC HOOCHydrolysis
HO1 36 133

Schema 24

groups was troublesome. However, after many attempts, we 
eventually found conditions (see Scheme 25) to hydrolyze 131 
co che monoester 137 in 90% yield. The stereochemistry of 
137 was not assigned; we intended, of course, to assign it

OSiEt- OSiEt
1.2 equiv LiOH, 
MeOH; 12 h at 0 °C; 
1 2  h at rt

EtOOC. EtOOC.

HOOC'EtOOC

90% 137
Scheme 2 5

later by chemical transformations. Although the keto 
monoester 137 was not what we had wanted originally, it does 
carry two differentiable substituents on the ethylidene unit, 
and it offers several possibilities for further elaboration.
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First, we planned to reduce 137 (Scheme 26) to alcohol 138.

OSiEt.
EtOOC
HOOC

Sehaat 2 6

OSiEt.
EtOOC
HOOC

HO 138

We expected the exo-alcohol to be the major isomer, and we 
would then be able to effect lactonization of 138. If 
lactonization of 138 occurred to give a lactone ester, the 
carboxylic acid group of 138 would, of necessity, be syn to 
the ketonic carbonyl group, and so the stereochemistry of 137 
would thereby be established. However, reduction of 137 
could not be effected with NaBH4 and CeCl3.7H20, and only the 
starting material was recovered. Attempts to reduce 137 with 
LiBH4 and CeCl3.7H20, or with DIBAL gave complex mixtures. We 
also tried to convert the carboxylic acid group in 137 to an 
acid chloride [(C0C1)2/ CH2CI2 , cat. DMF] or to an N-acyl 
imidazole34 (carbonyidiimidazole, THF, 1 h at room 
temperature) in the hope that we would then be able to effect 
the reduction by NaBH4 or LiBH4 .35 Unfortunately, experiments 
along such lines were fruitless, and we decided to abandon 
this route.

It has been reported36 that Horner-Wadsworth-Emmons 
(HWE) reaction between the a-diketone 139 (Scheme 27) and

140 proceeds stereoselectively and in excellent yield. We 
envisaged that if we could oxidize the siloxy ketone 119 to
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(AtO)2  P —  CH2COOMe
140 MeOOC

139
OSiPh2 Bu-f 

OSiPh2 Bu-f
NaH; 95%

Schaaa 2 7
141

OSiPh2 Bu*r 

OSiPh2 Bu-f

the ot-diketone 142, similar HWE reaction might also be

stereoselective. With this plan in. mind, we first tried to 
oxidize 119 (Scheme 28) with Se02, but it failed to give the

OSiEt.

S e 0 2

— X —

Schaaa 2 8

OSiEt

142

desired diketone. We turned next to another approach (Scheme 
29). Ketone 119 was first converted into its silyl enol

OSiEt-OSiEt.

HOMCPBA

144a,b143

OSiEt.

Oess-Martin

142
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ether 143. Oxidation of 143 with MCPBA gave 144a,b as a 
mixture of exo- and endo-alcohol isomers in 20% yield. Dess- 
Martin oxidation of 144a,b afforded diketone 142 in almost 
quantitative yield.

r.ve could not improve the yield of the MCPBA oxidation 
step (143 —* 144a,b) , although the reaction was tried under

various conditions (oxidation of 143 with 1.2 equiv, 1.5 
equiv, 2.0 equiv MCPBA in CH2CI2 or EtOAc) , and so we decided 
to try Vedejs37 oxidation. Luckily,

oxidation of ketone 119 (Scheme 30) with Vedejs' reagent 
(M0O5 -py-HMPA) (LDA, TKF, 1 h at -78 °C; add MoOs-py-HMPA at
-23 °c, 0.5 h)

LDA;
MoOPH HO

Schaaa 30

OSiEt3

O OSiEt3

0  146b
Schaaa 31
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gave hydroxy ketone 144a as a single isomer (stereochemiscry 
unassigned) in 85% yield (91% corrected for recovered 119). 
The next step was to effect the HWE reaction with 142. The 
HWE reagent 145 with the desired four carbon unit was made 
according to the literature procedure;38 however, the HWE 
reaction (Scheme 31) did not proceed under the conditions we 
tried (NaH, THF at room temperature and refluxing). A 
literature search indicated that a Stobbe39 condensation 
(Scheme 32) might be an alternative for the desired HWE 
reaction. However, on treatment of 142 with diethyl 
succinate and NaH, a complex mixture was obtained.

We next decided to find out if a-diketone 142 would 
react with the enolate of an ester. For this purpose, y- 

butyrolactone was chosen, since it contained the desired 
four-carbon unit. In the event, we were pleased to observe 
that the enolate of the y-lactone, generated by the action of

LDA at -78 °C, reacted smoothly with diketone 142 (Scheme 33)

HOOC

°  1 4 7 b

S c h « M  32
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co give two isomers 148a and 148b (stereochemistry 
unassigned) in 80% yield.

^SiEt3 O '''SiEta

SOCI2,
pyridine

O 142 LDA.
THF at 78 °C 148a (27%) 

148b (53%)

O

149a (89%) from 148a 149b
(50%) from 148b

Schama 3 3

Dehydration of both isomers led to the formation of 149a 
as a single isomer. The stereochemistry was assigned, based 
on the chemical shift of the bridgehead hydrogen40 adjacent to 
the newly formed double bond and, on this basis, it was clear 
that 149a was not the desired isomer. It is not clear why 
dehydration of both 148a and 148b give the same isomer 149a. 
In order to obtain the compound with the desired 
stereochemistry, 148b was reduced with LiAlH4 (Scheme 34) .
The resulting two primary hydroxyls were then protected, to 
give 150 as a single isomer (stereochemistry unassigned) . We 
expected Dess-Martin oxidation of 150 to give the desired 
ketone 151 (Scheme 34) . Finally, dehydration of 151 should
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give 152a and 152b. It would, of course, be understandable,

'̂ XCy 22S*
1 4 8 b

Dess-Martin

f-BuPh2SiO

1 5 0

f-BuPh2SiO- 
OSiPh2Bu-r f-BuPh2SiO

151

SOCI 2. 
pyridine

OSiEt.

152a (major) 152b
Schama 34

if compound 152a turned out to be the major isomer because it 
is less sterically crowded than 152b. However, Dess-Martin 
oxidation of 150 gave the undesired product 15341 in 65% 
yield (Scheme 35), and so we were obliged to stop this 
approach.

OSiEt. OSiEt.

HO Dess-Martinf-BuPh2Si°

o =

1 50 153
Schama 3 5

It has been known for a long time that camphorquinone 
154 (Scheme 36) condenses42 with NCCH2C00Et in the presence 
of a catalytic amount of EtONa to give 155 in high yield.
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154

CN
EtOOC

1 55
Schama 3 6

Since the structure of our a-diketone 142 resembles 
campnorquinone, a similar reaction might also be expected in 
our case. Indeed, upon treatment of 142 (Scheme 37) with 
NCCH2C00Et in the presence of a catalytic amount of EtONa, 
reaction proceeded readily to give 156 as a single 
stereoisomer in 80% yield. We were pleased with this

OSiEtOSiEt
EtOOC.

NCCH2 COOEt, 
cat. NaOEt NaBH4, CeCI3 .7H20

NC
1 42 1 5 6

OSiEt OSiEt-
EtOOC. HO

DIBAL

NC
HO OHC

HO157a,b 158a,b
Schaaa 37

transformation since the differentiable two substituents on 
the ethylidene unit in 156 might allow us to elaborate this 
substrate regioselectively to the desired lactone. Thus, 156 
(Scheme 37) was reduced to 157a,b by NaBH4 and CeCl3.7H2Q,
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but several attempts (using different amounts of reagent, 
different solvents, and different temperatures) to reduce 
157a,b to 158a,b with DI3AL were unsuccessful, and direct 
reduction of 156 with DIBAL also failed to give 158a,b.

Because of the reduction problem in the above approach, 
we next wanted to choose a substrate that might avoid the

rr:59
LDA (2 equiv)

OSiEt. OSiEt.
HO

+  HOHO

1 42
f-BuPh2SiCI, 
imidazole

160a (29%) 161 (18%)
160b (39%)

R^SiO

MeO,C

OSiEt3 R3SiO
I

SOCI2t
pyridine MeOzC

OSiEt,

NaBH4,
CeCI3 .7H20

162a (92%) from 160a 
162b (92%) from 160b

OSiEt, r 3S<?

M e02C 
+  HO

163 (0%) from 162a 
(91%) from 162b

R3S1O

MeOoC

OSiEt, R3S 1O

HO
164a (19%)

164b (69%)

PrSLi,
HMPA HOzC

 -  HO83%

OSiEt3

16 5
2-Chloro-1 -methylpyridinium 
iodide, Et3 N, CH2CI2l 
reflux 36 h

R3SiO

R = f-BuPh2

Et3SiO

167 (6%) '-— oSiR

OSiEt3

166 (77%)

Schaaa 3 8
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troublesome reduction step, and therefore, the following 
route (Scheme 38) was explored: Diketone 142 was condensed
v/ith the dianion derived from methyl 3-hydroxypropanoate 159 
by treatment with 2 equivalents of LDA. Two separable 
diastereoisomers 160a (29%) and 160b (39%), whose 
stereochemistry was not established, plus 16143 (18%) were 
isolated. Silylation of both isomers 160a and 160b (t- 
BuPh^SiCl, imidazole) gave 162a and 162b in 92% yield in 
each case; however, on attempted dehydration (SOCI2 , 
pyridine), only the major isomer 162b afforded the desired Z- 
olefin 163 (91% yield). The minor isomer gave back the 
starting material under the same conditions.

Reduction of 163 (NaBH4 , CeCl3.7H20, MeOH) gave the 
desired exo-alcohol 164b (69%) as well as the endo-alcohol 
164a (19%). Initial demethylation of 164b was troublesome, 
but we later found that demethylation with n-PrSLi44 in HMPA 
proceeded smoothly to deliver hydroxy acid 165 in 83% yield. 
Refluxing of a solution of 165, 2-chloro-l-methylpyridinium 
iodide,45 and Et3N in CH2CI2 gave the strained lactone 166 in 
77% yield, as well as a small amount of the oxy-Cope 
rearrangement product 167 (6%). We were delighted with this
exploratory experiment. Next, 166 was subjected to oxy-Cope 
rearrangement which we will discuss in the next section.

The yield in the condensation step (142 —» 160a,b) in

the above approach was not good; moreover, isomer 162a could 
not be dehydrated to 163. In addition, the final product 
167 from the oxy-Cope rearrangement (see next section) would
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have to be modified in order co add one more carbon unic of 
che side chain conCaining che c-bucyldiphenylsilyl (TBDPS) 
group. For chese reasons we wondered if we could use 169 
(Scheme 39) for condensacion wich diketone 142. Ester 169 
had not been reported in the literature, but it was easily 
made by the route shown in Scheme 39.

Opening of y-butyrolactone with NaOH,46 followed by 

treatment with Mel in DMF,4"7 afford 168, and silylation with 
t-3uPh.2SiCl then gave 169 in 91% yield over the three steps. 
With 169 in hand, the route shown in Scheme 40 was tested, 
and found, in the event, to be much better than that of 
Scheme 38, in terms of stereoselectivity, as well as the fact 
that it gives a side arm of desired length, so that 
subsequent homologation is not required. Condensation of 
diketone 142 with the anion derived (LDA, THF) from 169 gave 
two diastereoisomers, 170a (80%) and 170b (7%), whose 
stereochemistry was not assigned. Dehydration of the major 
isomer 170a by the action of SOCI2 in the presence of 
pyridine afforded the desired olefin 171 in 90% yield. (The 
stereochemistry of this substance follows from its subsequent 
conversion into lactone 174. We were unable to make the

9  NaOH;
/  Mel, DMF

f-BuPh2 SiCI,
imidazole

HO COOMe 91% over ^ 
three steps

r-BuPh2SiO COOMeO
168 169

Schaaa 3 9
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assignment on the basis of the LH NMR spectrum. ) Reduction 
of 171 with NaBH4 and CeCl3 . 7H20 afforded the desired exo- 
alcohol 172a (65%) together with the endo-alcohol 172b 
(22%). Demethylation of 172a with rz-PrSLi in HMPA liberated 
the carboxylic acid 173 in 81% yield. Finally, lactonization 
of 173 was readily achieved with 2-chloro-1-methylpyridinium 
iodide to give 174 in 80% yield. At this point, a facile and

OSiEt- OSiEt

f-BuPh2SiO 1 6 Q  COOMe MeOzC
H O

LDA
142 170a (80%) 

170b (7%)SOCI2,
pyridine

OSiEtOSiEt

HO
PrSLi,
HMPA172a (65%) 171 (90%) from 170a
81%

OSiEt OSiEt

h o 2c
HO

172b (22%) 1 73HO
2-Chloro-l -methylpyridinium 
iodide, EtsN, CH2CI2 , 
reflux 36 h;

80%

OSiEt

174
Schaaa 40
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reliable method to construct the strained lactone had been 
established. The endo-alcohol 172b can be recycled by Dess- 
Martin oxidation and reduction.

Thermal siloxy-Cope rearrangement
The idea of preparing the strained lactone 174 is based 

on the expectation that the release of strain would 
facilitate oxy-Cope rearrangement. It had, in fact, been 
found in this laboratory that the siloxy-Cope rearrangement 
proceeds readily with the strained lactone 128.31 We had 
found that strained lactone 166 (see above) also rearranged 
smoothly (Scheme 41) when heated in 1,2-dichlorobenzene.

It appeared (TLC control) to rearrange completely within 10 
min and, after a further 10 min, evaporation of the 1,2- 
dichlorobenzene afforded 167 in 100% yield. The XH and 13C 
NMR spectra indicated that 167 was pure. This compound 
represents the first example of a substance made by oxy-Cope 
rearrangement with the required modifiable substituent at 
quaternary center C(14) and the bridgehead double bond. We 
next heated 166 in toluene. Under these conditions it 
rearranged to 167 within 1.5 h (TLC control) in almost

f-BuPh2SiO 1 ,2 -dichloro- 
benezene, 
reflux, 2 0  min

100%
1 6 6 1 6 7  ''— OSiPh2Bu-f

Scheme 41
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quantitative yield. When the strained lactone 174 (Scheme 
42) was submitted to oxy-Cope rearrangement in 1,2-dichlor-

OSiEt-
1 ,2 -dichloro- 
benezene, Et3SiO 
reflux, 2 0  min

100%
174

Scheme 42

benzene, it gave the same exciting result as 166, the desired 
product 175 being isolated in 100% yield.

Conclusions
In summary, an efficient and stereoselective route has 

been developed to construct the advanced models 167 and 175 
which contain two very challenging structural elements 
(quaternary center and bridgehead double bond) of 1 and 2 .
The facile thermal siloxy-Cope rearrangement of 166 and 174 
demonstrated that the strain in the bicyclic lactone systems 
facilitates the oxy-Cope process. Compound 175 represents 
the first example to date48 which has the required quaternary 
center with a side chain of correct length, and a bridgehead 
double bond. Further elaboration of 175 towards more 
advanced models relevant to the total synthesis of 1 and 2 is 
currently under way in our laboratory.
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III. Experimental Section
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General Procedures. Unless stated to the contrary, the 
following conditions apply: Reactions were carried out under
a slight static pressure of Ar that had been purified by 
passage through a column (3.5 x 42 cm) of R-311 catalyst49 and 
then through a similar column of Drierite. All solvents for 
reactions were dried, as described below. Glassware was 
dried in an oven for at least 3 h before use (120 °C) and 
either cooled in a desiccator over Drierite, or assembled 
quickly, sealed with rubber septa, and allowed to cool under 
a slight static pressure of Ar. Reaction mixtures were 
stirred by Teflon-coated magnetic stirring bars.

Hexane used for chromatography was distilled before use.
Products were isolated from solution by evaporation 

under water aspirator vacuum at room tenperature, using a 
rotary evaporator.

Microliter syringes were washed with water and acetone, 
using a suction device to draw the solvents through. Then 
air was sucked through for 1 min. The solution to be 
dispensed was drawn up and expelled, and this operation was 
repeated several times before drawing up the sample to be 
used. Cannula transfers were always done under slight 
pressure (Ar), not by suction.

Commercial thin layer chromatography (TLC) plates 
(silica gel, Merck 60F-254) were used. Spots were detected 
by spraying the plate with a solution of phosphomolybdic
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acid,49 followed by charring on a hot plate, or by examination 
under UV light. Silica gel for flash chromatography was 
Merck type 60 (230-400 mesh).

Dry solvents were prepared under an inert atmosphere and 
transferred by dry syringes fitted with oven-dried needles, 
or by cannula. Dry THF was distilled from sodium 
benzophenone ketyl. Dry Et3N, i-Pr2NH, CH2CI2 , and pyridine 
were distilled from CaH2 - HMPA was distilled from CaH2 under 
reduced pressure (oil pump) , and kept under Ar atmosphere 
over molecular sieves. All other solvents were used as 
purchased. Commercial (Aldrich) solutions of n-BuLi (in 
hexanes) were assumed to have the stated molarity.

FT-IR measurements were recorded on a Nicolet 7000 FTIR 
instrument. Measurements were made as casts from the 
specified solvent using potassium bromide plates.

nuclear magnetic resonance spectra were recorded with 
Bruker AM-3 00 (at 3 00 MHz) , Varian INOVA-3 00 (at 3 00 MHz) ,
Bruker AM-360 (at 360 MHz) or Bruker AM-400 (at 400 MHz) 
spectrometers in the specified deuterated solvent. L3C 
spectra were recorded with Bruker AM-300 (at 75.5 MHz) or 
Varian UNITY-500 (at 125 MHz). The symbols s', d', t ‘, and 
q ‘ used for i3C NMR signals indicate 0, 1, 2, or 3 attached 
hydrogens, respectively, which are assigned based on the APT 
experiment.

Mass spectra were recorded with AEI Models MS-12, MS-50 
MS9 (modified), Kratos MS50 (modified) or Micromass ZabSpec 
Hybrid Sector-TOF mass spectrometers. For isotope peaks.
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high-resolution mass data were taken from the highest mass 
number peak shown in the spectrum.

Compounds isolated by flash chromatography were pure by 
TLC and, unless otherwise stated, also as judged by high 
field -H and i3C NMR spectra.

Diethyl (mxo,anti)- and (endo,anti)-2-Hydroxy-2-[7- 
ethanyl-2-oxo-7-
[(triethylailyl)oxy]bicyclo[2.2.l]heptan-3- 
yl]propanedioate (130a and 130b).

Ketone 119 (102 mg, 0.383 mmol) in THF (1 mL, plus 2 x 
0.2 mL as a rinse) was added dropwise to a stirred and cooled 
(-78 °C) solution of LDA [prepared by addition of n-BuLi (2.5 
M in hexane, 176 \LL, 0.441 mmol) to a stirred and cooled (0 
°C) solution of (i-Pr)2NH (69 ILL, 0.52 mmol) in THF (2 mL) , 
followed by stirring at 0 °C for 15 min] . The mixture was 
stirred at -78°C for 1 h, and then diethyl ketomalonate (117 
|1L , 0.767 mmol) was added dropwise. Stirring at -78°C was 
continued for 1 h, and the mixture was quenched with 
saturated aqueous NH4CI (1.5 mL) and allowed to warm to room 
temperature over ca. 15 min. Water (0.5 mL) was added and

119 130a, 130b
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the mixture was extracted with EtOAc (25 mL). The organic 
extract was washed with water (3 mL) and brine (5 mL), dried 
(Na2S0 4 ), and evaporated. Flash chromatography of the residue 
over silica gel (1.6 x 29 cm), using 10% EtOAc-hexane, gave 
130a (88 mg, 52%) and 130b (72 mg, 43%) as colorless oils. 
Compound 130a had: FTIR (CH2CI2 cast) 3489, 1743 cm-1; 1H
NMR (CD2C12, 400 MHz) 5 0.54-0.61 (m, 6 H) , 0.92 (t, J" = 7.9 

Hz, 9 H) , 1.25 (t, J — 7.1 Hz, 6 H) , 1.62-1.70 (m, 2 H) ,
2.10-2.20 (m, 1 H), 2.37-2.46 (m, 2 H), 2.59-2.63 (m, 1 H),
3.16 (s, 1 H) , 3.45 (s, 1 H) , 4.12-4.33 (xn, 4 H) , 5.10 (dd, J 
= 17.8, 0.8 Hz, 1 H), 5.19 (dd, J =  10.8, 0.8 Hz, 1 H), 6.17 
(dd, J = 17.8, 10.8 Hz, 1 H); 13C NMR (CD2C12, 100.6 MHz) 5

6.6 (t'), 7.0 (q'), 14.0 (q'), 14.1 (q1), 22.3 (f), 30.5 
(f), 47.9 (d'), 56.1 (d'), 58.6 (d') , 62.9 (t'), 63.4 (t1),
77.7 (s'), 84.7 (s'), 118.0 (t'), 139.7 (d1), 169.4 (s'),
170.5 (s'), 211.2 (s'); exact mass m/z calcd for C22H3607Si
440.2230, found 440.2222.

Compound 130b had: FTIR (CH2CI2 cast) 3480, 1751 cm-1;
lH NMR (CD2C12, 400 MHz) 5 0.55-0.63 (m, 6 H), 0.94 (t, J =

7.9 Hz, 9 H), 1.21-1.28 (m, 6 H), 1.48-1.58 (m, 1 H), 1.94-
2.03 (m, 1 H) , 2.08-2.21 (m, 2 H) , 2.47 (t, J = 4.0 Hz, 1 H) ,
2.58 (d, J = 4.7 Hz, 1 H), 3.44 (d, J = 4.0 Hz, 1 H), 3.98 
(d, J = 0.7 Hz, 1 H), 4.18-4.32 (a, 4 H), 5.23-5.32 (m, 2 H),
6.16 (dd, J = 17.8, 10.8 Hz, 1 H); 13C NMR (CD2CI2 , 100.6 MHz)
5 6.6 (f), 7.1 (q' ) , 14.1 (q1), 14.2 (q') , 21.7 (f), 23.8

(f), 48.0 (d1), 55.4 (d'), 57.6 (d1 ) , 63.0 (t1), 63.6 (t'),
78.7 (s’), 85.1 (s'), 119.0 (t'), 138.5 (d1), 169.2 (s').
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170.5 (s'), 211.5 (s'); exact mass m/z calcd for C22H2s0 7Si
440.2230, found 440.2228.

Diethyl (la,4a, 1R* )-2-[7-Etheny1-2-oxo-7- 
[(triethyleilyl)oxy]bieyclo[2 . 2 .1 ]heptan-2 - 
ylidene]propmnedioete (131).

OSiEt

130a

OSiEt.

131

SOCI2 (306 \iL, 4.195 mmol) was added dropwise to a 
stirred solution of 130a (33 6 mg, 0.764 irmol) in pyridine 
(2.5 mL) , and stirring was continued for 8 h. The mixture 
was cooled (0 °C) , water (2 mL) was added dropwise, and the 
mixture was extracted with EtOAc (60 mL) . The organic 
extract was washed with 5% hydrochloric acid (10 mL) , 
saturated aqueous NaHC03 (10 mL) , water (10 mL) and brine (10 
mL) , dried (MgS0 4 ) , and evaporated. Flash chromatography of 
the residue over silica gel (1.6 x 28 cm), using 5% EtOAc- 
hexane, gave 131 (293 mg, 91%) as a pale yellow oil: FTIR
(CH2C12 cast) 1745, 1724 cm’1; NMR (CD2C12, 400 MHz) 5
0.58-0.66 (m, 6 H), 0.96 (t, J = 7.9 Hz, 9 H), 1.23-1.32 (m,
6 H ) , 1.54-1.63 (m, 2 H), 2.20-2.32 (m, 1 H), 2.36-2.46 (m, 1 
H) , 2.70 (dd, J = 4.8, 1.7 Hz, 1 H) , 3.85 (dd, J = 4.8, 1.6 
H z ,  1 H) , 4.18-4.29 (m, 4 H) , 5.19-5.28 (m, 2 H) , 6.05 (dd, J"
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= 17.7, 10.8 HZ, 1 H) ; nmr (CD2C12, 100.6 MHz) 5 6.6 (f),

7.0 (q'), 14.0 (q'), 14.1 (q'), 23.4 (t ') , 26.5 (t'), 50.9 
fd';) , 57.1 (d ' ) , 62.0 (t 1 ) , 62.3 (t'), 84.2 (s'), 119.6
(C), 124.6 (s') 138.3 (d'), 151.0 (s'), 163.6 (s'), 165.2
(s'), 201.6 (s'); exact mass m/z calcd for C22H3 4 0gSi 
422.2125, found 422.2113.

Diethyl (la,4a,7K*)-2 - [7-Ith«nyl-2-oxo-7- 
[(triethylsilyl)oxy]bicyclo[2 .2 .1 ]heptan-2 - 
ylidene]propanedioate (131).

OSiEt.

130b

OSiEt-

131

S0C12 (139 pL, 1.91 mmol) was added dropwise to a 
stirred solution of 130b (84.0 mg, 0.191 mmol) in pyridine 
(0.6 mL) , and stirring was continued for 5 days. The mixture 
was cooled (0°C), water (1 mL) was added dropwise, and the 
mixture was extracted with EtOAc (25 mL) . The organic 
extract was washed with 5% hydrochloric acid (5 mL) , 
saturated aqueous NaHC03 (5 mL) , water (5 mL) and brine (5 
mL), dried (MgSÔ j) , and evaporated. Flash chromatography of 
the residue over silica gel (1.6 x 23 cm), using first 5% 
EtOAc-hexane (200 mL) and then 15% EtOAc-hexane, gave 131 [47 
mg, 5 9% or 7 6% after correction for recovered starting
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material (19 mg)]. The material was spectroscopically 
identical to that obtained in the previous experiment.

Ethyl Hydrogen (la,3E,4a,7Jl*)- or (la, 3Z, 4a, 7S* )-2-[7- 
Ethenyl-2-oxo-7-
[(triethylsilyl)oxy]bicyclo[2 .2 .1 ]heptan- 2 - 
ylidene]propanedloate (137).

OSiEt

131

OSiEt-

137

LiOH (1.0 N, 938 |iL, 0.938 mmol) was added dropwise to a 
stirred and cooled (0 °C) solution of 131 (330 mg, 0.782 
mmol) in MeOH (10 mL) . After 12 h, the cold bath was 
removed, and stirring was continued 12 h. The solvent was 
evaporated, and the residue was acidified to pH 1 with 10% 
hydrochloric acid and extracted with Et20 (100 mL) . The 
organic extract was washed with brine (10 mL) , dried (MgS0 4) , 
and evaporated. Flash chromatography of the residue over 
silica gel (1.6 x 28 cm), using 10:16:24 MeOH-EtOAc-hexane, 
gave 137 (278 mg, 90%) as a pale yellow oil, which was a
single compound, of unassigned stereochemistry: FTIR (CH2CI2
cast) 2750-3600 (br), 1786 1740 cm-1; LH NMR (CD2CI2 , 400 MHz) 
5 0.64 (q, J = 7.9 Hz, 6H), 0.93 (t, J *  7.9 Hz, 9H), 1.26 

(t, J = 6.9 Hz, 3 H), 1.52-1.63 (m, 2 H), 2.19-2.45 (m, 2 H),
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2.66-2.73 (m, 1 H), 3.83-3.91 (m, 1 H) , 4.22 (q, J = 6.9 Hz,
2 H), 5.19-5.27 (m, 2 H), 6.04, J =  17.7, 10.8 Hz, 1 H); 13C 
NMR (CD2C12, 100.6 MHz) 5 6.6 (C), 7.0 (q‘), 13.8 (q‘), 23.4

(t'>, 26.5 (t'), 51.1 (d 1 ) , 57.0 (d'), 62.5 (t'), 84.2 (s'),
119.5 (c '), 125.4 (s'), 138.4 (d'), 151.4 (s'), 167.2 (s'),
168.7 (s'), 201.9 (s'); exact mass (electrospray) m/z calcd 
for C20H3oNaOgSi (M + Na) 417.1709, found 417.1711.

(la, 2a, 4a, 7J?*) - and (la, 2p, 4a, 7R* )-7-Ethenyl-3- 
hydroxy-7-[(triathylsilyl)oxy]blcyclo[2.2.l]heptan-2- 
ona (144a).

OSiEt.

119

OSiEt-

HO

144a

A solution of ketone 119 (500 mg, 1.88 mmol) in THF (10 
mL, plus 2 x 0.6 mL as a rinse) was added dropwise to a 
stirred and cooled (-78 °C) solution of LDA [prepared by 
addition of n-BuLi (2.5 M in hexane, 1.0 mL, 2.500 mmol) to a 
stirred and cooled (0 °C) solution of (i-Pr)2NH (330 jiL, 2.52 
mmol) in THF (5 mL) , followed by stirring at 0 °C for 15 
min] . The mixture was stirred at -78 °C for 1 h and then 
transferred to a dry ice/CCl4 bath at -23 °C. Freshly 
prepared solid MoOs«py«HMPA (1.46 g, 3.37 mmol) was added in 
one portion with vigorous stirring. Stirring at -23 °C was
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continued for 0.5 h, and the mixture was quenched with 
saturated aqueous Na2S03 solution (10 mL) , allowed to warm to 
room temperature over ca. 10 min, diluted with brine (20 mL), 
and extracted with Et20 (2 x 50 mL). The combined organic 
extracts were washed with aqueous 5% HC1 (10 mL) and brine 
(10 mL), dried (MgS0 4 ), and evaporated. Flash chromatography 
of the residue over silica gel (1.6 x 28 cm), using 10% 
EtOAc-hexane, gave 144a [453 mg, 85% or 91% after correction 
for recovered starting material (35 mg)] as a colorless oil: 
FTIR (CH2C12 cast) 3428, 1758 cm"1; LH NMR (CD2Cl2, 400 MHz) 5

0.58-0.65 (m, 6H), 0.95 (t, J - 7.9 Hz, 9 H), 1.43-1.51 (m,
1H), 1.89-2.02 (m, 2 H), 2.22-2.32 (m, 1 H), 2.42-2.48 (m, 1 
H) , 2.66 (d, J = 5.1 Hz, 1 H) , 3.23 (br s, 1 H) , 4.00 (dd, J 
= 4.8, 0.9 Hz, 1 H), 5.20 (dd, J = 17.7, 0.5 Hz, 1 H), 5.24 
(dd, J = 10.7, 0.5 Hz, 1 H), 6.14 (dd, J = 17.7, 10.7 Hz, 1 
H) ; 13C NMR (CD2Cl2 , 100.6 MHz) 5 6.7 (t‘), 7.0 (q1), 18.6

(t'), 25.8 (t ’), 50.1 (d‘), 56.8 (d‘), 75.4 (d’), 82.5 (s’),
118.7 (t ’) , 138.6 <d'); exact mass (electrospray) m/z calcd
for C15H26Na03Si (M + Na) 305.1549, found 305.1543.
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(Anti)-7-Eth«nyl-7-
[(triethylsilyl)oxy]bicyclo[2 .2 .1 ]h«ptan> 2 ,3 -dione 
(142 ) .

OSiEt.

HO

OSiEt-

142

A solution of 144s (360 mg, 1.28 mmol) in CH2CI2 (7 mL, 
plus 3 x 0.5 mL as a rinse) was added dropwise to a stirred 
solution of Dess-Martin reagent (700 mg, 1.66 mmol) in CH2CI2 
(8 mL) . Stirring was continued for 0.5 h, and Et20 (40 mL) 
was added, followed by saturated aqueous NaHC03 (20 mL) 
containing Na2S203 (2.52 g) . The mixture was stirred for 5 
min, and extracted with Et20 (100 mL) . The organic extract 
was washed with saturated aqueous NaHC03 (10 mL) , water (10 
mL) and brine (10 mL) , dried (MgSC>4) , and evaporated. Flash 
chromatography of the residue over silica gel (1.6 x 26 cm), 
using 5% EtOAc-hexane, gave 142 (33 9 mg, 9 5%) as a yellow 
solid: mp 38-41 °C; FTIR (CH2C12 cast) 1782, 1758 cm'1; lH
NMR (CD2C12, 400 MHz) 8 0.60-0.67 (m, 6 H), 0.96 (t, J =  7.9

Hz, 9 H), 1.68-1.75 (m, 2 H), 2.35-2.44 (m, 2 H), 3.01 (dd, J 
=3.2, 2.5 Hz, 2 H), 5.24 (d, J = 17.7 Hz, 1 H), 5.32 (d, J -

10.8 Hz, 1 H), 6.13 (dd, J = 17.7, 10.8 Hz, 1 H); 13C NMR 
(CD2C12, 100.6 MHz) 8 6.6 (t‘), 7.0 (q‘), 23.5 (t'), 58.7

(d ' ) , 81.3 (s'), 120.7 (f), 138.4 (d1 ) , 200.6 (s'); exact
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mass (electrospray) m/z calcd for Cisf^NaChSi (M +■ Na)
3C3.13 92, found 303.1397.

(Exo,anti)- and (£ado,aati)>3-[7-Ethanyl-3>bydroxy-2- 
oxo-7-[(trlathylallyl)oxy]bicyclo[2 .2.1 ]haptan- 3 - 
yl ] dihydro -2 ( 3JT)-furanona (148a and 148b).

OSiEt' OSiEt-

HO

148b

y-Butyro lac tone (34 )lL, 0.44 mmol) in THF (0.2 mL, plus 

2 x 0 .2 mL as a rinse) was added dropwise to a stirred and 
cooled (-78 °C) solution of LDA [prepared by addition of n- 
3uLi (2.5 M in hexane, 160 )1L, 0.400 mmol) to a stirred and 
cooled (0 °C) solution of (i-Pr)2NH (60 )lL, 0.45 mmol) in THF 
(0.5 mL) , followed b y  stirring at 0 °C for 15 min]. Stirring 
at -7 8 °C was continued for 3 0 min, and then diketone 142 
(103 mg, 0.368 mmol) in THF (0.2 mL, plus 2 x 0.2 mL as a 
rinse) was added dropwise. Stirring at -78°C was continued 
for 3 0 min, and the mixture was quenched with saturated 
aqueous NH4CI (0.3 mL) and allowed to warm to room 
temperature over ca. 15 min. Water (0.3 mL) was added and 
the mixture was extracted with Et2<3 (30 mL) . The organic
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extract: was washed with brine (5 mL) , dried (MgSOij) , and 

evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 25 mL), using 30% EtOAc-hexane, gave 148a (36 mg,
27%) and 148b (72 mg, 53%) as crystalline solids whose 
stereochemistry was not established.

Compound 148a had: mp 124-127°C; FTIR (CH2CI2 cast)
3466, 1751 cm"1; 1H NMR (CD2C12 400 MHz) 8 0.55-0.66 (m, 6 H) ,

0.95 (t, J = 7.9 Hz, 9 H), 1.46-1.56 (m, 1 H), 1.75-1.85 (m,
1 H), 2.14-2.29 (m, 2 H), 2.36-2.49 (m, 2 H), 2.72-2.88 (m, 4
H), 4.11-4.18 (m, 1 H), 4.25-4.34 (m, 1 H), 5.34-5.42 (m, 2
H) , 6.41 (dd, J = 18.0, 10.8 Hz, 1 H) ; 6.6 (t'J, 7.0 (q‘),
22.5 (t'), 23.4 (t'), 23.6 (t'), 42.9 (d'), 56.2 (d'), 56.7
(d'), 67.8 (t’), 79.2 (s'), 84.2 (s'), 120.0 (f), 140.9
(d '), 17 6.1 (s'), 214.7 (s'); exact mass m/z calcd for 
Ci9H30O5Si 366.1863, found 366.1867.

Compound 148b had: mp 125-126.5°C; FTIR (CH2CI2 cast)
3460, 1770 cm'1; LH NMR (CD2CI2 . 400 MHz) 8 0.56-0.64 (m, 6 

H), 0.94 (t, J = 7:9 Hz, 9 H), 1.48-1.55 (m, 1 H), 1.59-1.67
(m, 1 H), 2.14-2.22(m, 1 H), 2.25-2.45 (m, 4 H), 2.65 (s, 1
H) , 2.74 (t, J = 8.6 Hz, 1 H) , 2.82 (dd, J = 5.0, 1.7 Hz, 1
H), 4.15-4.22 (m, 1 H), 4.26-4.33 (m, 1 H), 5.28 (dd, J =

10.8, 0.5 Hz, 1 H), 5.32 (dd, J = 18.0, 0.5 Hz, 1 H), 6.32
(dd, J = 18.0, 10.8 Hz, 1 H) ; 13C NMR (CD2CI2 , 100.6 MHz) 8

" 6.6 (t1), 7.0 (q‘), 22.3 (t')f 22.9 (t'), 26.4 (t'), 44.8
(d '), 56.0 (d'), 57.2 (d'), 67.2 {t ■), 79.7 (s'), 83.7 (s'),
118.9 (f), 140.0 (d'), 175.3 (s'), 211.9 (s'); exact mass 
m/z calcd for Cig^pOsSi 366.1863, found 366.1864.
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(la,3E , 4a,7**)-3-[7-Ethenyl-2-oxo-7-
[(triethylsilyl)oxy]bicyclo [2 .2 .1 ]heptan-3- 
ylidene] dihydro- 2 (3H) •furanona (14 9a) .

OSiEt3 ■3

O'

o
148a 149b

SOCI2 (334 )XL, 0.453 mmol) was added dropwise to a
stirred solution, of 148a (33.0 mg, 0.092 mmol) in pyridine
(0.4 mL), and stirring was continued for 12 h. The mixture
was cooled (0 °C) , water (0.5 mL) was added dropwise, and the
mixture was extracted with EtOAc (30 mL) . The organic 
extract was washed with 5% hydrochloric acid (5 mL) , 
saturated aqueous NaHC03 (5 mL), water (5 mL) and brine (5 
mL) , dried (Na2S0 4 ) , and evaporated. Flash chromatography of 
the residue over silica gel (1.6 x 23 cm), using 10% EtOAc- 
hexane, gave 149a (28 mg, 89%) as a pale yellow oil: FTIR
(CH2C12 cast) 1759, 1732 cm"1; XH NMR (CD2C12, 400 MHz 8 0.58-

0.65 (m, 6 H), 0.95 (t, J = 7.9 Hz, 9 H), 1.42-1.56 (m, 2 H), 
2.21-2.31 (m, 1 H), 2.35-2.45 (m, 1 H), 2.71 (dd, J = 4.8,
1.7 Hz, 1 H), 3.16-3.22 (m, 2 H), 4.07 (dd, J = 4.3, 1.4 Hz,
1 H) , 4.32-4.38 (m, 2 H) , 5.18 (dd, J = 10.7, 0.9 Hz, 1 H),
5.20 (dd, J- = 17.7, 0.9 Hz, 1 H) , 6.02 (dd, J = 17.7, 10.8
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Hz, 1 H) ; 13C NMR (CD2CI2 , 100.6 MHz) 5 6.6 (t1), 7.0 (q-),

23.3 (f), 26.8 (f), 28.3 (f), 49.1 (d') , 57.7 (d‘ ) , 66.7
(f), 84.6 (s'), 119.2 (f), 125.1 (s'), 138.6 (d‘), 146.8
(s'), 171.3 (s'), 205.1 (s'); exact mass m/z calcd for
CigH23O4Si 348.1757, found 348.1764.

(la,3E, 4a, 7R*)-3-[7-Efchanyl-2-oxo-7- 
[(triefchylsilyl)oxy]bicyelo[2.2.1J htptan-3- 
ylidene] dihydro-2 ( 3H) -furanon* (149a) .

SOCI2 (55 |XL, 0.75 minol) was added dropwise to a stirred 
solution of 148b (27.6 mg, 0.075 mmol) in pyridine (0.4 mL) , 
and stirring was continued for 30 h. The mixture was cooled 
(0 °C) , water (0.5 mL) was added dropwise, and the mixture 
was extracted with EtOAc (3 0 mL) . The organic extract was 
washed with 5% hydrochloric acid (5 mL), saturated aqueous 
NaHC03 (5 mL) , water (5 mL) and brine (5 mL) , dried (Na2S0 4 ) , 
and evaporated. Flash chromatography of the reside over 
silica gel (1.6 x 23 cm), using 10% EtOAc-hexane, gave 149a 
[10 mg, 40% or 50% after correction for the recovered

148b 149a
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starting material (5.5 mg)].

(Anti)-7-Eth«nyl-3-[3 - [ [ (1,l-
diInethyl•thyl )diphenylally1]oxy]-1-[[[(1,1- 
dimethylethyl)diphenylailyl]oxy]atthyl]propyl]- 3 - 
hydroxy-7-[(triathylailyl)oxy]bicyclo[2.2.1]haptan-2 
one (150) .

OSiEt.

HO
HO

148b

A solution of 148b (58.0 mg, 0.158 mmol) in THF (0.3 mL, 
plus 2 x 0 . 1  mL as a rinse) was added dropwise to a stirred 
and cooled (0°C) suspension, of LiAlH4 (30.1 mg, 0.792 mmol) 
in THF (0.8 mL). Stirring was continued for 30 min, the ice 
bath was removed, and stirring was continued for 1 h. The 
mixture was quenched by careful addition of MeOH (0.2 mL) , 
followed by saturated aqueous NaHC03 (0.2 mL) . The mixture 
was stirred for 5 min, filtered through a pad (1 cm x 2 mm) 
of Celite, using EtOAc, and evaporated, to give the expected 
alcohol.

t-BuPh2SiCl (79 nL, 0.3 0 mmol) was added dropwise to a 
stirred solution of the above alcohol and imidazole (38.0 mg.
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0.557 mmol) in CH2CI2 (1.5 mL) . Stirring was continued for 3 

h, and the solvent was evaporated. Flash chromatography of 
the residue over silica gel (1.6 x 28 cm), using 5% EtOAc-
hexane, gave 150 (83 mg, 62%) as a colorless oil, which was a
single compound of unassigned stereochemistry: FTIR (CH2CI2
cast) 3519, 3425 cm*1; 1H NMR (CD2CI2 , 400 MHz) 5 0.55-0.62 

(m, 6 H) , 0.94 (t, J = 7.9 Hz, 1 H) , 0.97 (s, 9 H) , 0.99 (s,
9 H), 1.31-1.39 (m, 1 H), 1.60-1.66 (m, 1 H), 1.70-1.96 <m, 4 
H), 2.01-2.05 (m, 1 H), 2.19-2.22 (m, 1 H), 2.92 (d, J = 10.0
Hz, 1 H), 3.25-3.33 (m, 2 H), 3.55 (dd, J = 10.9, 3.4 Hz, 1
H), 3.58-3.65 (m, 1 H), 3.96 (dd. J = 11.0, 2.1 Hz, 1 H),
4.43 (s, 1 H), 5.19 (dd, J =  10.8, 1.6 Hz, 1 H), 5.40 (dd, J 
= 17.8, 1.6 Hz, 1 H) , 6.52 (dd, J = 17 .8 , 10.8 Hz, 1 H) ,
7.24-7.65 (m, 20 H) ; 13C NMR (CD2CI2 , 100.6 MHz) 5 7.0 (t'),

7.2 (q'), 19.3 (s'), 19.4 (s'), 21.1 (t‘), 25.9 (t‘), 27.0
(q1), 28.4 (t‘), 41.6 (d1), 49.4 (d1), 54.6 (d'), 61.3 (t'),
63.0 (t1), 80.7 (d’), 82.7 (s'), 87.9 (s'), 116.0 (t'), 128.0 
(d'), 128.1 (d'), 128.2 (d'), 130.0 (d’), 130.3 (d'), 130.4
(d'), 132.6 (s’), 132.7 (s'), 134.11 (s'), 134.14 (s'),
135.90 (d'), 135.92 (d1), 136.09 (d1), 136.12 (d1), 142.2 
(d ’ ) ,* exact mass (electrospray) m/z calcd for C5iH72NaOsSi3 (M 
+ Na) 871.4585, found 871.4592.
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Methyl (anti)-2- [7-Eth«nyl-3-hydroxy-2-oxo-7- 
[(triethyleilyl)oxy]bicyclo[2 .2 .l]h«pt-2 -yl]- 3 - 
hydroxypropanoate (160a and 160b) and ( l a ,  2 a ,  4 a ,  7H* ) - 
and ( l a ,  2 ( 3 ,  4 a , 7 j?*)  -7-Ethenyl-3-hydroxy-7- 
C (triethyl silyl) oxy] bicyclo [2 .2 .1 ] hep tan-2 -one (161) .

OSiEt.

HO

1 5 9142

OSiEt. OSiEt-
HO

HO HO

160a 160b 161

A solution of 159 (61.3 mg, 0.589 mmol) in THF (0.2 mL, 
plus 2 x 0 . 1  mL as a rinse) was added dropwise to a stirred 
and cooled (-7 8 °C) solution of LDA [prepared by addition of 
n-BuLi (2.5 M in hexane, 471 )IL, 1.18 mmol) to a stirred and 
cooled (0 °C) solution of (i-Pr>2NH (155 |XL, 1.18 mmol) in 
THF (0.6 mL) , followed by stirring at 0 °C for 15 min] . 
Stirring at -78 °C was continued for 40 min, and then 
diketone 142 (110 mg, 0.393 mmol) in THF (0.2 mL, plus 2 x 
0.1 mL as a rinse) was added dropwise. Stirring at -78 °C 
was continued for 10 min, and the mixture was quenched with 
saturated aqueous NH4CI (0.5 mL) and allowed to warm to room 
temperature over ca. 15 min. Water (0.3 mL) was added and 
the mixture was extracted with EtOAc (50 mL) . The organic 
extract was washed with brine (5 mL) , dried (MgS0 4 ), and 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 27 cm), using 20% EtOAc-hexane, gave 161 (20 mg,
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18%; a mixture of two isomers), 160* (44 mg, 29%; a mixture 
of chree isomers) and 160b (59 mg, 3 9%; a mixture of two 
isomers) as colorless oils.

Fraction 161 had: FTIR (CH2CI2 cast) 3425, 1757 cm'1;
■H NMR (CD2C12, 400 MHz) 8 0.56-0.65 (m, 6 H) , 0.94 (t, J =

7.9 Hz, 5.0 H), 0.95 (t, J = 7.9 Hz, 4.0 H), 1.3 6-1.54 (m, 2 
H) , 1.89-2.03 (m, 1.5 H) , 2.09-2.19 (m, 0.70 H) , 2.23-2.33
(m, 1.2 H), 2.34-2.40 (m, 0.88 H), 2.43-2.48 (m, 0.40 H),
2.67 (d, J = 4.9 Hz, 0.84 H), 3.62 (d, J = 7.2 Hz, 0.46 H),
4.00 (br s, 0.39 H), 5.17-5.28 (m, 0.88 H), 5.31 (s, 0.50 H),
5.35 (d, J = 7.2 Hz, 0.50 H) , 6.14 (dd, J" = 17.7, 10.8 Hz,
0.39 H) , 6.28 (dd, J = 17.8, 10.8 Hz, 0.50 H) ; 13C NMR
(CD2C12, 100.6 MHz) 5 6.6 (t1), 6.7 (t ’), 7.0 (q1), 18.5 (t1),

21.9 (f), 25.4 (f), 25.9 (f), 50.0 (d1 ) , 52.5 (d1), 56.2
(d1), 56.7 (d'), 75.5 (d'), 78.5 (d'), 82.5 (s'), 85.1 (s’),
118.7 (t'), 119.7 (t'), 138.6 (d‘), 140.0 (d1); exact mass
(electrospray) m/z calcd for Ci5H26Na03Si (M + Na) 305.1549, 
found 3 05.1552.

Fraction 160* had: FTIR (CH2C12 cast) 3450, 1744 cm'1;
'-H NMR (CD2C12, 400 MHz) 5 0.53-0.63 (m, 6 H) , 0.88-0.97 (m, 9

H) , 1.43-1.55 (m, 1.0 H), 1.60-1.86 (m, 2.0 H) , 2.22-2.46 (m,
2.0 H) , 2.75-2.81 (m, 0.33 H) , 2.89-2.95 (m, 0.14 H) , 3.21
(s, 0.71 H), 3.38-3.47 (m, 0.88 H), 3.54 (s, 0.71 H), 3.60-
3.75 (m, 2.94 H), 3.78-3.95 (m, 0.29 H), 3.96-4.05 (m, 0.71 
H) , 4.09-4.18 (m, 1.0 H), 5.21-5.52 (m, 2.0 H) , 6.23-6.37 (m,
0.29 H) , 6.60 (dd, J = 17.9, 10.9 Hz, 0.71 H) ; 13C NMR 
(CD2C12, 100.6 MHz) 5 6.7 (t1), 6.8 (f), 6.9 (t1), 7.01 (q') ,
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7.07 (q'), 7.1 (qV), 20.4 (t'), 21.0 (t'), 21.2 (f), 22.5
(t'), 22.7 (t'), 23.7 (f), 49.6 (d’) or (q'), 50.1 (d • ) or
(a'). 52.0 (d' ) or (q‘) , 52.2 (d') or (q') , 52.4 (d') or
(q'), 53.0 (d') or (q'), 54.1 {d ') or (q'), 54.6 (d') or
(q'), 54.6 (d 1) or (q‘), 57.1 (d') or (q') , 57.4 (d ') or
(q'), 60.8 (t'), 66.2 (f), 68.9 (t'), 80.6 (s'), 81.7 (s'),
84.0 (s'), 86.1 (s'), 89.6 (s'), 108.6 (s'), 110.2 (s'),
118.1 (t'), 118.4 (t'), 118.6 (t'), 139.8 (d‘) , 140.3 (d') ,
141.7 (d'), 171.2 (s'), 171.7 (s'), 172.8 (s'), 214.2 (s');
exact mass (electrospray) m/z calcd for Cigl^NaOgSi (M + Na) 
407.1866, found 407.1868.

Fraction 160b had: FTIR (CH2CI2 cast) 3455, 1757, 1720 
cm"1; XH NMR (CD2C12, 400 MHz) 5 0.52-0.65 (m, 6 H) , 0.88-0.94 

(m, 9 H), 1.18-1.26 (m, 0.37 H), 1.47-1.58 (m, 1.20 H), 1.62-
1.69 (m, 0.37 K), 1.77-1.86 (m, 0.37 H), 1.93-2.04 (m, 0.37
H), 2.12-2.32 (m, 2.86 H), 2.46 (dd, J = 5.0, 1.8 Hz, 0.37
H) , 2.71 (dd, J = 9.0, 4.7 Hz, 0.63 H) , 2.75 (dd, J = 5.1,
1.3 Hz, 0.63 H) , 3'. 08 (s, 0.37 H) , 3.19 (t, J = 10.5 Hz, 0.37
H) , 3.44 (s, 0.37 H) , 3.73 (s, 3 H) , 3.82 (dd, <7= 10.8, 4.6
Hz, 0.63 H), 3.92 (dd, J = 10.8, 9.4 Hz, 0.37 H), 3.95-4.02
(m, 0.63 H) , 4.26 (t, J =  9.8 Hz, 0.37 H) , 4.40 (s, 0.63 H) ,
5.11-5.18 (m, 1.26 H), 5.42 (dd, J = 10.9, 1.4 Hz, 0.37 H),
5.60 (dd, J = 18.1, 1.3 Hz, 0.37 H), 6.28 (dd, J = 17.7, 10.8
Hz, 0.63 H) , 6.66 (dd, J = 18.1, 10.9 Hz, 0.37 H) ; 13C NMR
(CD2C12, 100.6 MHz) 5 6.7 (t'), 6.8 (t'), 7.0 (q'), 21.3 (t'),

22.0 {t') , 22.6 (t ') , 23.0 (t'), 49.3 (d') or (q') , 52.2 (d')
or (q ') , 52.6 (d ') or (q‘) , 53.3 (d‘) or {q ') , 54.68 (d') or
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(q ' ), 54.73 (d‘ or q ‘), 55.3 (d’ or q ‘) 55.1 {d ') or (q1) ,
79.5 (s'), 34.3 (s'), 85.3 (s'), 88.4 (s'), 111.0 (s'), 116.9 
(f), 120.0 (f), 140.1 (d'), 141.6 (d'), 171.5 (s'), 175.3 
(s'), 213.9 (s'); exact mass (electrospray) m/z calcd for 
CiSH32NaOgSi (M + Na) 407.1866, found 407.1866.

Methyl (anti)-3-[ [ (1 ,1 -
Dimethylethyl)diphenylsllyl]oxy]-2 -[7-ethenyl-3- 
hydroxy-2-oxo-7-
[(triethylsilyl)oxy]bicyclo[2 .2 .1 ]hept-2 -yl]propanoate 
(162b).

OSiEt-
HO

HO HO

160b 162b

t-BuPh.2Si.Cl (47 |iL, 0.18 mmol) was added dropwise to a 
stirred solution of 160b (a mixture of two isomers, 58.0 mg, 
0.151 mmol) and imidazole (22.6 mg, 0.333 mmol) in CH2CI2 (1.5 
mL). Stirring was continued for 1 h, and the solvent was 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 28 cm), using 5% EtOAc-hexane, gave 162b (86 mg, 
92%) as a colorless oil, which was a single isomer of 
unassigned stereochemistry: FTIR (CH2CI2 cast) 3451, 1757,
1719 cm'1; lH NMR (CD2C12, 300 MHz) 8 0.51-0.61 (m, 6 H) , 0.91 

(t, J- = 7.8 Hz, 9 H) , 1.02 (s, 9 H) , 1.34-1.44 (m, 1 H) ,
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i.92-2.16 (m, 3 H) , 2.70 (dd, J = 10.4, 5.3 Hz, 1 H) , 3.74- 
3.31 [m, including s (3 H) at 6 3.78. 4 H in all], 4.12 (t, J

= 10.3 Hz, 1 H) , 4.45 (s, 1 H) , 5.07-5.10 (m, 1 H) , 5.14 (dd,
J- = 3.5, 0.7 Hz, 1 H) , 6.22 (dd, J- = 17.7, 10.7 Hz, 1 H) ,
7.33-7.50 (m, 6 H) , 7.63-7.72 (m, 4 H) ; i3C NMR (CD2CI2 , 100.6
MHz) 5 6.7 (f), 7.0 (q'), 19.3 (s'), 21.7 (t'), 23.1 (f),

26.8 (q1 ) , 49.6 (d1 ) or (q1 ) , 52.5 (d‘) or (q') , 54.5 (d') or 
(q' ) , 56.0 (a') or (q‘) , 62.2 (f), 79.0 (s'), 84.9 (s'),
116.8 (t'), 128.2 (d'), 130.2 (d'), 130.3 (d'), 133.3 (s'),
133.6 (s'), 135.9 (d'), 136.0 (d') , 140.1 (d1), 175.7 (s'),
214.2 (s'); exact mass (electrospray) m/z calcd for
C35H50NaO6Si2 (M + Na) 645.3044, found 645.3041.

Methyl (anti)-3-[[(1,1-
Dimethylethyl)diphenylsilyl]oxy]-2 -[7-ethenyl-3- 
hydroxy-2 -oxo-7-
[(triethylsilyl)oxy]bicyclo[2 .2 .1 ]hept-2 -yl]propanoate 
(162a).

OSiEt
HO

HO HO

160a

t-BuPh.2SiCl (34 |iL, 0.13 mmol) was added dropwise to a 
stirred solution of 160a (a mixture of three isomers, 44.0 
mg, 0.115 mmol) and imidazole (17.2 mg, 0.252 mmol) in CH2CI2
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(1.2 mL). Stirring was continued for 2 h, and the solvent 
was evaporated. Flash chromatography of the residue over 
silica gel (1.6 x 26 cm), using 3% EtOAc-hexane, gave 162a 
(55 mg, 92%) as a colorless oil. The material was a single 
isomer and was only slightly contaminated by t-BuPh.2SiOH (1H 
NMR): FTIR (CH2CI2 cast) 3479, 1755 cm*1; NMR (CD2C12, 300
MHz) 5 0.53-0.63 (m, 6 H), 0.93 (t, J =  7.9 Hz, 9 H), 1.02

(s, 9 H) , 1.27-1.40 (m, 1 H) , 1.62-1.72 (m, 1 H) , 2.01-2.28 
(m, 3 H), 2.67 (dd, J = 4.9, 1.4 Hz, 1 H), 2.78 (dd, J = 8.6,
4.6 Hz, 1 H), 3.45 (s, 1 H), 3.75 (s, 3 H), 4.21-4.37 (m, 2 
H), 5.11-5.20 (m, 2 H), 5.28 (dd, J = 17.9, 10.7 Hz, 1 H), 
7.35-7.48 (m, 6 H) , 7.61-7.68 (m, 4 H) ; L3C NMR (CD2Cl2, 100.6 
MHz) 5 6.7 (f), 7.0 (q'), 19.3 (s'), 22.3 (t'), 22.6 (t'),

26.9 (q'), 50.9 (d') or (q'), 52.2 (d') or (q'), 57.0 (d') or 
(q'), 57.3 (d') or (q') , 62.3 (t'), 79.8 (s'), 84.2 (s'),
117.5 (t'), 128.0 (d'), 130.1 (d'), 130.2 (d'), 133.5 (s'),
133.7 (s'), 135.95 (d'), 136.00 (d') , 140.2 (d') , 173.8 (s'),
212.3 (s'); exact mass (electrospray) m/z calcd for
C35H50NaOsSi2 (M * N*) 645.3044, found 645.3041.
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Methyl (la,3Z,4a,7H*)-3-[[(l,l-

Dimethylethyl)dlphenylellyl]oxy] - 2 - [ 7 -ethenyl-2-oxo-7 
[(triethylsilyl)oxy]bicyclo[2.2.1]hepten*2 - 
ylidene]propenoete (163).

SOCI2 (50 jiL, 0.69 mmol) was added dropwise to a stirred 
solution of 162b (86.0 mg, 0.138 mmol) in pyridine (1 mL) .
Stirring was continued for 8 h. The mixture was cooled (0
°C)  , water (0.5 mL) was added dropwise, and. the mixture was 
extracted with EtOAc (30 mL). The organic extract was washed 
with 5% HCl (5 mL), saturated aqueous NaHC03 (5 mL), water (5 
mL) and brine (5 mL) , dried (MgS0 4) , and evaporated. Flash 
chromatography of the residue over silica gel (1.6 x 28 cm), 
using 10% EtOAc-hexane, gave 163 (76 mg, 91%) as a colorless 
oil: FTIR (CH2CI2 cast) 1738 cm'1; 1H NMR (CD2CI2 , 400 MHz) 5

0.58 (q, J = 7.8 Hz, 6 H) , 0.92 (t, J = 7.8 Hz, 9 H) , 1.03
(s, 9 H), 1.34-1.41 (m, 1 H), 1.46-1.54 (m, 1 H), 2.12-2.23
(m, 2 H) , 2.63 (d, J = 3.2 Hz, 1 H) , 2.77-2.80 (m, 1 H) , 3.77
(s, 3 H) , 4.42 (d, J = 1.9 Hz, 2 H) , 5.17-5.28 (m, 2 H) , 5.95
(dd, J = 17.7, 10.8 Hz, 1 H), 7.40-7.49 (m, 6 H) , 7.65-7.71
(m, 4 H) ; 13C NMR (CD2CI2 , 100.6 MHz) 8 6.6 (t‘), 7.0 (q1 ) ,

19.4 (s'), 23.2 (t1), 26.6 (f), 26.7 (q1 ) , 49.2 (d') or

f-BuPh2SiO f-BuPh2SiO

162b 163
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(q‘ ) , 52.3 (d') or. (q') , 57.4 (d’) or (q’) , 62.5 (f), 84.6
(s'), 119.3 (f), 128.2 (d'), 130.3 (d'), 133.1 (s'), 134.3
(s'), 135.9 (d ’ ) , 138.1 (d’ ) , 139.1 (s'), 168.4 (s'), 201.2
(s'); exact mass (electrospray) m/z calcd for C3sH4gNa0 5Si2 (M
+ Ma) 627.2938, found 627.2942.

Methyl (la,2p,3Z,4a,7S*)-3-[ [(1,1-
Dimsthylsthyl) diphenyls ilyl] oxy ] - 2 - [7-ethenyl-2- 
hydroxy-7-[(triethylsilyl)oxy]bicyclo[2.2.l]heptan-2- 
y1idene]propanoate (164b) a nd Methyl 
(la, 2a,3Z,4a,7M*) - 3- [ [(1, 1-
Dimethylethyl)diphenylsilyl]oxy]- 2 - [7-ethenyl-2- 
hydroxy-7-[(triethylsilyl)oxy]bic y c l o [2.2.l]hept«n-2- 
ylidene]propenoete (164s).

OSiEt3 OSiEt

HO

HO

163 164b 164s

NaBH4 (14.3 mg, 0.378 mmol) was added in three portions
to a stirred and cooled (0 °C) mixture of 163 (76.0 mg, 0.126
mmol) and CeCl3«7H20 (70.3 mg, 0.189 mmol) in dry MeOH (2 mL) .
Stirring at 0 °C was continued for 0.5 h, the cold bath was
removed, and stirring was continued for 1.5 h. The mixture 
was then diluted with EtOAc (5 mL) and water (1 mL) , and 
extracted with EtOAc (30 mL) . The organic extract was washed

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



2 5 7

with brine (5 mL) , dried (Na2SC>4 ) , and evaporated. Flash 

chromatography of the residue over silica gel (1.6 x 26 cm),
using 5% EtOAc-hexane, gave 164* (14 mg, 19%) and 164b (52.7
mg, 69%) as colorless oils. Compound 164* had: FTIR (CH2CI2
cast) 3474, 1696 cm'1; LH NMR (CD2CI2 , 400 MHz) 5 0.58-0.65

(m, 6 H) , 0.96 (t, J = 7.9 Hz, 9 H) , 1.04 (s, 9 H) , 1.34-1.41
(m, 1 H) , 1.84-1.94 (m, 1 H) , 1.97-2.05 (m, 1 H) , 2.17-2.30 
(m, 2 H) , 3 .07 (d, J = 4.7 Hz, 1 H) , 3.58 (s, 3 H) , 4.3 6 (s,
2 H) , 4.60 (br s, 1 H) , 4.92 (d, J = 2.5 Hz, 1 H) , 5.16 (dd,
J = 10.8, 1.1 Hz, 1 H) , 5.3 8 (dd, J = 17.7, 1.1 Hz, 1 H) ,
5.99 (dd, J = 17.7, 10.8 Hz, 1 H), 7.37-7.48 (m, 6 H), 7.66- 
7.72 (m, 4 H) ; 13C NMR (CD2CI2 , 100.6 MHz) 5 6.8 (t'), 7.1

(q'), 19.3 (f), 19.5 (s'), 26.9 (q') , 27.8 (t'), 49.8 (d') 
or (q'), 51.9 (d') or (q*), 52.0 (d') or (q‘), 61.2 (t‘),
70.9 (d') , 84.5 (s'), 118.7 (t'), 122.5 (s'), 127.9 (d') ,
128.0 (d'), 130.0 (d'), 130.1 (d'), 133.9 (s'), 136.05 (d'),
136.09 (d') , 138.2 (d’) , 169.1 (s'), 171.7 (s'); exact mass 
(electrospray) m/z calcd for C35H5oNaOsSi2 (M + Na) 629.3095, 
found 62 9.3096.

Compound 164b had: FTIR (CH2C12 cast) 3485, 1698 cm'1;
1H NMR (CD2C12, 400 MHz) 5 0.59-0.65 (m, 6 H) , 0.96 (t, J =

7.9 Hz, 9 H) , 1.04 (s, 9 H) , 1.18-1.28 (m, 2 H) , 2.03-2.20 
(m, 3 H) , 3.12 (d, J = 3.2 Hz, 1 H) , 3.61 (s, 3 H) , 4.31 (d,
J = 2.9 Hz, 1 H), 4.35-4.44 (m, 3 H), 5.12 (dd, J = 10.8, 1.1 
Hz, 1 H) , 5.29 (dd, J* = 17.7, 1.1 Hz, 1H). 6.27 (dd, J- =
17.7, 10.8 Hz, 1 H) , 7.35-7.48 (m, 6 H) , 7.68-7.75 (m, 4 H) ;
13C NMR (CD2C12, 100.6 MHz) 8 6.8 (t'), 7.2 (q'), 19.4 (s'),
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25.0 (£’), 26.9 (q1), 27.0 (t'), 50.2 (a') or (q'), 52.0 (d') 
or (q'), 52.1 (d‘) or (q'), 61.3 (t '), 75.6 (d'), 87.2 (s'),
116.8 (f), 123.9 (s'), 127.98 (d1), 128.00 (d1), 130.1 (d' ) ,
133.9 (s'), 136.0 (d *) , 140.4 (d'), 168.9 (s'), 170.0 (s'); 
exact: mass (electrospray) m/z calcd for C 35H5oNaC>5Si2 (M Na) 
629.3095, found 629.3085.

(la, 2(3,3^, 4a, 7S*)-3- [[(1,1-
Dimat hylethyl)dlphenylsilyl]oxy]-2-[7-•thonyl-2- 
hydroxy-7-[(triothylsilyl)oxy]bicyclo[2.2.l]h«ptan-2- 
ylidono]propanoic acid (165) .

OSiEt-

HOzC
HO HO

164b 165

n-PrSLi44 (2.5 M in HMPA, 209 fiL, 0.522 mmol) was added 
dropwise to a stirred solution of 164b (45.0 mg, 0.074 mmol) 
in degassed (by passage of a stream of Ar for 0.5 h) HMPA (3 
mL) . Stirring was continued for 2 h (TLC indicated complete 
reaction), the mixture was poured into ice water (50 mL) 
containing 10% HC1 (2 mL) , and extracted with Et2<3 (4 x 35
mL) . The combined organic extracts were washed with brine
(10 mL) , dried (Na2S0 4) , and evaporated. Flash chromatography 
of the residue over silica gel (1.6 x 28 cm), using 50%
EtOAc-hexane, gave 165 (37 mg, 83%) as a colorless oil: FTIR
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(CH2C12 cast.) 2750-3400 (br) , 1688, 1640 cm"1; 1H NMR (CD2C12
400 MHz) 5 0.54-0.62 (m, 6 H) , 0.94 (t, J = 7.9 Hz, 9 H) , 

1.06 (s, 9 H), 1.11-1.24 (m, 1 H), 2.03-2.14 (m, 2 H), 2.19 
(d, J = 2.5 Hz, 1 H), 2.97 (d, J = 2.4 Hz, 1 H), 4.31 (s, 1
H), 4.40 (d, J = 11.4 Hz, 1H), 4.51 (d, J = 11.4 Hz, 1H),
5.2 0 (dd, J" = 10.8, 1.1 Hz, 1 H) , 5.29 (dd, J = 17.7, 1. 1 Hz 
1 H) , 6.28 (dd, J =  17.7, 10.8 Hz, 1 H), 7.38-7.50 (m, 6 H) , 
7.67-7.75 (m, 4 H) ; 13C NMR (CD2C12, 100.6 MHz) 5 6.8 (f),

7.1 (q1), 19.4 (s'), 24.9 (t'), 26.8 (f), 26.9 (q'), 62.3
(t1), 75.6 (d’), 86.9 (s'), 118.2 (f), 124.0 (s'), 128.19 
(d1), 128.22 (d1), 130.4 (d1), 132.9 (s'), 133.0 (s'), 136.0 
(d'), 136.1 (d'), 140.6 (d‘), 167.1 (s'), 169.1 (s'); exact
mass (electrospray) m/z calcd for C34H48NaOsSi2 (M +• Na) 

615.2938, found 615.2944.
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(4a,7a,7a(},8R* )-3-[[[(l,l-
Dimethylathyl)diphanylsilyl]oxy]methyl]-8-ethenyl- 
5,6,7,7a-tatrahydro-4,7-matbano-8-
[(triathylailyl)oxy]benzo£uran-2(4H) -ona (166) and 
( 3J?*, 7 5*, 9 S * )  - 3, 7, 8- [3 ] Butan [l]yl [4 ] ylidana-3 - [[[(1,1- 
dimethylathyl)diphanylsllyl]oxy]aathyl]-3,4,7,8 -  

tetrahydro-6-[(triathylailyl)oxy]-2H-oxocin-2-one 
(167) .

OSiEt OSiEt-

HO

165 166 167

A solution of 165 (27.3 mg, 0.046 mmol) and Et3N (52 )iL, 
0.3 7 mmol) in CH2CI2 (0.6 mL, plus 2 x 0.2 mL as a rinse), was 
added dropwise to a stirred solution of 2 -chloro-l- 
methypyridinium iodide (48.6 mg (97%), 0.185 mmol) in CH2CI2 
(2 mL). The mixture was refluxed for 3 6 h, cooled to room 
temperature, diluted with Et20 (5 mL) , and filtered through a 
pad (1 cm x 2 mm) of silica gel with Et2 0 . Evaporation of
the filtrate and flash chromatography of the residue over 
silica gel (1.3 x 23 cm), using 5% EtOAc-hexane, gave 167 
(1.6 mg, 6%) and 166 (20 mg, 77%) as colorless oils.
Compound 167 had: 1786, 1643 cm"1; XH NMR (CD2C12, 400 MHz) 8

0.59-0.67 (m, 6 H) , 0.95 (t, J - 7.9 Hz, 9 H) , 1.01 (s, 9 H) ,
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1.56-1.65 (m, 1 H) , 1.95-2.23 (m, 3 H), 2.25-2.41 (m, 2 H) ,
2 .94-2.99 (m, 1 H) , 3 .84 (d, J = 10.0 Hz, 1 H) , 4.02 (d, J" =
10.0 Hz, 1 H) , 4.53 (dd, J = 5.6, 3.0 Hz, 1 H) , 4.74-4.77 (m ,
1 H), 5.75-5.80 (m, 1 H), 7.37-7.47 (m, 6 H), 7.64-7.70 (m, 4
K); 13C NMR (CD2Cl2, 100.6 MHz) §5.4 (t'), 6.8 (q'), 19.5

(s'), 21.9 (f), 23.8 (t ’ ) , 26.9 (q* ) , 38.4 (f), 45.9 (d') ,
53.4 (s), 64.5 (t'), 79.1 (d') , 102.1 (d'), 119.1 (d'), 128.1
(d'), 130.1 (d'), 133.46 (s'), 133.54 (s'), 136.1 (d'), 141.3
(s'), 151.5 (s'), 179.5 (s'); exact mass (electrospray) m/z
calcd for C34H4704Si2 (M + H) 575.3013, found 575.3012.

Compound 166 had: FTIR (CH2C12 cast) 1762, 1686 cm"1;
1H NMR (CD2C12, 400 MHz) 8 0.58 (q' , J = 7.9 Hz, 6 H) , 0.92

(t, J = 7.9 Hz, 9 H), 1.09 (s, 9 H), 1.41-1.49 (m, 1 H),
1.70-1.78 (m, 1 H), 2.08-2.18 (m, 1 H), 2.28-2.37 (m, 1 H),
2.76 (d, J = 4.4 Hz, 1 H) , 3.29 (d, J = 4.4 Hz, 1 H), 4.38
(t, J = 2.4 Hz, 2 H) , 4.54 (t, J = 2.1 Hz, 1 H) , 5.13 (dd, J

= 10.8, 0.9 Hz, 1 H) , 5.18 (dd, J = 17.7, 0.9 Hz, 1 H) , 5.92
(dd, J" = 17.7, 10.8 Hz, 1 H) , 7.38-7.48 (m, 6 H) , 7.65-7.72 
(m, 4 H) ; 13C NMR (CD2Cl2, 100.6 MHz) 5 6.7 (t'), 7.0 (q' ) ,

19.4 (s'), 22.8 (t1), 27.0 (q'), 28.1 (t'), 47.2 (d') , 51.9 
(d1), 59.5 (t '), 86.9 (d’) , 89.5 (s'), 118.9 (t1), 126.7 
(s'), 128.2 (d’) 130.3 (d') , 133.3 (s'), 135.9 (d'), 136.0 
(d‘), 137.5 (d '), 171.0 (s'), 172.7 (s'); exact mass
(electrospray) m/z calcd for C34H46Na0 4Si2 (M + Na) 597.2832, 
found 597.2832.
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( 3 R * , 7 S * , 8 S * ) - 3 , 7 , 8 - [ 3 ]But a n [1]y 1[4]yliden*-3 -[[[(1,1- 
dimethylethyl)diphenylsilyl]oxy]methyl]-3,4,7,8- 
totrahydro-6- [ (triethylsilyl)oxy]-2tf-oxocin-2-on*
(167).

—  OSiPhoBu*/

OSiEt.

166 167

A solution of 166 (17.0 mg, 0.030 mmol) in degassed (by 
bubbling Ar for 0.5 h) 1,2-dichlorobenzene (10 mL) was 
refluxed for 20 min. The solution was cooled and evaporated, 
and the residue was kept under oil-pump vacuum for 4 h, to 
give 167 (17 mg, 100%) as a pure (̂ -H NMR, 400 MHz), pale 
yellow oil, spectroscopically identical to 167 obtained from 
the above experiment.

Methyl 4-[[(1,1-
Olmethylethyl)diphenylally1]oxy]butenoet* (169).

ONa
f-BuPh2SiO

OMe

169

Mel (3.3 mL, 52 mmol) in dry DMF (6 mL) was added to a 
stirred solution of sodium 4-hydroxy-butanoate (1.01 g, 8.01 
mmol) in DMF (22 mL) . Stirring was continued for 24 h, and
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then imidazole (1.20 g, 17.6 mmol) was added, followed by t- 
3uPh2SiCl (2.5 mL, 9.6 mmol). Stirring was continued for 12 
h, and the mixture was diluted with EtOAc (70 mL), washed 
with water (5 x 35 mL) , and brine (10 mL) , dried (MgSC>4 ) , and 
evaporated. Flash chromatography of the residue over silica 
gel (3.2 x 28 cm), using 5% EtOAc-hexane, gave 169 (2.60 g,
91%) as a colorless oil: FTIR (CH2CI2 cast) 1740 cm-1; LH NMR
(CD2C12, 400 MHz) 5 1.06 (s, 9 H) , 1.85-1.93 (m, 2 H) , 2.47

(t, J = 7.4 Hz, 2 H), 3.64 (s, 3 H), 3.71 (t, J = 6.1 Hz, 2 
H) , 7.37-7.47 (a, 6 H) , 7.65-7.70 (m, 4 H) ; 13C NMR (CD2C12,
100.6 MHz) 5 19.6 (s'), 27.2 (q1 ) , 28.3 (t‘), 30.9 (f), 51.7 

(q *) , 63.4 (t1), 128.2 (d'), 130.1 (d ' ) , 134.3 (s'), 136.0 
(d'), 174.1 (s'); exact mass (electrospray) m/z calcd for 
C2iH2aNa0 3Si (M + Na) 379.1705, found 379.1702.

Methyl (la,4a,7**)-4-[ [ (l, l- 
Dimethylethyl)diphenylsilyl]oxy ] -2- [7-ethenyl-3- 
hydroxy-2-oxo-7 - 
[(triethylsilyl)oxy]bieyclo(2 .2 .1]hept-3-yl]butsnoate 
(170a and 170b).

OSiEt.

HO

170a, 170b

OSiEt-

142

A solution of 169 (158 mg, 0.444 mmol) in THF (0.2 mL,
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plus 2 x 0 . 1  mL as a rinse) was added dropwise to a stirred 
and cooled (-7 8 °C) solution of LDA in THF (0.5 mL) [prepared 
by addition of n-3uLi (2.5 M in hexane, 178 fxL, 0.445 mmol) 
to a stirred and cooled (0 °C) solution of (i-Pr)2NH (58 jj.L,
0.44 mmol) in THF (0.5 mL) , followed by stirring at 0 °C for 
15 min] . Stirring at -78°C was continued for 1 h, and then 
diketone 142 (113 mg, 0.404 mmol) in THF (0.4 mL, plus 2 x 
0.2 mL as a rinse) was added dropwise. Stirring at -78°C was 
continued for 15 min, the mixture was quenched with saturated 
aqueous NH4CI (0.5 mL) and allowed to warm to room 
temperature over ca. 15 min. Water (0.5 mL) was added and 
the mixture was extracted with Et20 (40 mL) . The organic 
extract was washed with water (5 mL) and brine (5 mL) , dried 
(MgS0 4 ) , and evaporated. Flash chromatography of the residue 

over silica gel (1.6 x 28 cm), using 5% EtOAc-hexane, gave 
170a (207 mg, 80%) and 170b (20.0 mg, 8%) as colorless oils.

Compound 170a had: FTIR (CH2C12 cast) 3458, 1756, 1716
cm"1; XH NMR (CD2Cl2 , 400 MHz) 5 0.59-0.66 (m, 6 H), 0.96 (t,

J = 7.9 Hz, 9 H), 1.06 (s, 9 H), 1.48-1.71 (m, 2 H), 1.80- 
1.88 (m, 1 H) , 1.92-2.02 (m, 1 H) , 2.15-2.34 (m, 3 H) , 2.74-
2.78 (m, 1 H) , 2.86 (dd, J = 11.5, 2.8 Hz, 1 H) , 3.50 (td, J
= 10.2, 3.9 Hz, 1 H) , 3.66 (s, 3 H) , 3.70-3.76 (m, 1 H) , 4.35 
(s, 1 H) , 5.16 (dd, J = 10.7, 0.7 Hz, 1 H) , 5.18 (dd, J =
17.7, 0.7 Hz, 1 H), 6.33 (dd, J = 17.7, 10.7 Hz, 1 H) , 7.37-
7.48 (m, 6 H) , 7.64-7.69 (m, 4 H) ; 13C NMR (CD2C12, 100.6 MHz)
5 6.8 (f), 7.1 (q'), 19.4 (s'), 21.6 (t’), 23.3 (t 1 ) , 27.0

(q‘), 31.3 (t1), 43.9 (d'), 52.3 (d') or (q1), 54.6 (d') or
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(q‘), 56.7 (d') or (q‘), 61.6 (t'), 80.4 (s'), 84.7 (s'),
116.9 (t'), 128.1 (d'), 130.1 (d'), 133.8 (s'), 133.9 (s'),
135.9 (d'), 136.0 (d'), 140.2 (d'), 176.9 (s'), 214.9 (s');
exact mass (electrospray) m/z calcd for C36H52Na06Si2 (M + Na) 
659.3200, found 659.3189.

Compound 170b had: FTIR (CH2CI2 cast) 3495, 1755 cm'1;
iH NMR (CD2C12, 400 MHz) 5 0.56-0.63 (m, 6 H), 0.94 (t, J =

7.9 Hz, 9 H), 1.02 (s, 9 H), 1.48-1.56 (m, 1 H), 1.80-1.95 
(m, 2 H), 2.08-2.28 (m, 3 H), 2.57-2.65 (m, 1 H), 2.73-2.77 
(m, 1 H), 3.01-3.07 (m, 2 H), 3.52-3.60 (m, 1 H), 3.63 (s, 3 
H), 3.66-3.72 (m, 1 H), 5.20-5.26 (m, 2 H), 6.31 (dd, J =

17.7, 10.8 Hz, 1 H), 7.35-7.45 (m, 6 H), 7.61-7.67 (m, 4 H);
13C NMR (CD2C12, 100.6 MHz) 5 6.7 (f), 7.0 (q-) , 19.4 (s'),

22.5 (t'), 22.6 (t‘), 26.9 (q'), 29.6 (t'), 45.7 (d‘), 52.1
<d ') or (q'), 57.3 (d') or (q‘ ) 57.5 (d‘) or (q'), 62.2 (t'),
79.6 (s'), 84.2 (s'), 117.8 (t‘), 128.0 (d'), 130.0 (d'),
134.08 (s'), 134.12 (s'), 135.9 (d*), 140.3 (d'), 174.9 (s'),
212.5 (s'); exact mass (electrospray) m/z calcd for 
C36H52Na06Si2 (M + Na) 659.3200, found 659.3209.
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Methyl (la,3Z,4a,7Jl*)-4-[C(l,l-
Dimethylethyl)dlphenyleilyl]oxy]-2-[7-ethenyl-2-oxo-7- 
[(triethylsilyl)oxy]bicyclo[2.2.1]hept-3 - 
ylidene]butanoate (171).

OSiEt-

HO

170a

OSiEt.

171

SOCI2 (118 ixL, 1.62 mmol) was added dropwise to a 
stirred solution of 170a (206 mg, 0.324 mmol) in pyridine (2 
mL). Stirring was continued for 3 h. The mixture was cooled 
(0 °C) , water (1 mL) was added dropwise, and the mixture was 
extracted with Et20 (100 mL) . The organic extract was washed 
with 5% hydrochloric acid (10 mL), saturated aqueous NaHC03 
(10 mL), water (5 mL) and brine (10 mL), dried (MgS0 4 ), and 
evaporated. Flash chromatography of the residue over silica 
gel (1.6 x 27 cm), using 5% EtOAc-hexane, gave 171 (180 mg, 
90%) as a colorless oil: FTIR (CH2CI2 cast) 1736, 1658 cm'1;
1H NMR (CD2C12, 400 MHz) 8 0.57-0.65 (m, 6 H) , 0.96 (t, J =

7.9 Hz, 9 H), 1.05 (s, 9 H), 1.36-1.52 (m, 2 H), 2.11-2.28 
(m, 2 H), 2.45-2.58 (m, 2 H), 2.61 (dd, J = 4.5, 1.3 Hz, 1 
H), 2.11-2.IB (m, 1 H), 3.66 (s 3 H), 3.72 (t, J = 7.1 Hz, 2
H), 5.14-5.20 (m, 2 H), 5.93 (dd, J = 17.8, 10.7 Hz, 1 H),
7.38-7.48 (m, 6 H) 7.64-7.69 (m, 4 H) ; 13C NMR (CD2C12, 100.6
MHz) 8 6.7 (t1), 7.1 (q'), 19.4 (s'), 23.2 (t'), 27.00 (q') ,
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27.04 (f), 35.3 (f), 49.3 (d1) or (q' ) , 52.4 (d’) or (q’),
57.7 (d 1 ) or (q‘ ) , 62.0 (t‘)f 84.5 (s’), 119.1 (t‘), 128.1 
(d’), 130.2 (d1), 132.6 (s’), 133.9 (s’), 136.0 (d'), 138.3 
(a'), 141.8 (s’), 170.0 (s’), 200.8 (s'); exact mass m/z 
calcd Eor C3gH50O5Si2 618.3197, found 618.3190.

M e t h y l  (la, 2a, 3 Z, 4a,7S*)-4-[[(l,l-
Dimethylethyl)diphenylellyl]oxy]-2-[7-etheny1-2 - 
hydroxy-7-[(triethylsilyl)oxy]bicyclo[2.2.1]hept-3- 
ylidene] butenoete (172e) end Methyl (la, 2(3,3Z, 4a, IS* ) -
4-[[(1,1-Dixethylethyl)diphenylsilyl]oxy]- 2 - [7- 
etheny1-2-hydroxy-7-
[(triethyleilyl)oxy]bicyclo[2.2.1]hept-3- 
ylidene]butenoete (172b).

OSiEt, ,-B“ ph2s ® , OSiEt

HO

OSiEt

HO
171 17 2e 172b

NaBH4 (14.8 mg, 0.391 mmol) was added in three portions
to a stirred and cooled (0 °C) mixture of 171 (80.0 mg, 0.130
mmol) and CeCl3«7H20 (72.8 mg, 0.195 mmol) in dry MeOH (2 mL) .
Stirring was continued for 0.5 h, the cooling bath was
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removed, and stirring was continued for 1.5 h. The mixture 
was diluted with EtOAc (5 mL) and water (1 mL), and extracted 
with EtOAc (30 mL). The organic extract was washed with 
brine (5 mL) , dried (Na2S0 4 ), and evaporated. Flash 
chromatography of the residue over silica gel (1.6 x 28 cm), 
using 5% EtOAc-hexane, gave 172b (18 mg, 22%) and 172a (52 
mg, 65%) as colorless oils. Compound 172b had: FTIR (CH2CI2
cast) 3472, 1694, 1634 cm'1; NMR (CD2C12, 360 MHz) 8 0.56-

0.64 (m, 6 H) , 0.95 (t, J = 7.8 Hz, 9 H) , 1.05 (s, 9 H) ,
1.19-1.28 (m, 1 H), 1.76-1.86 (m, 1 H), 1.95-2.03 (m, 1 H), 
2.06-2.16 (m, 1 H) , 2.28 (t, J =  3.9 Hz, 1 H) , 2.56-2.^2 (m,
3 H), 3.63-3.71 [m, including s (3 H) at 8 3.64, 5 H in all],

4.50 (br s, 1 H) , 4.92 (d, J =  2.4 Hz, 1 H) , 5.07 (dd, J" =
10.8, 1.2 Hz, 1 H) , 5.09 (dd, J = 17.7, 1.2 Hz, 1 H) , 5.89
(dd, J = 17.7, 10.8 Hz, 1 H), 7.37-7.47 (m, 6 H), 7.65-7.71
(m, 4 H) ; 13C NMR (CD2C12, 100.6 MHz) 8 6.8 (t'), 7.1 (q'),

19.3 (t ■), 19.4 (s')/ 27.0 (q’), 27.7 (t'), 33.5 (t'), 49.5 
(d') or (q‘), 52.2 (d') or (q‘), 52.6 (d') or (q‘), 63.6 
(t'), 70.8 (d‘), 84.3 (s'), 118.2 (t'), 120.5 (s'), 128.0 
(d') , 130.0 (d'), 134.2 (s'), 135.9 (d1 ) , 138.2 (d') , 167.7
(s'), 169.6 (s’); exact mass (electrospray) m/z calcd for
C36H52Na05Si2 (M + Na) 643.3251, found 643.3255.

Compound 172a had: FTIR (CH2CI2 cast) 3489, 1696, 1637
cm"1; lH NMR (CD2C12, 360 MHz) 8 0.58-0.65 (m, 6 H) , 0.96 (t,
J = 7.9 Hz, 9 H), 1.00-1.18 [m, including s (9 H) at 8 1.06,

11 H in all], 1.96-2.13 (m, 3 H) , 2.58-2.72 (m, 2 H), 2.75-
2.79 (m, 1 H), 3.63-3.75 [m, including s (3 H) at 8 3.65, 5 H
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in all], 4.24 (d, J. = 3.0 Hz, 1 H) , 4.28 (a, J = 3.0 Hz, 1
H), 5.01 (dd, J = 10.8, 1.4 Hz, 1 H), 5.07 (dd, J = 17.6, 1.4
Hz, 1 H), 6.30 (dd, J = 17.6, 10.8 Hz, 1 H), 7.37-7.48 (m, 6 
H) , 7.67-7.71 (m, 4 H) ; 13c nmr (CD2C12, 100.6 MHz) 8 6.9

(t‘), 7.2 (q ‘ ) , 19.4 (s'), 25.0 (f), 27.0 (q'), 27.2 (t'),
33.7 (t'), 50.8 (d' ) or (q') , 51.8 (d') or (q'), 52.2 (d* ) or 
(q'), 63.3 (t'), 75.8 (d'), 86.9 (s'), 116.3 (f), 121.5
(s'), 128.1 (d'), 130.1 (d'), 134.18 (s'), 134.22 (s'), 135.9
(d ’ ) , 140.7 (d') , 167.2 (s'), 169.4 (s'); exact mass
(electrospray) m/z calcd for C3gH52Na0 5Si2 (M + Na) 643.3251, 
found 643.3252.

(la, ia,3z, 4a, lan* ) -4 - [ [ (l, l-

Dlm«thyl«thyl)diphenylsilyl]oxy]- 2 - [7-sthsnyl-2- 
hydroxy-7-[(triethylsilyl)oxy]bicyclo[2.2.1]hept-3- 
ylidene]butenoic ecid (173).

HO

OSiEt.

HO,C
HO

173

n-PrSLi44 (2.5 M in. HMPA, 226 )lL, 0.565 mmol) was added 
dropwise to a stirred solution of 172s (50.0 mg, 0.081 mmol) 
in degassed (by passage of a stream of Ar for 0.5 H) HMPA (3 
mL) . Stirring was continued for 2 h (TLC indicated complete 
reaction), the mixture was poured into ice water (50 mL)
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containing 10% hydrochloric acid (2 mL), and extracted the 
with Et20 (4 x 3 0 mL). The combined organic extracts were 
washed with brine (10 mL) , dried (Na2SC>4 ) , and evaporated.
Flash chromatography of the residue over silica gel (1.6 x 23 
cm), using 40% EtOAc-hexane, gave 173 (39 mg, 81%) as a 
colorless oil: FTIR (CH2CI2 cast) 2750-3400 (br), 1684, 1637 
cm'1; NMR (CD2Cl2, 400 MHz) 5 0.60 (q, J = 7.9 Hz, 6 H) ,

0.94 (t, J ~ 1 .9 Hz, 9 H), 0-98-1.22 [m, including s (9 H) at
5 1.06, 11 H in all], 1.88-2.09 (m, 2 H), 2.14-2.18 (m, 1 H),

2.58-2.72 (m, 2 H) , 2.78 (d, J" = 2.3 Hz, 1 H) , 3.69-3.78 (m,
2 H) , 4.26 (s, 1 H) , 5.04-5.14 (m, 2 H) , 6.29 (dd, <J - 17.7,
10.8 Hz, 1 H), 7.35-7.47 (m, 6 H), 7.63-7.69 (m, 4 H); 13C NMR
(CD2C12, 100.6 MHz) 5 6.8 (t'), 7.1 (q1), 19.3 (s'), 24.8

(t'), 27.0 (q1), 27.1 (f), 33.9 (f), 50.4 (d'), 51.8 (d'),
63.7 (f), 75.6 (d'), 86.8 (s'), 117.3 (f), 123.2 (s'),
128.14 (d'), 130.2 (d'), 133.4 (s'), 133.5 (s'), 135.9 (d'),
140.6 (d'), 165.8 (s'), 171.1 (s'); exact mass (electrospray)
m/z calcd for C3sH5oNa0 5Si2 (M + Na) 629.3095, found 629 .3105.
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(4a,7a,7a(3,8** ) -3- [2- [ [(l, 1-Dimethyl* thyl) dimethyl - 
silyl]oxy]ethyl]-8-*th*nyl-5,6,7,7»-t«trihydro-4,7 
methano-8-[(triethylsilyl)oxy]benzo£uran*2(4H)-one
(174) .

OSiEt.

HO

173

OSiEt.

174

A solution of 173 (21.0 mg, 0.035 mmol) and Et3N (39 (XL, 
0.277 mmol) in CH2CI2 (0.4 mL, plus 2 x 0.2 mL as a rinse) , 
was added dropwise to a stirred solution of 2-chloro-l- 
methylpyridinium iodide (36.5 mg (97%), 0.139 mmol) in CH2CI2 
(1.5 mL). The mixture was refluxed for 3 6 h, cooled to room 
temperature, diluted with Et20 (5 mL) , and filtered through a 
pad (1 cm x 2 mm) of silica gel with Et20. Evaporation of 
the filtrate, and flash chromatography of the residue over 
silica gel (1.3 x 24 cm), using 5% EtOAc-hexane, gave 174 (16 
mg, 80%) as a colorless oil: FTIR (CH2CI2 cast) 1783, 1759
cm"1; l-H NMR (CD2CI2 , 400 MHz) 5 0.56 (q, J = 7.9 Hz, 6 H) ,

0.92 (t, J = 7.9 Hz, 9 H) , 1.05 (s, 9 H) , 1.38-1.45 (m, 1 H) ,
1.61-1.69 (m, 1 H), 2.05-2.15 (m, 1 H), 2.23-2.52 (m, 3 H), 
2.71 (d, 4.5 Hz, 1 H) , 2.85 (d, J" = 4.5 Hz, 1 H) , 3.73-
3 .86 (m, 2 H) , 4.48 (s, 1 H) , 5.05 (dd, J = 10.8, 0.9 Hz, 1
H) , 5.12 (dd, J = 17.7, 0.9 Hz, 1 H) , 5.73 (dd, J = 17.7,
10.8 Hz, 1 H), 7.36-7.46 (m, 6 H), 7.62-7.68 (m, 4 H); 13C NMR
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(CD2C12, 100.6 MHz) 5 6.6 (f), 7.0 (q'J, 19.4 (s'), 22.9

(C), 27.0 (q'), 28.2 (f), 28.8 (f), 46.9 (d’J, 51.8 (d’),
62.2 (f), 86.5 (d‘), 89.4 (s'), 118.9 (f), 124.4 (s'),
128.0 (d' ) , 130.0 (d'), 134.1 (s'), 135.9 (d'), 137.2 (d’),
17 0.5 (s'), 174.4 (s'); exact mass (electrospray) calcd for 
C35H48Na04Si2 (M + Na) 611.2989, found 611.2980.

(3 R * ,7 S * , 8 S*)-3»7#8-[ 3]Buten[1]y l [4]ylidene-3-[2- 
[[(1,1-dimethylethyl)diphenylsilyl]oxy]ethyl]-3,4,7,8- 
tetrahydro-6-[(triethylsilyl)oxy]-2J7-oxocin-2-one
(175) .

EtaSiO

OSiPhjBu-f

174 175

A solution of 174 (12.7 mg, 0.022 mmol) in degassed (by 
bubbling Ar for 0.5 h) 1,2-dichlorobenzene (7 mL) was 
re fluxed for 20 min. The solution was cooled and evaporated, 
and the residue was kept under oil-puxnp vacuum for 4 h, to 
gave 175 (13 mg, 100%) as a pale yellow oil: FTIR (CH2C12
cast) 1784 cm"1; 1H NMR (CD2C12, 400 MHz) 5 0.60-0.68 (m, 6

H) , 0.95 (t, J = 7.9 Hz 9 H), 0.99 (s, 9 H), 1.55-1.63 (m, 1
H), 1.82-1.89 (m, 1 H), 1.92-2.13 (m, 2 H), 2.15-2.22 (m, 1
H) , 2.29-2.41 (m, 3 H), 2.91-2.98 (m, 1 H), 3.61-3.68 (m, 1
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H) , 3.70-3.78 (m, 1 H) , 4.53 (q, t = 2.9 Hz, 1 H) , 4.65-4.70 
(m, 1 H), 5.60-5.65 (m, 1 H), 7.34-7.45 (m, 6 H), 7.60-7.68
(m, 4 H) ; 13C NMR (CD2C12, 100.6 MHz) 8 5.4 (f), 6.3 (q'J,

19.2 (s'), 21.8 (t'), 23.6 (f), 26.7 (q1), 35.3 (f), 44.2 
(C), 45.6 (d’), 49.0 (s'), 60.6 (t'), 78.6 (d'), 102.5 (d'),
117.7 (d‘), 128.0 (d'), 129.9 (d') , 130.0 (d') , 133.8 (s'),
134.0 (s'), 135.9 (d‘) , 136.0 (d') , 142.1 (s'), 151.7 (s'),
180.8 (s'); exact mass (electrospray) calcd for C35H4sNa04Si2 
(M + Na) 611.2989, found 611.2987.
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