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Abstract ; 5-exo radical cyclization followed by oxygenation with molecular oxygen of various 3-
halogeno-2-allyloxy-perhydro-pyrans and -furans gave the perhydro-furo{2,3-b]pyran (and furan)-3-yl
methanols in one step. Two catalytic systems were efficiently used for this transformatioa : tributyltin
hydride/AIBN/O, and Co(salen)yNaBH,/O,. Yiclds were high and interesting selectivities were
observed. The reaction is general and was successfully applied to carbohydrate derived substrates.
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Introduction

Radical mediated cyclizations are powerful tools for the formation of carbocycles and heterocycles and
numerous examples of their synthetic applications can be found.l Radical cyclization sequences with an
impressive degree of complexity have been developped and allow the one-step elaboration of polycyclic
frameworks with a high level of stereocontrol.2 Most of these reactions are terminated by an hydrogen atom
transfer although carbon-centered radicals could also react with many heteroatomic reagents with introduction

o nadl 1 . meme 4b ndbmien donmafne
of a useful new carbon-heteroatom bond into the products of the reaction.? Apart from the atom trans
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method,* few examples of the radical cyclization/heteroatom quench sequence are known.3:62 The

%
-
(=]
2
-~
5
g
[«
¥
<3
(4]
el
w
w
o
[

e R T,
l ywp uum a llulm plou.usu in

relation with studies on the mecanism of prostaglandin synthesis, it was shown as early as 1975 that 5-exo
radical cyclization could be carried out in presence of molecular oxygen and gave the expected cyclized
oxygenated products®.10 but, except in one particular case, 10 yields were low. Radical oxygenations have been

rried successfullv with nitroxvl
1ed mtroxyl
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alcohols.3>!11 Despite the potential interest of molecular oxygen in these tranformatio
successful u Nakamura under ultrasonic irradiation 53 no general sy:

Following our preliminary work,12.13 we now report our full results on two different systems for the
oxygenative radical cyclization of various 5-hexenyl-3-oxa-radicals to perhydro-furo[2,3-b]pyran (and furan)-

3-yl methanols, including sugar derivatives.
Starting materials
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cinnamyl alcohol on the corresponding cyclic enol ether.l4 Sugar derivatives were prepared from the

commercially available tri-O-acetyl-D-glucal by standard procedures.
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Figure 1
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The Tin Hydride System

Our first attempts were carried out with the system successfully used for radical substitution of iodides

to alcohols.!3 The combination of 3 equivalents of tributyltin hydride and 1 eq. of AIBN in toluene proved
effective for the generation of radicals from iodo compound 3 even in the presence
disparition of starting material was observed in a few hours at 80°C. The expected cyclized alcohols 15 and 16
were obtained (52%, scheme 1) and despite the very high rate of the reaction of carbon-centered radicals with

molecular oxygen (k; ~ k'; ~ 2. 109 mol-1. q‘1\16 the major byproducts were the reduced cyclized compounds
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(route b, 21%) and not the uncyclized oxygenated products (route ¢, <3%).
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Scheme 1

This showed that, with these substrates and under these conditions, the major competitive pathway was
hydrogen abstraction by the cyclized radicals on the tin hydride (route b, scheme 1) and that radical cyclization
was much faster than oxygen quench. This is in sharp contrast with the reported oxygenation of the 5-hexenyl
r acucal io 3~ncxeno 17 ana tne prererennal nyaroxy5tannauon OI a mene DCIOI'C cycuzauon b in mese Cases,
intermolecular trapping of the radicals by oxygen was found much faster than cyclization (route c). Better
vields of oxygenated products were achieved by lowering the concentration of hydrogen donor in the reaction
PR L g o "R I B TR
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pump (procedure B) or, more convemently, by using a catalytxc amount of tributyltin chloride in presence of

AL at

amouni of iin compound invoived in the |
advantage of this procedure which was more thoroughly investigated. In these conditions, all studied iodides

gave good yields of products in a few hours but bromides were very reluctant to react and considerable
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amounts of starting material were recovered even under more forcin tions (refluxing propanol instead of

ethanol, longer reaction time). Only 25% of a 4/1 mixture of 15 and 16 was obtained from bromide 4 after 14
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hours in refluxing ethanol. No reaction was observed with (Bu3Sn), and air under irradiation in toluene.

Resuits are summarized in Tables 1 and 2.

clear as the reaction could be run without any tin «:ompound.i Thus, the cyclization of 6 with 1.5 eq of AIBN
and 6 eq. of sodium borohydride in refluxing ethanol for 8 hours gave a 52% yield of cychzed alcohols 21-24

instead of 69% in the very same conditions but with 0.06 ea. of tnbutvitin ch

1S eq. ributyltin chloride. Althou
improvement was only minor, higher yields were obtained when a catalytic amount of tributyltin chioride was
added to the reaction. The use of pure oxygen instead of air always gave lower conversions and lower yields in

otherwise identical conditions.20 Taken fncether these results sugoest a verv short radical chain (lf anv\ and in

cal conditions.<Y Taken together ults suggest a very short radical chain (if any) and in
fact, the quench of the tributyitin radical, the chain carrier, by moiecuiar oxygen shouid be a very efficient
process. Minor selectivity differences were observed between the stoichiometric and the catalytic system (see
entries 5 and 6 , Table 1, and entries 5 and 6, Table 2).

The Cobalt System

%
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the radical cyclization/oxygenation sequence and turned our attention to cobalt-mediated radical reactions.21.22

It is well known that the reaction of cobalt(I) nucleophiles with halogeno compounds give alkyl cobalt(IIT)

complexes which are good precursors of alkyl radicals under mild conditions.3.7:21.22 Regeneration of the
reduced cobalt(I) species by an appropriate reducing reagent led to catalytic reactions and numerous examples

of wntheﬂra"v n:eﬁ)l rocesses have been described. 230 xygen Ql vsis of the ¢ haltmh-carbnn bond is mm’ble

-

with molecular oxygen or nitroxyl radicals¢:7 and allows the introduction of an oxygenated functionality into
the product via a radical mechanism but yields are variable. The strongly reducing Co(I) complexes are very

shown to be a strong inhibitor of the radical

cencitive to avid
Siive ¢ oxid g 1NNIDIOS radical

rearrangement of 5-hexenyl cobalt(III) complexes to their cyclopentylmethyl isomers,24 but some interesting
catalytic reactions involving molecular oxygen and cobalt complexes under reductive conditions are known.2

{ Aiemathuloalunvimatnl
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20 were obtained from 5 after 5 hours at 40°C provided the cobalt catalyst (10%) was added in three portions

over 4 hours. Running the reaction at higher temperature or under irradiation with visible light (150W tungsten
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Table 1
Conditions*
Entry Substrate yieid } seiectivity Products
Ho1 H
1 1 A, 24h, 80°C 0-3-0 0430
0, 5 .
72 A)’ 15/1 \E\BZH &/‘L\ZM
2 2 C, 2h, 40°C H \_on H \_on
76%, 7/1 13 14
» 3 A opd ege
) y rt H H
80%, 7/1 15 8 2" 6
5 5 A, 7h, 80°C y
78%, 2/1/1/1 Ctz Liz w L/\D
6 5 B, 2h, 80°C " w
64% 2/1.5,7/1 H v} on H 'L"" o
’ Ph Ph Ph
7 5 C, 2h 1t 17 18 19 20
74%, 3/1/1/1
oo o .,?, ) o .?_, ) o .;, o
_ " . = e r +‘ ~ » ~ rl ~ ra LY
8 6 A, 8h, 30°C \/Li \/Lﬁ
69%, 5/3/1/1 H H o H v H
o / My vy oH H o H o X—oH H o Y-oH
Ph Ph “ph " ph
21 22 23724

a. A, B and C refer to procedures A, B and C (see experimental). A : catalytic BugSnCl/ NaBHgy; B :
BuaSnH; C : Co(salen) cataiysis.

b. Yields are isolated yields for the purified mixture of isomers.

c. Selectivities were obtained by integration of the 1H NMR spectrum of the purified mixture of isomers
before separation.

Working with 3% of Co(salen) complex29 as catalyst, complete conversion of iodide 3 was observed in
one hour at room temperature (2 eq. NaBHy, 1.7 eq. NaOH, air) and compounds 15 and 16 were isolated in
80% yield and in 7/1 ratio. Once again, the only identified by-products were the reduced cyciized compounds
(route b, scheme 1) and none of the uncyclized alcohols (route c) could be detected in the reaction mixture.
Bromides were also reactive and could be cyclized in high yield but the temperature had to be raised to 40°C to

ensure short reaction times.
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Table 2
Conditions*®
Entry Substrate .04 b calaceicfeue Products
lelU’ )CIEL‘IVIl]
H
Rso ~ o RO }:*0
0,
. 7 g nac e U N
50 /8, 7/1 H o un/u-;:«l o
A (2 i %) e =
2 8 C, 6h, 40°C OH
62%, 4/1 25 R=Bn 26 R=Bn
27 R=TBS 28 R=TBS
(_OH HO H
3 9 C, 0.5h, 40°C RO H RO "o
60%, 3/1 0P o RO °
RO AT RO=—2
4 16 C, 3.5h, 40°C a "
70%, 3/1 29 R=Bn 30 R=Bn
31 R=TBS 32 R=TBS
5 11 A, 80°C TBso~ TBso M Teso B
TBSO TBSO
71%, 46/28/16/10 580 H Tqrsaoso H X0 H
& 11 B. 60°C _H"A o CH"A o Ph o
v AL ]J’ U Ph . A4 H - N\ l
78%, 56/28/9/5 H‘ Au TN A HO
7 11 C, 0.5h, 40°C
84%, 6/2/1/1 33 34 35/36

8 12 A, 9, 80°C BN o ° o raso'y\//\i(o
84%, 45/24/10/6 TB‘?B%E%O Tarssosg%/ 7850

a. A, Band C refer to procedures A, B and C (see experimental). A : catalytic BuzSnCl/ NaBHy; B :
-1

1-CQnkd. M . ANafenlan) antalucie
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Yields are isoiated yieias for the punnea mixiure of isomers.
c. Selectivities were obtained by integration of the 'TH NMR spectrum of the purified mixture of isomers
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As was already noted for the tin system, pure oxygen gave lower conversions and yields than air in
otherwise identical conditions, no reaction was observed when sodium hydroxyde or sodium borohydride were

not added to the mixture. Comparison of the two systems revealed some slight selectivity differences (entries 3
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with the cobalt system. Cyclization of some unprotected sugar derivatives were also attempted under Co(salen)



S. Mayer et al. / Tetrahedron 54 (1998) 8753-8770 8759

catalysis but, despite complete disparition of the starting material under the standard conditions, the expected
in disappointingly low vields (25-40%) after viatio

....... ---J-

=

Assignment of stereochemistry of the products

The determination of the stereochemical outcome of the reaction was carried out on the isolated
purified isomers whenever possible; in some cases, the alcohols had to be acetylated before separation could be
obtained (see experimental). Compounds 25/26 and 27/28 could not be separated and minor isomers from
cyclization of 6, 11 and 12 were not isolated. Relative configurations of the new tetrahydrofuran ring were
determined from the observed nOe effects in one and two dimensionnal IH NMR spectra (nOe difference and
NOESY). Only products from 5-exo-cyclization with a cis ring junction were isolated. For all compounds of
table 1, the major products were the 3a,6a-cis2? and 3a,7a-cis isomers. For sugar derivatives of table 2 and
according to the known stereochemical preferences for these reactions,2® compounds with the o-manno
8 and 11 gave predominantly the 3,3a-frans products while the 3,3a-cis products were

obtained from the B-g/uco compounds 9, 10 and 12. All experimental determinations were in good agreement

with published data for related compounds.29,30

of o-manno
of o-mam:

ATy 1 a1 1 A 1,

mixture of 27/28 was desilylated (nBuyNF) and acetylated and compared to the mixtur
after hydrogenolysis (H;, Pd/C) and acetylation. The major product3! from these two sequences was identical
and was identified as the isomer with H-3 and H-3a in a trans relationship, like 25 and 27

Attribution of the configuration of the exocyclic stereocenter when present, was more puzzling but

rvation of the strong shielding effect of the phenyl ring on either H-

3a or H-2. Except for some sugar derivatives, a large ( > 8.0 Hz) 3Jj.y coupling constant was observed

between protons H-3 and H-8 (H-3 and H-7 for compounds 21 and 22) in the TH NMR spectra (see Table 3).

This showed the conformation around the C-3, C-8 bond (resp. C-3, C-7 bond) to be staggered with these
protons in a trans relationship. A shielding effect of the phenyl ring on the nearest protons (H-2 or H-3a) was
expected and the configuration of the exocyclic center was then deduced from the observed chemical shifts of

these protons for each pair o

deduced from the NMR data and

O"

y comparison with literature examples.30
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Tabie 3
Compound M3 g (H2) 8.2 (PPM) 85132 (Ppm) _ Relative
= conngurauons
17 11.0 4.10, 3.96 ~1.6 3R* 8R*
18 11.0 3.60, 3.34 2.18 3R, 85*
19 8.0 4.21,3.92 1.88 3R, 85"
20 9.0 3.96, 3.58 2.10 3R*, 8R*
341317 (H2)
21 10.0 4.24,3.92 2.40 3R*, 7R*
22 10.5 3.36,3.29 3.07 3R*, 15"

Furthermore, an X-ray structural analysis of the cristalline acetate of i8 was carried out and fuily
confirmed the NMR assignment of stereochemistry for the C-8 center. In the solid state, the tetrahydropyran

ring adopts a chair conformation with the C-7a-O-1 bond in axial orientation as expected from the anomeric

28 Al pmeala IT O M O M 2 LT D werna FriiinAd ¢4 o conee: alaca ¢4 10 ettt & wraliia A8 177N Q0 TLhis
CIICLL. 11 WGHICUL AllglC r1-0-L~0-L-2-I1"J Wadd 1UUlIU LU UL VYUY LIUDTC WU 10V 1Ll a4 Vvaluv Ul 1 /9.7 . 111D

conformation is identical to the one which could be deduced from the NMR spectrum (see experimental) and

the protons H-2, which resonate at 3.60 and 3.34 ppm were found above the phenyl ring in the shielding cone

Figure 2. View of the asymetric unit of acetylated 18
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Conclusion

Perhydro-furo{2,3-4]pyran and furan-3-yl methanols were easily obtained in one step from various 3-
iodo (or bromo)-2-allyloxy perhydro-pyrans and -furans. Competition from oxygenation of the radical prior to
cyclization as well as reduction of the radicals by the hydrogen donor could be kept to a minimum and high
yields of the desired products were obtained. The reaction is general for these substrates and could be
successfully applied to carbohydrate derivatives.

Catalysis with the cobalt complex Co(salen) was found much more convenient than the tin system for
many reasons : a) the reaction could be carried out under milder conditions without any precautions; b)
bromides and iodides could be used; c) the work-up of the reaction was much easier and the use of any toxic
reagent could be alleviated; d) benzyl-protected substrates, which gave low yields with the tin system could be
cyclized.

Studies aimed to the elaboration of oxygenated carbocycies under Co(salen) catalysis are currentiy

actively pursued.32

Experimental

g
&

Reactions were run in distilled solvents purified by standard procedures. Exclusion of mo

necessary when using the stoichiometric tin system but no precautions were taken for the catalytic version or
the cobalt reactions. A small fish-tank pump was used to push a current of dry air first into a flask containing

the solvent used for the reaction and then into the solution (typical rate 2l/minute). All starting materials were

...;}.-- Anidls v d b,
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allyl or cinnamyl alcohol.14 All glycal derivatives were prepared from commercially available tri-O-acetyl-D-
glucal. When isomeric alcohols could not be separated, the purified mixture of alcohols was acetylated and

a T, 1a - P

ttempted. In some difficult cases, no separa

A o o o

separation of the acetates was aration of the diasterecisomers could

be obtained even after acetylation. Crystals suitable for the X-ray analysis were obtained by slow evaporation

of a methanolic solution of the acetate of 10. RMN spectra were recorded on Bruker AM 300 ( 1H 300 Mhz)

are relative to internal TMS. Analytical data were obtained from the Service Central d’Analyses du CNRS at

Y arenaiamn Cernnnal

Yol llillWll \iiainve).

Typical procedures

Stoichiometric tin hydride reaction (procedure B, tables 1 and 2) : The halogeno compound was dissolved in
dry toluene (10-2 mol.I"!) and the reaction mixture was brought to 80°C. A stream of dry air was bubbled
through the solution before addition over urs (syringe pump) of a solution of Bu;SnH (3 eq.) and AIBN
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(1.5 eq.) in toluene and the reaction left for one more hour at 80°C. The solvent was evaporated and the tin

residus were removed with KF treatment33 or heptane/acetonitrile extraction before chromatography with
petroleum ether/ethyle acetate.

Catalytic tin hydride reaction (procedure A, tables 1 and 2) : A mixture of halogeno compound and sodium

gty Y SO, S . ) S

Lt __1_°.8
00ronyana

-7 P

4 eq.) in 95% ethanol (10-14 mi/mmole ) was brought to reflux under a stream of air. AIBN (0.5-

€ n
eq.) and Bu;SnCl ( 0.05 eq.) were then added in three times over 5-8 hours and the reaction was left at

s v

silica (CH,Cly/acetone) and chromatography.

acetate) gave the products.

Crystallographic data collection and structure determination for C150 JHg :
A eimola ~ructal AF ~~ wae mnanntad An an Faraf N Anine r‘AhAE{-‘ Aiffrartamatar Tnit ~all
i ﬂll&l‘i \JIJDLN Ui \116\1411 u YWAD UIVUIILGU Ull Qll AU QLITIYVINUG WO TTL Uil aviuviiiiviag L/l Wk

dimensions and crystal orientation matrix were obtained from matrix least-squares refinements of setting angles
of 25 reflections measured in the range 12.8 < 26 < 23.6. The data were corrected for background and

Loremz-pmansauon The structure was solved Dy direct methods and difference Fourier tecnmques and refined

(on Fs) by full matrix least square calculations using the software package XTAL3.4.34 All non hydrogen atoms

have been anisotropically refined whereas the hydrogen

5.20-5.15 (m, 1H, J 10, 1 Hz, H-3"; 5.14 (d, 1H, J 2 Hz, H-1); 4.88-4.46 (6d, 6H, CH,-Ph); 4.40 (dd, 1H, J
3,2 Hz, H-2); 4.19-4.123 (m, 1H, J 13, 5, 1 Hz, H-1'); 4.01-3.92 (m, 3H, H-3, H-4, H-1); 3.88-3.82 (m, 1H,
J 6, 4,2 Hz, H-5);,3.79 (dd, 1H, J 11, 4 Hz, H-6); 3.70 (dd, 1H, J 11, 2 Hz, H-6). 3
137.72 (Ar), 133.32 (C-2)); 128.40, 128.30, 128.27, 128.01, 127.90, 127.79, 127.66, 127.48 (Ar); 117.82 (C-
3); 99.16 (C-1); 77.39, 74.53 (C-3, C-4); 75.27, 73.36, 71.18 (CH,Ph); 72.09 (C-5); 68.80 (C-6); 68.34 (C-

5 -~ ~

1; 51.41 (C-2). Anal. Calc. for C3¢H;305Br: C, 65.00; H, 6.01. Found : C, 65.38; H, 6.00.

Allyl 2-brome-3,4,6-tri-O-tertbutyldimethylsilyl-2-deoxy-a-D-manno-hexopyranoside 8. [a]Dm +37 (c

0.91, CHCL). IH NMR : 5.97-5.85 (m, 1H, J 17, 10, 6, 5 Hz, H-2'); 5.33-5.25 (m, 1H, J 17, 1 Hz, H-3Y;
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Allyl 3,4,6-tri-O-benzyl-2-bromo-2-deoxy-f-D-gluco-hexopyranoside 9. [a}D20 +15 (c 0.93, CHCL3). 1H

NMR : 7.40-7.15 (m, 15H, Ar); 5.96 (m, 1H, J 17, 10, 5 Hz, H-2"); 5.36 (m, 1H, J 17, 1, 1 Hz, H-3'); 5.23 (m,
1H, /10, 1, 1 Hz, H-3'), 4.52 (d, 1H, J 8 Hz, H-1); 4.38 (m, 1H, J 13, 5, 1,1 Hz, H-17; 4.17 (m, 1H, J 13, 6,

1, 1 Hz, H-1"); 3.85 (dd, 1H, J 10, 8 Hz, H-2), 3.74 (dd, 1H, J 10, 2 Hz, H-6), 3.72 (dd, 1H, J ~10 Hz, H-3);
(dd
.94,

3.69 (dd, 1H, J 10, 4 He, H-6); 3.61 (dd, 1H, J 10, 9 Hz, H-4); 3.49 (ddd, 1H, J 9, 4, 2 Hz, H-5). 13C NMR :
37

=

1, 13781, 1’2775 (Ar); 133.56 ((‘ 2"); 128.42, 129.39, 128.35, 128.04, 12783, 127.73, 127.64 (Ar);

7
117.89 (C-3'); 101.30 (C-1); 85.58 (C-3); 79.12 (C-4); 75.98, 74.98, 73.48 (CH,Ph); 75.04 (C-5); 70.30 (C-
1'); 68.50 (C-6); 53.06 (C-2). Anal. Calc. for C3gH;305Br : C, 65.10; H, 6.01. Found : C, 65.20; H, 6.11.

Allyl 2-bromo-3,4,6-tri-O-tertbutyldimethylsilyl-2-deoxy-B-D-gluco-hexopyranoside 10. [a]Dz{\’ +2 (c

i,
1H, J 12, 5, 1 Hz, H-1"); 4.27 (ddd,
.92 (ddd, 1H, J 4, 1, 1 Hz, H-4); 3.89-3.75

~TTY E¥T B XYY b 4 | V- ) . TT YY A\, A

(m, 3H, H-35, H-6); 3.74 (ddd, iH, J 6, 1, 1 Hz, H-2); 0.93-0.88 (3s, 3x9H, tbu); 0.15-0.005 (6s, 6x3
(Me)Si). 13C NMR : 133.89 (C-2"); 117.85 (C-3"); 99.52 (C-1); 82.47 (C-5); 79.44 (C-3); 70.60 (C-4); 70.15
(C-1'); 63.79 (C-6); 52.86 (C-2); 25.89, 25.85, 25.76 ((CH;3);C); 18.29, 18.01, 17.89 ((CH3)5C); 4.47, -4.55,
-4.61, -4.72, -5.34 ((CH;)Si). ). Anal. Calc. for C,7H5705Si3Br: C, 51.81; H, 9.17. Found : C, 52.21; H,

9.52.

Cinnamyl 3,4,6-tri-O-tertbutyldimethylsilyl-2-deoxy-2-iodo-a-D-manno-hexopyranoside 11. [0.]920 -60

alc. for C35Hg 05Si51: C, 52.92;

Cinnamyl 3,4,6-tri-O-tertbutyldimethylsilyl-2-deoxy-2-iodo-p-D-gluco-hexopyranoside 12. [a]Dm +47 (¢

1.09, CHCl;). 'H NMR (300 Mhz, CDCl3): 7.43-7.16 (m, SH, Ar); 6.66 (br d, 1H, J 16 Hz, H-3'); 6.32 (ddd,
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(3R*, 3aR*, 6aS*) and (3R*,3a5",6aR*) 3-hydroxymethyl-hexahydro-fure[2,3-b]furan 13 and 14. 13 !H
5 02

1 TR 7Hz H-2): 2932 fm 2H H-5): 382369 (m. 2
LAy v KRy BAT e ]y JIJJ \I\ Ry deb iy KATIJ, I TS \ .

Hz, H-2); 2.96-2.86 (m, 1H, J 8, 5 Hz, H-3a); 2.68-2.5
2.00-1.82 (m, 2H, H-4); 1.47 (br, 1H, OH). Acetate. lTH NMR : 5.77 (d, 1H, J
7 4 H 3.

79 7 Hz H.S)
A,VI "&‘,ll"l

ES"'

bl

(3R*, 3aR*, 7aS*) 3-hydroxymethyl-hexahydro-furo[2,3-b]pyran 15 (Acetate). \H NMR (CDCl) : 5.22

¥ rea xy 1TY Fr 11 =TT Y ov [ re rr

(d, 1H, J 3 Hz, H-7a); 4.21 (dd, 1H, J 11, 7 Hz, H- J11, 8 11.2,1'15),401[' iH, J 8 Hz,
H-2); 3.86-3.76 (m, 1H, H-6), 3.81 (dd, 1H, J 8 Hz, H-2); 57 ( H-6); 2.77-2.61 (m, 1H, H-3);
2.18-2.08 (m, 1H, H-3a); 2.07 (s, 3H, Ac); 1.80-1.64 and 1.64-1.50 (2m, 1H and 3H, H-4 and H-5). 13C NMR

o0
=~
..hn
=
D

el -V

(C-3), 36.27 (C-3a), 22.84 and

.80
.05. Found : C, 59.90; H, 9.86.

n o et ey

:170.88 (CO), 101.74 (C-7a), 67.99 (C-2), 63.09 (C-8), 61.55 (C-6), 3
59

19.69 (C-4 and C-5), 20.85 (Ac). Anal. Calc.

"":
a
)
e
o
o
-y
o

(3R*, 3a5*, 7aR*) 3-hydroxymethyl-hexahydro-furo[2,3-b]pyran 16 (Acetate). !H NMR : 5.02 (d, 1H, J
4 Hz, H-7a); 4.28 (dd, 1H, J 8 Hz, H-2); 4.19 (dd, 1H, J 11, 5 Hz, H-8); 4.01 (dd, 1H, J 11, 7 Hz, H-8); 3.94-
3.85 (m, 1H, J 12 Hz, H-6); 3.72 (dd, 1H, J 8, 7 Hz, H-2); 344 (ddd, J 12, 11, 2 Hz, H-6); 2.72-2.53 (m, 1H,

,,,,,,

H-3); 2.05 (s, 3H, Ac); 1.95-1.80 (m, 3H, H-3a, H-4); 1.75-1.64 (m, 1H, H-5); 1.45-1.33 (m, 1H, H-5). 13C
NMR : 171.02 (CO), 101.80 (C-7a), 71.05, 65.34, 64.46,40.99, 37.64, 22.68, 20.85, 20.54.

AD¥% 2.0% - D# oD%\
wn, Jay , Iu\,on)

NMR :7.43-7.22 (m, SH, Ar); 5.78 (d, 1H, J 11 Hz, H-8); 5.28 (br, 1H, H-7a); 4.10 (dd, 1H, J 8 Hz, H-2);
3.96 (dd, 1H, J 10, 8 Hz, H-2); 3.78 (ddd, 1H, J 11, 11, 2 Hz, H-6); 3.66-3.57 (m, 1H, H-6); 3.11-2.96 (m,
1H, H-3); 1.98 (s, 3H, Ac); 1.66-1.35 (m, SH, H-3a, H-4, H-5). 13C NMR : 169.97 (CO), 138.69, 128.65,
127.45 (Ar), 101.48 (C-7a), 75.31 (C-8), 67.60 (C-2), 60.54 (C-6), 45.90 (C-3), 35.24 (C-3a), 22.86 and
19.29 (C-4 and C-5), 21.01 (Ac). Anal. Calc. for C1gH,q0y : C, 69.54; H, 7.29. Found : C, 69.18; H, 7.35.

2 /e LA ___ ] ===l Juy E LY (—— N N cmanld 2 L1 N 1
<={i-iliyu I'Uly',l'p CHnYICLU Y1) ~NCAaallyuru-iurvj4,o-vjpyran 1

(3R*, 3aS*, 7aR*, 85*) 3-(1-hydroxy-1-phenylmethyl)-hexahydro-furo[2,3-b]pyran 18 (Acetate). 1H
NMR : 7.44-7.2 ( 1H, Ar); 5.69 (d, 1H, J 11 Hz, H-8); 534 (d, 1H, J 3 Hz, H-7a), 3.84-3.64 (m, 2H, H-

r 11 ©O AN, Y 2A FAT 1 ro o LAY W s
nJvii, driz, n-<), >2.049 (U4, 1ri, J 0, 0 1L, 1n1~&), 4.7

)2
12

(=)}
(7S]
ch
(=]
—

£11
{aaq,

1H, H-3a); 2.05 (s, 3H, Ac); 1.78-1.56 (m, 4H, H-4, H-5). 13C NMR : 169.81 (CO); 138.78, 128.71,

D
E)
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126.74, 125.97 (Ar); 101.75 (C-7a); 73.69 (C-8); 65.81 (C-2); 60.85 (C-6); 46.18 (C-3); 35.70 (C-3a); 23.03,

1943 (C-4 C-5): 2171 (A
1283 (04,02, 40,72 (AL

(3R*, 3aR*, 7a$5*, 85*) 3-(1-hydroxy-1-phenylmethyl)-hexahydro-furo[2,3-b]pyran 19 (Acetate). !
NMR : 7.37-7.20 (m, SH, Ar); 5.70 (d, 1H, J 9 Hz, H-8); 5.01 (d, 1H, J 3 Hz, H-Ta); 3.96 (dd, 1H, J 9, 9 Hz,

Y

NMR - 7427922 (m § Ary- § 80 (d TROH> I 400 /(d 11T J1T1H> H_7a) 421 (A4 1 70 H> H.
ANAYREN. . 1. .TVIT I dvide \lll, -Jll., ml, - NI T \U,J o.v LAL, ax u], .77 \U, ILI,‘I - A‘&, AN lll,, Yo Kk \Uu, ALR, w7 - lllﬁ AN
2); 3.92 (dd, J 9, 7 Hz, H-2); 3.89-3.80 (m, 1H, H-6); 3.42-3.30 (m, 1H, H-6); 2.88-2.73 (m, 1H, H-3); 1.93-
1.83 (m, 1H, H-3a); 1.58-1.46 and 1.27-1.07 (2m, 1H and 3H, H-4 and H-5). 13C NMR : 170.03 (CO),
12098 17 K4 172 2Q 179K 8§ FArY: 1M 1K (7)Y 77 12 (C_R) TN AR R4 A0 (.Y C_L) 42 8T (C_ 2\ AN KRR
Rt 7 ‘-U, lb“.u", L&D hl, Rbda\T T \m,, AVida, L \\l Iﬂl’ r 7 10 \\/ U” IV."U, VY. YT \'\' l-, s’ Vl, Tl ¥ \\‘ J]’ W ..U

(C-3a); 21.11 (Ac); 22.23, 20.36 (C-4, C-6).
(3R*, 3a5*, 6aS*, 7R*) 3-(l-hydroxy—l-phenylmethyl)—hexahydro—furo[Z,S—b]furan 21. IH NMR (300

Pl oV BB -

Mhz, CDCl3) : 7.50-7.2

A & ™ 1 1YY T ETYTY Y - A

9 (m, 5H, Ar); 5.67 (d, 1H, J 5 Hz, H-6a); 4
1H, J 8, 7 Hz, H-2); 4.01 (ddd, 1H, J9, 7, 6 Hz, H-5); 3.92 (dd, 1H, J 11, 8 Hz, H-2); 3.78 (ddd, 1H,J9, 7, 6
Hz, H-5); 2.88-2.75 (m, 1H, J 11, 10, 7, 7 Hz, H-3); 2.45-2.35 (m, 1H, H-3a); 2.08-1.93 (m, 1H, H-4); 1.82
(d, 1H, J 3 Hz, OH); 1.69 (dddd, 1H, J 13, 10, 7, 6 Hz, H-4). 13C NMR : 142.92, 128 81, 128.68, 126.45
(Ar); 109.72 (C-6a), 74.63 (C-7), 70.87 (C-2); 68.93 (C-5), 49.54 (C-3); 44.41 (C-3a); 25.18 (C-4). Anal
Calc. for C{3H,405 : C, 70.89; H, 7.32. Found : C, 70.83; H, 7.38.

A A YT Y ", AA‘ &y

68 (dd, 1H, J 10, 3 Hz, H-7); 4.24 (dd,

(3R*, 3a$*, 6aS*, 75*) 3-(1-hydroxy-1-phenylmethyl)-hexahydro-furo[2,3-b}furan 22. 'H NMR (300

NAha OTMEN -
AVRLL, L) .

(m, 2H, H-5); 3.36 (dd, 1H, J 10, 8 Hz, H-2); 3.29 (dd, 1H, J 8, 7 Hz, H-2); 3.13-3.02 (m, 1H, J 7, § Hz, H-
H 2 J 3 Hz, OH). I3C NMR :

d 1H JSHz HB3) 460(dd 1H J10 3 Hz H-7): 4032 80
U, 1, v I W

L&y LATVG ), TF.UV (UM, 14X, & AV, J Ll&, AT j, V. VITI.W

""I: - \ bt} > 3. 7 bt} PR =25 2200 5 ==%9 -

142.96, 128.89, 128.51, 125.90 (Ar); 110.17 (C-6a); 73.73 (C-7); 69.34, 69.27 (C-2, C-5); 49.94 (C-3); 44.71
(C-3a); 25.41 (C-4).

(3R, 3aR, 4F

(m, 15H, Ar); 5.47 (d, 1H, J 5 Hz, H-7a); 4.85-4.50 (6d, 6H, CH,-Ph);

oY

2H, J 7 Hz, H-8); 3.88-3.82 (m, iH, 3
(dd, 1H, J 11, 3 Hz, H-9); 3.59 (dd, 1H, J 9, 4 Hz, H-2), 3.56 (dd, 1H, J 7, 7 Hz, H-4), 2.55-2.44 (m, 1H, H-
7 2.00 8.27; 13
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; 128.44; 128.39; 128.34; 127.95, 127.87; 127.81; 127.68; 127.65; 127.62; 100.94; 79.47;, 77.16; 73 .88,

(3R, 3aR, 4R, 55, G6R, 7aS) and (35, 3aR, 4R, 55, 6R, 7aS) (4,5-di(tertbutyldimethylsilyloxy)-6-

(fertbutyldimethylsilyloxy)methyl-hexahydro-furo[2,3-b]pyran-3-yl)}-methanol 27 and 28. 27 'H NMR
(300 Hz, CDCl3) : 5.37 (d, 1H, J 5 Hz, H-7a); 4.28 (dd, 1H, J 8, 8 Hz, H-2); 4.05 (dd, 1H, J 2, 2 Hz, H-4),
3.95-3.69 (m, 6H, H-5, H-6, H-8, H-9); 3.65 (dd, 1H, J 8, 8 Hz, H-2); 3.11-2.97 (m, 1H, H-3), 2.31 (ddd, 1H,
T10 € Y . 2W) 1 AR /he t 1T OIN 130 NMR - Q7 760 (CTa) TR £2 (€Y 71 27 04N TN TIK (O
J AV, J, & 1 AR Ja’, 1.770 \Ul L, 1L, Ull’ A AR NA ST L A R A \\1 la)’ Qe vJ \\l J], LI WY -} \\l—!',, LA A \\-l ‘-},

68.74 (C-6); 63.98
70.84; 70.40 (C-2); 69.4

(3R, 3aS, 4R, 55, 6R, 7aR) (4,5-dibenzyloxy-6-benzyloxymethyl-hexahydro-fure{2,3-b]pyran-3-yl)-

methanol 29 (acetate). 1H NMR : 5.13 (d, 1H, J 3 Hz, H-7a); 4.85-4.51 (6d, 6H, CH,-Ph); 4.49 (dd, 1H, J
11, 4 Hz, H-8); 4.34 (dd, 1H, J 9, 9 Hz, H-2); 4.30 (dd, J 11, 8 Hz, H-8), 3.91 (dd, 1H, J 9, 6 Hz, H-4); 3.80
(dd, 1H, J 9, 7 Hz, H-2); 3.76 (dd, 1H, J ~9 Hz, H-5); 3.75 (dd, 1H, J 11, 4 Hz, H-9); 3.69 (dd, 1H, J 11, 2
Hz, H-9); 3.37 (ddd, 1H, J 9, 4, 2 Hz, H-6); 2.95-2.80 (m, 1H, H-3); 2.50 (ddd, 1H, J 9, 6, 3 Hz, H-3a); 2.05
(s, 3H, Ac). 13C NMR : 170.88; 138.17; 128.52; 128.39; 128.33; 127.99; 127.88; 127.79, 127.74; 127.57,
101.89; 80.18; 75.08; 74.99; 74.36; 73.58; 73.03; 71.98; 69.01; 65.92; 46.13; 36.87; 20.85. Anal. Calc. for

ol & ;. 15 H A2 Faund - O
\/321136\17 \,, P de.d C.61. 1 G.

(35, 3aS, 4R, 5SS, 6R, 7aR) (4,5-dibenzyloxy-6-benzyloxymethyl-hexahydro-fure[2,3-bjpyran-3-yl)-
methanol 30 (acetate) 'HNMR : 5.05 (d, 1H, J 3 Hz, H-7a), 4.74 (dd, 1H, J 10, 4 Hz, H-8); 4.23 (dd, 1H, J
11, 10 Hz, H-8); 4.19 (dd, 1H, J 8, 3 Hz, H-2); 4.06 (dd, 1H, J 8, 6 Hz, H-2); 4.01 (dd, 1H, J 9, 7 Hz, H-4);
3.68 (d, 2H, J 3 Hz, H-9); 3.64 (dd, 1H, J 10, 9 Hz, H-5); 3.34 (m, lH, J 10, 3, 3 Hz, H-6); 2.78 (ddd, 1H, J
8, 7, 3 Hz, H-3a); 2.72-2.61 (m, 1H, H-3); 2.05 (s, 3H, Ac). 13C NMR : 170.59 (CO); 138.21, 138.71,
138.05, 128.45, 128.33, 128.30, 127.97, 127.79, 127.44 (Ar), 101.62 (C-7a); 80.38 (C-4); 75.72 (C-5); 74.89,
73.36, 72.15 (Bn), 73.94 (C-6); 72.95 (C-2), 68.98 (C-9), 65.81 (C-8); 45.76 (C-3a); 37.66 (C-3).

(3S, 3aS, 4R, 55, G6R, 7af) 4,5-(di(fertbutyldimethylsilyloxy)-6-(tertbutyldimethylsilyloxy)methyl-

hexahydro-furo[2,3-b]pyran-3-yl)-methanol 31 . [oz]D“U +16 (¢ 0.90, CHCl;). 1H NMR : 5.22 (d, 1H, J
42 Hz H-7a); 4.18 (dd, 1H, J 8, 7 Hz, H-2); 3.96 (dd, J 6, 5§ Hz, H-4); 3.89 (dd, 1H, J 6, 4 Hz, H-5), 3.76

(brd, 2H, J S Hz, H-9 ); 3.70 (dd, 1H, J 8, 6 Hz, H-2); 3.62-3.55 (m, 2H, H-8); 3.44-3.37 (m, 1H, H-6); 2.78-
2.65 (m, 1H, H-3); 2.58 (br s, 1H, OH); 2.29 (ddd, 1H, J 7, 5, 4 Hz, H-3a); 0.95 and 0.90 (2s, 3H and 6H,
g‘hu\ 0 16-0.08 (5s

VARV S Ty

—~

(3S, 3aS, 4R, 55, GR, 7aR) 4,5-(di(fertbutyldimethylsilyloxy)-6-(fertbutyldimethylsilyloxy)methyl-
-3-yl)-methanol 32 [a] 2° -4.3 (c 1.10, CHCl3). 'H NMR (CDCl;): 5.05 (d,
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1 71 _Ta) 4 18 (A4 1 JO QU HOONY 2400 (A4 1T T..0 e H AV AN 208 (s 1LY 711 0 A
AEE, v J RAL, KET/@), T.AV (UM, 124, v 7, O Hi4, 1154, VT Uy, g vy 7 & 117y, Y VITI.TJ N, IX1, J 11, 0, 4
Hz, H-8); 3.93-3.83 (m, 2H, H-5, H-2); 3.83-3.75 (m, 2H, H-

—
s_—
2
‘-/
O
-/

4
~N
[
Lo

t
w
(2]
s

'
7]
~J
Lo

[]
NN
(P8 ]
o

[}
5
O
~N

)
Lll
—
00
—

9.99. Found : C, 57.86; H, 10.69.
(3S, 3aR, 4R, 5R, GR, 7aS, 8R) 4,5-(di(tertbutyldimethylsilyloxy)-6-(fertbutyldimethylsilyloxy)methyl-
20

~ [ 1N ) JY falaVal BRW
-2 (¢ 1.1V, Unliy). *n NMR (CUCIR):

Wemecanm P R -

ro{2,3-b jpyran-.:-y )-phenyimethanol 33 : [aj,
7.43-7.34 (m, 5H, Ar); 5.39 (d, 1H, J 5 Hz, H-7a); 5.10 (dd, 1H, J 3, 3 Hz, H-8); 4.38 (dd, 1H, J 8, 6 Hz, H-
2); 4.21 (dd, J 2 Hz, H-4); 3.97 (dd, 1H, J 7, 5 Hz, H-9); 3.94-3.83 (m, 3H, H-5, H-6, H-9); 3.84 (d, 1H, J 3
Hz, OH); 3.79 (dd, 1H, J 8, 8 Hz, H-2); 2.84-2.74 (m, 1H, H-3); 2.34 (ddd, 1H, J 9, 5, 2 Hz, H-3a). 13C
NMR : 143.66, 128.45, 127.15, 126.01 (Ar); 98.05 (C-7a); 78.06 (C-5); 70.87 (C-4); 70.27 (C—S); 69.30 (C-

(O N Y 192 24
» 4 A . £33 )30 ), 1055,

OIO

20 17 2K
&, L7.0J

»

((CH3);C); -4.14, -4.35, -4.42, -4.73, -5.27, -5.31 ((CH3)Si). IR (neat) v (cm!) : 3453 (OH). Anal. Calc. for
Cy7Hg0¢Si5 : C, 57.60; H, 10.38. Found : C, 57.86, H, 10.69.
(35, 3aR, 4R, 5R, 6R, 7aS, 8S) 4,5-(di(tertbutyldimethylsilyloxy)-6-(tertbutyldimethylsilyloxy)methyl-

havahudua fisnal? T _ hlnuvsan 2 vl nhanvimathanal 24 a1 20 L4 70 1 10 TICTY 1Lr \IVD /O -
BTAKIBYUIV-IUI V4o~V Py T &iI-o~yij~pucilyiiucuianovi J<« Lu,JD T4 L L1V, LiiLly ). iR DNV \puul}; .

5.48 (d, 1H, J 5 Hz, H-7a); 4.99 (dd, 1H, J 10, 4 Hz, H-8); 4.64 (br s, 1H, H-4); 3.94-3.80 (m, 4H, H-5, H-6,
H-9); 3.66 (dd, 1H, J 8, 8 Hz, H-2), 3.39 (dd, 1H, J 8, 8 Hz, H-2); 2.90 (4, 1H, J 4 Hz, OH); 2.91-2.74 (m,
1H, H-3); 2.55 (ddd, 1H, J 8, 5, 1 Hz, H-3a); 0.96, 0.91, 0.90 (3s, 3x9H, fbu); 0.20, 0.15, 0.14, 0.07 (4s, 6H,
2x3H, 6H, (Me)Si). 13C NMR : 143.58, 128.69, 128.01, 126.45 (Ar); 99.36 (C-7a); 77.19 (C-6); 73.29 (C-8);
70.14 (C-2); 70.02, 60.85 (C-5, C-4); 63.43 (C-0); 47.67, 46.48 (C-3, C-3a); 26.12, 26.02, 25.82 ((CH3);C);

hexahydro-furo[2,3-b]pyran-3-yl)-phenylmethanol 35 : [ot]D -7 (¢ 0.80, CHCl;). 'H NMR (CDCly) :

7.44-7.28 (m, 5H, Ar); 5.39 (d, 1H, J 5 Hz, H-7a); 4.60 (dd, 1H, J 7, 3 Hz, H-8); 4.22 (dd, IHJ 8, 8 Hz, H-
2); 4.05 (dd, 1H, J 8, 6 Hz, H-2); 3.82 (dd, 1H, J 10, 5 Hz, H-9); 3.78 (dd, 1H, J 10, 4 Hz, H-9); 3.72-3.66
(m, 2H, H-5, H-6); 3.62 (br s, 1H, H-4); 3.19-3.08 (m, 1H, H-3); 2.21-2.13 (m, 1H, H-3a); 1.82 (d, 1H, J 3
Hz, OH); 0.94, 0.89, 0.82 (3s, 3x9H, fbu); 008- -0.17 (6s, 6x3H, (Me)Si). IR (neat) v (cm-1) : 3443 (OH).

(3R, 3aR, 4R, SR, 6R, 7aS, 85) 4,5-(di(tertbutyldimethylsilyloxy)-6-(tertbutyldimethylsilyloxy)methyl-
hexahydro-furo[2,3-b]pyran-3-yl)-phenylmethanol 36 : [a],>° +22 (c 0.80, CHCl;). 'H NMR (300 Mhz,
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CDCly): 7.38-7.26 (m, SH, Ar); 5.43 (d, 1H, J § Hz, H-7a); 4.48 (dd, 1H, J 9, 3 Hz, H-8); 4.38 (br, 1H, H-4);

~ ;o

H-2); 3.44 (dd, 1H, J 9, 6 Hz, H-2), 3.28-3.13 (m, 1H, J 9, 6 Hz, H-3);
.08 (d,1H, J 3 Hz, OH). 13C NMR : 143.37, 128.69, 128.18, 128.52 (Ar); 98.80
69.23 (C-6); 62.42 (C-9); 50.08 (C-3a); 44.58 (C-

TE ATy sV | MR &

4.40, -4.77, -4.81, -4.88, -5.22, -5.29

o0
£
—_
a
&
—

[*5]
)

bt
&
P

(33, 3a8, 4R, 5R, 6R, 7aR, 8R) 4,5-(di(tertbutyldimethyisilyloxy)-6-(fertbutyidimethyisiiyloxy)methyi-
hexahydro-furo[2,3-b]pyran-3-yl)-phenylmethanol 37. [(JL]D20 +21 (¢ 0.55, CHCl;). 'H NMR (300 Mhz,
CeDg) : 7.78-7.71, 7.31-7.23, 7.14-7.08 (3m, 2H, 2H, 1H, Ar); 5.59 (br s, 1H, H-8); 4.94 (s, 1H, OH); 4.93
(d, 1H, J 3 Hz, H-7a); 4.62 (dd, 1H, J 9, 2 Hz, H-2); 4.31 (dd, 1H, J 9, 8 Hz, H-5); 3.99 (d, 2H, J 3 Hz, H-9);

= {UU,

3.97 (dd, 1H, J 8, 7 Hz, H-4); 3.56 (dd, 1H, J 8, 7 Hz, H-2); 2.98 (dt, 1H, J 9, 3 Hz, H-6); 2.85-2.77 (m, 1H,
H-3); 2.60 (ddd, 1H, J 9, 7, 3 Hz, H-3a); 1.10, 1.06, 1.05 (3s, 3x9H, tbu); 0.31, 0.26, 0.24, 0.23, 0.21, 0.10
(65, 6x3H, (Me)Si). 13C NMR (C¢Dg): 145.56, 128.52, 127.11, 126.41 (Ar); 101.88 (C-7a); 76.74 (C-6);

______ (Me)Si VIR (C¢Dy 11 (Ar); 101.88
75.47 (C-4); 70.04 (C-8); 69.25 (C-5); 68.85 (C-2); 62.14 (C-9); 51.04 (C-3a); 46.64 (C-3); 26.92, 26.50,
26.45 ((CH3);C); 18.98, 18.58, 18.33 ((CH;);C); -2.03, -3.25, -3.31, -4.05, -4.88, -4.93 ((CH;)Si). Anal.

Fa % PR SNy _ T & S o SN Y o BV 4 . YIT 7

henylmethanol Compound 38. 1H NMR (300 Mhz, C¢Dg) : 5.55 (d,

1H, J 5 Hz, H-Ta); 4.51 (dd, 1H, J 8, 1 Hz, H-2); 4.42 (br d, 1H, J 9 Hz, H-8); 4.38 (dd, 1H, J 8, 6 Hz, H-2),
3.99 (dd, 1H, J 10, 5 Hz, H-9); 3.95, (dd, 1H, J 4, 1 Hz, H-5); 3.91 (dd, 1H, J 10, 8 Hz, H-9); 3.74 (ddd, 1H,

r r 2\ 13

J 8, 5.5, 1 Hz, H-6); 3.58-3.54 (m, 1H, H-4); 2.83-2.76 (m, 1H, H- d, J 5, 5, 3 Hz, H-3a). *°C

NMR (C¢Dg): 144.14, 101.78 (C-Ta); 80.74; 75.67; 71.67; 70.70 (C-2); 68.56; 65.27 (C-9); 47.44 (C-3a);

: 3,51, -4.40, -4.47, -4.92, -5.03

y . ’ . > . > V.S - Ny
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