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Introduction

Cyclopentane moiety is an integral part of many naturally occurring and synthetic
structures which bear interesting biological properties. For example, these
cyclopentane derivatives include antiviral carbocyclic nucleoside analogues'™
(Figure 1), antibiotics,” tumor necrosis factor-a. inhibiting agents® and anti-cancer
agents,”'' prostaglandins and their analogues,'”'* phyto-" and isoprostanes'® as
local hormones and rhetrolones as natural pesticides,'”'® cyclopentanols as
neurokinin-1 inhibitors," glycosidase inhibitors> and natural lipid analogues.*' >

HO f:N
-~ C: ,N\%\\(NH ‘\ :: - \X\(NHZ HO\( ;4 \X\( 2 HO ii N\%\\(
N
Ho  on

Aristeromycin Neoplanocin A Noraristeromycin MDL 201449A

*HCI

Figure 1. Some examples of carbocyclic nucleoside analogues

Furthermore, many sesquiterpenic compounds found in nature contain alkyl-
26-29

branched cyclopentanoic motifs in their structures (Figure 2).
OH
& &/o HQ /(/\ i
""" OH
o : (CH,),,CH, \_-OH
o OH '
— N % %
oH HO oH
Jatamanin J Jatamanin L Chokol A From Cinnamomum  From Crescentia
Camphora cujete

Figure 2. Some naturally occurring sesquiterpenes

The importance of the cyclopentane motif in nature, as mentioned above, has
inspired scientists to pursue the synthetic methods of those structures. Therefore, the
synthesis of differently substituted cyclopentanes and pentofuranose carba-
analogues has generated considerable interest in the last few decades.””** Among
others, there have been several publications on methods for stereoselective and
stereocontrolled synthesis of these structures.*

No less intriguing are the compounds containing tetrahydrofuran structural elements,
which are essential parts of many naturally occurring compounds: communiols,*®
acetogenins,”’”® polycyclic marine toxins,”*' lignans” etc. Furthermore,
alkylbranched natural compounds, such as leiodolides,” pectenotoxins,” davana
acid, davanone,” (-)-isocyclocapitelline,”® (-)-isochrysotricine®® and polycyclic
ethers,”’ also exhibit interesting biological properties (Figure 3). More specifically,
the derivatives of 2,2-disubstituted tetrahydrofurans have received attention as anti-
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tumor agents* and potent VLA-4 antagonists,”° for the treatment of various VLA-
4 dependent inflammatory diseases, such as asthma, multiplex sclerosis and arthritis
(Figure 4). A small unique class of compounds comprised of variously substituted
1,7-dioxaspiro[4.4]nonane (spiroditetrahydrofuran) skeletons also exists in nature,
inspiring the synthetic community to find methods for the synthesis of
spironucleosides’': prehispanolones,”® leopersins,” syringolides® and fructose-
derived molecular scaffolds.”

Leiodolide B
= OH OH
IS
&07 J}fOH N
e H NH
o]
Davana acid (-)-Isocyclocapitelline (-)-Isochrysotricine
Figure 3. THF-derivatives bearing quaternary centers found in nature
sfs
0 N
O OH \ /\/ \\ O T
0 N o) “‘\O'PBO HO
w Ho 0  Nooc,H, HO o
VLA-4 inhibitor SRI-62-834 Spirocyclic nucleoside

Figure 4. Some drug-like THF-derivatives

For synthetic chemists, various cyclopentane derivatives and tetrahydrofurans have
been, and continue to be, interesting and challenging synthetic targets: many
diastereoselective’® ™ and enantiospecific'®® methods for synthesizing differently
substituted tetrahydrofurans have been developed in recent years. Even the relatively
rare 1,7-dioxaspiro[4.4]nonane framework has been synthesized by various
methods.’ > However, only a few methods exist to obtain chiral 2,2-disubstituted
tetrahydrofuran derivatives.®**’
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In the present work, the possibilities of synthesizing alkylbranched cyclopentane and
tetrahydrofuran derivatives are examined. The synthesis of the cyclopentane
derivative is presented in Articles I and III. Article I deals mainly with the
asymmetric synthesis and the stereochemistry of dihydroxy cyclopentanones, and
Article III deals with the diastereoselective synthesis of polyhydroxylated
cyclopentanes. In Article II, we report a convenient method for obtaining several
novel chiral tetrahydrofurans from the corresponding lactones.
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1. Literature overview

1.1. Cyclopentane derivatives. Synthetic methods

Synthetic methods for accessing polyhydroxy cyclopentanes and cyclopentanones
can be divided roughly into four categories: methods that rely on natural chiral
compounds,”** 7 enzymatic processes®**’’ or asymmetric synthesis’® ™ to
establish stereogenic centers, and those that do not lead to chiral products, although
they usually involve diastereo- or regioselectivity.® ™ As the number of synthetic
methods for yielding oxo- and/or hydroxyl-substituted cyclopentanes is too
voluminous to cover fully, the focus is on methods leading to alkylbranched
cyclopentanol and cyclopentanone derivatives.

1.2. Enantiomeric cyclopentane derivatives
1.2.1 Starting from a chiral pool

Naturally occurring compounds have been widely used in organic synthesis as
starting material and often lend a stereogenic unit to the target molecule.

In the synthesis of naturally occurring carbocyclic sugar analogue caryose, 1
Adinolfi et al.*® used 3.4,5-tri-O-benzyl-1-deoxy-D-iditol 2 as starting material and
Sml, mediated cyclization as the key reaction to obtain the cyclopentane core
structure 3 (Scheme 1). Further transformations led to a caryose 1 as a mixture of
hemiacetals.

OH

BnO
BnO Swern OBn_o
o © oo “@: ﬁ
BnO BRO t-BUOH/THF
HO
2 3,59% 2 steps  97:3
OH
OH A _oO oH OH
HO . OH HO~ OH
3 —_— _— (6] —_—
< ZTOH < OH
HO = HO
1 10% 4 steps from 3

Scheme 1. Total synthesis of caryose

Another relevant example using a chiral pool was developed by Rassu et al.*® The
synthesis of carbafuranoses 4 and 5 started with a cross-aldol reaction between 2-
[(tert-butyldimethylsilyl)oxy]furan 6 and D-glyceraldehyde acetonide 7, catalyzed
by Lewis acid (Scheme 2). The obtained lactone 8 was further elaborated to the
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prerequisite aldehyde 9 in four steps to afford bicyclo[2.2.1]heptane derivatives 10
and 11 byTBDMSOT{/DIPEA-mediated intramolecular aldol reaction. Subsequent
transformations gave cis-compound 4 and trans-compound 5.

. o
BF,*Et,0 TBDMSOTf

o -80°C DIPEA

TBDMSO\@ . o
O ~° 75% 82%
o
6 7 8 9
o o HO HO

TBDMSO OTBDMS  TBDMSO OTBDMS

10 11 4 5
12% and 8% overall

Scheme 2. Rassu’s synthesis of alkyl-branched carbasugars

Relying on the chiral building blocks 12 and 13 of Ley et al.,*’ a novel route to the
naturally occurring antibiotic (-)-pentenomycin 14,* its enantiomer 15 and epimers
16 and 17 was devised by Pohmakotr et al. (Scheme 3).%

~o o LDA, THF o OH o OH
-78°C “, “, A

@6—;/[4 &%Of/\sph + &%Oi\/\sph
0~ PhS(CH,),CHO o) 2~0
0o \ 0o \

_0
12 12a 34% 12b 32%
NaIO / 3.5 eqv LDA / CaCO
12a H Ph
M OH THF, -78 to 0°C Toluene
SPh reflux
O
OH QH
90% TFA HO—, HO—,
é( HO= 12b p— HO—'Q
—_—
O O
14 71% 4 steps 16 72% 4 steps
OH OH
N 0 HO : HO
. h "
(0] O
13 15 12% overall 17 11% overall

Scheme 3. Pohmakotr’s synthesis of (-)-pentenomycin

Although the synthesis featured low diastereoselectivity (1:1) at the secondary
hydroxyl group, it allowed for the synthesizing of 3-epipentenomycin 16, ent-
pentenomycin 15 and ent-epipentenomycin 17, according to a general reaction
sequence.

16



A successful use of Tebbe’s reagent in the cyclization of lactone 18 to cyclopentane
19 was reported by Rao er al.”® (Scheme 4). Ribonolactone 20 was synthesized
starting with D-ribose 21.”"> Subsequent demethylation was achieved by basic
hydrolysis and the oxidative cleavage of the formed vic-diol by NalQ,, resulting in
lactone acetal 22. Anti-Isopropylacetal 18 was obtained stereoselectively under
acidic catalysis and the key transformation was carried out with Tebbe’s reagent, to
afford a cyclopentane core structure 19. This compound was further converted to the
final product 23 by a hydroboration, deprotection and acetylation sequence.

o) 1. NaOH, H,0 o)
o] »H0. Ho o)
O.woH HO/\(j 40°C W i-PrOH, PPTS
HO*; "‘rOH (o] 6] 2. Nalo,, 0°C [¢] (0] 80°C,1.5h
el 2000 Pas 84%
21 D-Ribose 20 66% 2 steps 22
\( 1. BH;*Me,S

o Tebbe's reagent HO\Q/ 2 H.OINZOH AcO
. aOH  AcOa "\ .ov N
o\go (2.2 eq.) \ 20, *@ OAc

R ——

— THE, 0°C, 1 h 0.0 3. MeOH, HCI S
6. o 40% < 4. Ac,0, TEA, AcO  OAc
N DMAP, DCM

49%
18 19 23

Scheme 4. Tebbe’s reagent in cyclization

Barreros’ synthesis of Chokol B 24, E 25 and K 26 started with commercially
available (+)-nerolidol 27 (Scheme 5).”* An attempted radical oxirane opening
cyclization reaction led to a mixture of six different compounds, while the use of a
catalytic amount of Cp,TiCl, resulted in only two major products. They concluded
that Ti-complex was the main driving force of diastereoselectivity. The best results
were obtained using two equivalents of TEA. The synthesis of Chokols B 24, E 25
and K 26 started with an epoxidation of (+)-nerolidol 27 by using vanadium
catalysis, followed by cyclization to afford a cyclopentane derivative 28. Further
derivatization with CS, and subsequent radical reduction with Bu;SnH gave Chokol
K 26 in 29% overall yield. Chokol E 25 was obtained from Chokol K 26, together
with its 10 epimer 29 via dihydroxylation with AD-mix-o..
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Vo(acac), Cp,TiCl,

TBHP 0 Mn(0
= 3 A S - o VY\/Y\/Y 4)
HO 72% HO THF

0,
97 68%
OM o 1.Na, CS,, Mel OH _
87% —"
o 2. AIBN, HSnBu, =
69%
28 Chokol K 26
AD-mix-a
MeSO,NH,
Chokol K 26 ———— >
t-BuOH
Chokol E 25, 38% 10-epi-Chokol E 29, 37%
1. MsClI, Py OH
AD-mix-f K,CO4 s
MeSO,NH, 82% " OH
Chokol K26 — " = _ :
+-BuOH 2. Cp,TiCl
TEA
73% 10-epi-Chokol B 30
1. MsCl, Py
Chokol E 25, 38% K,CO4
82%
+ —>2 R + 10-epi-Chokol B 30
10-epi-Chokol E 29, 37% : T‘I’EZA'
73%

Chokol B 24

Scheme 5. Synthesis of Chokols B, E and K

Chokol K 26 was also used as the starting material for the synthesis of C-10-epi-
Chokol B 30 over a three-step sequence involving the use of AD-mix-f3, epoxidation
over mesylate and a Ti(Ill) catalyzed epoxide opening-elimination reaction. A
mixture of Chokol E 25 and epi-Chokol E 29 underwent an epoxidation and epoxide
opening sequence to afford Chokol B 24 as a 1:1 mixture of its epi-congener 30.

Cyclopentanols 31 and 32 were synthesized via the key intermediate -lactone 33,
which was obtained by an intramolecular diastereoselective aldol reaction of (R)-
carvone 34 derived oxo-acid 35 by Romo’s group (Scheme 6).”* The overall yield
was good for both cyclopentanol derivatives: 34% for 31 and 28% for 32.
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TsCl, DMAP, DIPEA
O 2 steps, 50% (0] K,CO,, DCM, rt
- 20
— OH 76% N

X g
34 35 33
2 MgBr
TEA, MeOH o CuBr*Me,S
23°C I Me,S, TMSCI 7
33— N 34 \K/\/
92% OHO THE =
-30°C to 0°C OH
75%
31 32

Scheme 6. Cyclopentane derivative by intramolecular aldol reaction

1.2.2 Asymmetric synthesis

A recent example of asymmetric (S)-Kjellmanianone 36” synthesis was reported by
Yamamoto (Scheme 7), who used a chiral Ph-Box ligand 37 and Cu(OTf), to
facilitate a 38 derived enolate addition to the N-nitrosocarbonyl compound 39 as the
key step. Intermediate 40 was obtained in high ee (97%). The sequence was
completed by the cleavage of the O-N bond with Mo(CO)s

transesterification of 41 with MeOH.
Cu(OTf),, 10 mol%

o o o Ph-Box 37, 12 mol%
+ M g 7\
MS tBuO” "NHOH  Mino. 5 equiv.
-0

DCM NHBoc
61%, 97% ee

679 Mo(CO),
(o] o
. W)ﬁ’o o7% ee | MECNHO
&N ! Reflux
Ph N\K
Ph-Box ™"
37 0 o
[( CF,CO Ag %
o -
(0]
OH MeOH
—0 THF, Reflux
99%, 97% ee
(S)-Kjellmanianone 36 41

Scheme 7. Synthesis of Kjellmanianone

A review of the ring expansion reactions to afford cyclopentane derivatives has
recently been published.”® Especially relevant, in our opinion, is the method of ring
expansion of cyclobutanones 42 developed by Hegedus ef al., °"° leading directly
to regioisomeric methyl-susbstituted hydroxyl-cyclopentanones 43 and 44 (Scheme

8).
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O

\
o7 O Me,SOl, NaH o) _/° N
o} Sc(OTf), CH,N, 0O

O%
N
N N
O S DMF o | DMF/THE
J Ph 79% E)""Ph 87% OQ‘””Ph
Ph Ph E’h
43 42 44

Scheme 8. Regioselective ring expansion reaction

B-Substitution to the oxo-group has been extensively studied, leading to the
formation of 2,3-disubstituted cyclopentanone 44 when diazomethane was used. To
obtain 3.,4-substituted cyclopentanones 43, an epoxide rearrangement was used. In
both cases, the relative configuration was inherited from cyclobutanone synthesis. In
the case of chiral oxazolidinone substituent at the P-position, high asymmetric
induction was observed (97% ee).

Cascade reactions can provide easy access to complex compounds, e.g. in the
organocatalytic cyclization reported by the Rovis group (Scheme 9).'%'"" The
Michael addition aldol reaction sequence led to 2,2,4,5-substituted 45 and to 2,2,3,4-
substituted cyclopentanones 46 catalyzed by 47, 48, 49 and 50 catalyst pairs,
respectively. The substrate scope was wide (15 examples for 2,2,4,5-substituted
cyclopentanones 45 and 16 examples for 2,2,3,4-substituted cyclopentanones 46).

47. 20 mol¥ 0 R= Me, n-Pr, i-Pr, allyl, Bn, PMB
a5 Mol OH R'= CO,Me, CO,Bn, CONAIk,, COCH,
+ : R . R"= Me, Et,n-Pr, i-Pr, Ph
o NaOAc, 20 mol% \ Y= 35-98%, ee= 51-98%, dr= 3.5:1 to 65:1:1
R,/\)LR" CHCI,, 60 °C R
4-12h
45
o~>\
=N
OTMS N .
s N _N BF,
o BF s N"
Q prPh ¢ NoN~-cF,
47 48 49 50
RMO
49, 20 mol% QHO_ o R= Me, n-Pr, i-Pr, Ph, PBP, PhCH,, TIPSOCH,,
. 50, 10 mol% R')\”"‘ Qéo BzOCH,
R'= MeO, EtO, £BuO, BnO, EtS
o o NaOAc, 10 mol% _ 0, e 20/ A o .
R‘M CHCI,, 22 °C R Y= 32-93%, ee= 81-97%, dr= 2:1 to 5.5:1

14 h
46

Scheme 9. NHC catalyzed cyclization of Michael adducts to cyclopentanones
In our laboratory, a method for the asymmetric oxidation of 3-alkyl-1,2-diketones 51
with a Ti(Oi-Pr)s-tartaric ester-TBHP complex, affording 3-hydroxylated 3-alkyl

diketones 52 in high enantiomeric purity has been developed'® (). Commercially
available diketone 51 was subjected to oxidation with TBHP in the presence of a
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Ti(Oi-Pr)4/(+)-DET complex. Chiral tertiary hydroxydiketone 52 in a mixture with
its hemiacetal 53 was obtained.

/

OH o o} O_ OH
o O, (DET_ o, OH —— = HO, o
TBHP, DCM -
42h, 20 °C
51 52 53

Scheme 10. Asymmetric oxidation with Ti(OiPr),-tartaric ester complex

Cauble et al'™ have reported a highly diastereoselective and enantioselective
method for the synthesis of aryl-substituted methyl-branched cyclopentanols 54 and
55 via an Rh(I) catalyzed one-pot conjugate addition aldol reaction sequence
(Scheme 11). While high diastereoselectivity was observed in all cases, a good
enantioselectivity was observed only with methylketone 56 as a substrate.

0 [Rh(COD)CI],, 25 mol% @ OH
o (R)-BINAP, 7.5 mol% M. b
R R
)H\j/ PhB(OH),, 200 mol%
H,0, 500 mol% Ph
Dioxane, 0.1M, 95°C

56 R= Ph, Me 54 Ph 78%, ee 77%
55 Me 88%, ee 94%

Scheme 11. One-pot conjugate addition aldol reaction

An asymmetric palladium-catalyzed alkylation of enone 57 was developed for
cyclopentenol 58 by Stoltz er al. (Scheme 12).'"* The synthesis started with the
commercially available compounds 59 and 60. The intermediate 57 was alkylated
with 61 under mild conditions to afford 62 in good yield (82%) and
enantioselectivity (92%). Cyclization, reduction of the oxo-group, benzoylation and
removal of the cyclohexylidene group gave a chiral building block 58.
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Cl Cl

MsCI, TEA
PN —
THF, 0 °C

(0] 95% OMs
TBAT o
% o1 Pd,(pmdba), NaOBr
(S)-t-BuPhox : \]/ AcOH
- = 0_ 0 CO — >
toluene acetone
350C, 20 h 0°C, 1.5h
OTES 82%, 92% ee
MeO_ OMe N 62
p— Oo. .0 -
60 57 37%, 3 steps
1. DIBALH, THF
0 -78t00°C, 1 h
(k‘ (n-Bu)P 2. Bz,0, DMAP, TEA OBz
e TEA DCM, 0°C, 13.5 h {
o__0 O - =

toluene OO 3 fymaric acid, HC(OMe),
110°C, 16 h c b &
94%, 2 steps MeOH, 0 to 35°C, 18 h
' 96% 3 steps

58 27% overall
Scheme 12. Craig’s approach to cyclopentenediol

A CuH catalyzed asymmetric conjugate addition aldol reaction was used to construct
three stereogenic centers to a cyclopentane derivative 63 in good enantio- but poor
diastereoselectivity'® (Scheme 13). The substrate scope was limited to one example
for cyclopentanes, although 10 examples for cyclohexane derivatives with excellent
diastereo- and good enantioselectivity were presented.

(S,R)-PPF-P(t-Bu),, 1%
Cu(OAc),, 5%

Q DEMS 1.5 O\ oHt
5eq.
M/Y q ) ,,,,,,
toluene, 12 h, -10 °C

o 75%, ee 97% and 92%

63

Scheme 13. CuH catalyzed conjugate addition aldol sequence.

1.3. Racemic cyclopentane derivatives

Boyce’s synthesis of nitrocyclopentanones (Scheme 14) via a three-component
coupling of silyl glyoxylates 64, acetylide nucleophiles 65 and nitroalkenes 66, a
subsequent Ti(Oi-Pr), catalyzed cyclization to cyclopentane 67 and a RuCl,
mediated oxidation of double bond to a-hydroxy ketone 68 proceeded with good
diastereoselectivity.*’ In the latter reaction, the substrate scope was limited only to
three different substitution patterns, although the observed diastereomeric ratio was
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in line with the previous two steps (dr >20:1), and the overall yields were good (23-
42%, three steps). A significant decline in yields was observed (42-56% vs. 67-83%
for one step and 39-57% vs. 60-86%), when the R-group was comprised of alkyl
chains (CsHy; or i-Pr) instead of aryl groups (Ph, thienyl, furyl).

o R'—==—MgBr o R R
o} + o NO 68 >L ., 2 =n
TES ¥ R 2 8oCton o~y
-78°C to
% toluene TESO 02N
o4 66 39-83%
/% RuCl,
o NaHCO, /%
NaOH, Ti(Oi-Pr O
( )a 0= OH Oxone o oH
DCM,/MeOH, 0°C ~ O,N MeCN/EtOAC/H,0 O N\ 0
39-86% 58-67% \_(«OH
R R' 3 .
67 Reg R

In 68 R'= Me and R= Ph, 2-thienyl or 2-furyl
Scheme 14. Three—component reaction to construct a cyclopentane core

Another example of a multicomponent reaction to yield cyclopentanols 69 and 70 is
the Fischer carbene 71 reaction with lithium enolates 72 and Grignard reagent
(Scheme 15).** The reaction proceeded with good diastereoselectivity, though an
additional equivalent of Grignard reagent was needed in the case of R,= MeO to
form an allyl-substituted cyclopentane derivative.

WV
P . HO, 7 HO. R2
o OLi 1. THF, -78 to -55 °C R3 S _R3
)\ + H\ or
= "y
(CO),Cr™ "R1 RZ 5 AllyMgBr, -78 to 20 °C R1 R
R3 Y o)
3. 6N HCI -
71 72 69 70

73-87%

69: R1= 2-furyl, 2-naphtyl, cyclopentyl; R2= MeO; R3= Me
70: R1= Ph; R2= Et; R3= Me
R1= 2-naphtyl; R2, R3= (CH,),

Scheme 15. Multicomponent reaction using Fischer carbenes

Ti(IIl) induced a regioselective opening of oxirane in 73 and the subsequent addition
to the oxo-group led to the formation of methyl substituted cyclopentanediols 74 and
75 with good yield but with low diastereoselectivity, reaching a 4:1 ratio at best
(Scheme 16).'" The only exceptions were in the case of cyclopropane and
cyclobutane formation (from ketone), although the latter was accompanied by a
substantial amount of -elimination (64%).

o Cp,TiCl,,
4eq2n(0
o _4eaz® 6. @OH + HOw., éfOH
THF
86%
73 74 1:1 75

Scheme 16. Radical induced epoxide opening

Sml,-induced reductive radical intramolecular coupling reactions produced different
cyclopentane derivatives (Scheme 17).'”'% In all reactions, the first formation of an
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active ketyl radical occurred, which then reacted with the appropriate functional
group. Thus, B-oxoesters with an olefinic side chain 76 reacted in the presence of
Sml, to provide 2’-hydroxy-cyclopentane carboxylic acid esters 77 in good yield
(51-75%) and high diastereoselectivity (dr 20:1 to 200:1). When the side chain
contained an oxo-group (compound 78), cis-oriented vic-diols 79 were formed. An
oxo group in the side chain in conjunction with B-keto functionality failed to afford
diastereoselectivity above 3:1 dr and good yield. A similar effect had hydrogen
substitution at the a-position to the ester group (dr 5:2). In the case of epoxide 80,
the oxirane opening followed by cyclization resulted in cis-1,3-cyclopentanediols 81
(dr 2:1 to 100:1). Oxo-olefin 82 afforded diastereoselectively 1,2-disubstituted
cyclopentanols 83 (dr 15:1 to 150:1). The lower diastercoselectivity of #-Bu-
substituted epoxides 80 can be attributed to the steric effects.

o o Sml,, THF, o 0 Sml,, THF,
. t-BuOH R OHCOOR R, ,OH
T L, R OEt +BuOH R'. 2 COOEt
A . R' R 1, 8
51-75% R A Pr
30-82% HO
07 R
76 77 78 79
R= Me, Et, i-Pr dr 20:1 to 200:1 R=H. Me, Et, i-Pr, Ph dr 3:1 to 200:1
R'= H, Me, Et R'= H, Me, Et
R"= Me, Et R"= H, Me
Sml,, THF, HMPA, HO_ R HO_ R
Q MeOH N ‘
R = +
o 61-81% HO™% HO™%
80 81
R= Me, Et, i-Pr, t-Bu dr2:1to 100:1
1.Smly, THF, E= PhCHO, (PhS),, Ac,0, O,, CO,,
2. Electroph|le (E) \ : + "~
65-86% N
82

dr 15:1 to 150:1
Scheme 17. Sml, in reductive cyclization

A tin-mediated radical reductive cyclization of ketoaldehyde 84 to cyclopentanediol
85 was reported (Scheme 18)."'" Although acceptable yields (46-64%) and
diastereoselectivities (dr 20:1 to 99:1) were reported for cyclopentane derivatives,
less rigid cyclohexane derivatives led to a higher yield (84-95%), but lower
diastereoselectivity (dr 1:1.6 to 2.1:1). The latter was thought to depend on the
formation of intermediate 1,3-dioxa-2-stannolane 86, which should preferably give a
less strained [3.3.0]bicyclic system 86 and cis-product.
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Bu,;SnH

OTBDMS ABN
PhH
~o 62% HO OH
84 85 cis/trans, 20:1

Scheme 18. Tin mediated pinacol coupling

According to Hanzawa et al. 1,2,3-substituted cyclopentanols 87 were obtained by a
Pd(II)-catalyzed (accelerated by Zn(Il) additive) 1,4-addition of acylzirconocene 88
to conjugated ketones 89, followed by an intramolecular aldol reaction, in 55-65%
yield and fair diastereoselectivity (dr 67:33 to 91:9, Scheme 19).""! The assistance of
Zn in the enolate formation was predicted. A more efficient Rh(I)-catalyzed 1,4-
addition/ aldol reaction with vinylzirconocene 90 and ketone 89, affording higher
yields (80-92%) and better diastereoselectivity (dr 93:7 to 94:6) for vinylsubstituted
cyclopentanols 91 was reported by the same group.'"?

(0]
CH,7 ZrCp,Cl

88 Pd(,aAC)z, 10 mol% o HO R R= Me, Ph

e,Zn, 1 eq. S R'= Me

+ R Y= 55-65%, dr= 67:33 to 91:9
(0] THF/Et,0
M/YR' C8H17\\\

R o
(0]
89 87
+ o HO R

RhCl(cod)],, 2 mol?
)V/\ [RhCl(cod)],, 2 mol% Rk@ e P o0
_ R'= Me
ZrCp,Cl toluene, 0 °C Q<: Y= 80-92%, dr= 93:7 to 94:6

90 91
Scheme 19. Pd(IT) and Rh(I) catalyzed 1,4-addition-cyclization reactions

A Favorskii-type ring contraction reaction, first described by Biichi and Egger'"” in
their synthesis of methyl jasmonate 92 (Scheme 20), was used to synthesize a
nitromethyl substituted cyclopentanone intermediate 93 by Kienzle ez al.''* (Scheme
21). This approach was further elaborated to a prostaglandins intermediate 94 by the
same group. In both cases, a straightforward functionalization of suitable 1,3-
diketones 95 and 96 to 2-chloro derivatives 97 and 98 was used as a starting point
(62% for two steps and 67% for four steps, respectively). The ring contraction was
effected smoothly in the presence of an inorganic base to furnish cyclopentenones
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99 and 100. Further derivatization by conjugate addition gave cyclopentanones 101
and 93 in a diastereoselective manner in good overall efficiency.

(0}
2 steps NaZCO 4 steps
—
6% Xylene N 71%
reflux

74%

95 97 99 101

o
Hy N '\;

Lindlar catalyst
—_—
PE, 93%

92

Scheme 20. Biichi synthesis of methyl jasmonate

i
4 steps 10 eqv NaZCO __— 3steps
p—
o Mesﬁylene 73% \
o 78% »° N ’ ©

96 98 100 93
0
9 steps OJ{
K
4% \ 7
HO oH
94

Scheme 21. Kienzles synthesis of racemic prostaglandin intermediate

Taber et al. used a thermal cyclization of suitably substituted dialkene 102,
obtaining the intermediate cyclopentane scaffold 103 in 86% yield and with high
diastereospecificity, in their synthesis of target neuroprostanes 104 (Scheme 22).'"

n
200°C, 24 h
—_—
Toluene
AcO 86%
102 103 104
R=TBDPS Only cis-product observed Only one of four isomeric

neuroprostanes shown

Scheme 22. Neuroprostane intermediate by thermal cyclization
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Electrochemistry has been applied to the synthesis of various substituted
cyclopentanes by Akiyama et al.''® They reported the electrolytic formation of the
cation 105 in MeOH at the carbon anode in the presence of Na. This cation
rearranged to a 2-oxabicyclo[2.2.1]heptane cation 106, which was trapped by
MeOH. They obtained bicyclic intermediate 107, which upon acidic hydrolysis gave
cyclopentane derivative 108 in good yield (Scheme 23). Unfortunately, the yields for
the Diels-Alder reaction leading to the compound 109 were not reported, and thus
the efficiency of the process remains unclear.

~
o
% R O (0] 0
Wagner Meerwein R MeOH o R
o~ |/
R rearrangement N 6]
o " ©
R
109 105 106 107
R=H, 87%
| R=CHj, 83%
1.5N HCIO, O0§-©
[0}
—— = R
THF ;
108
R=H, 87%
R= CH;, 99%

Scheme 23. Electrochemically induced Wagner-Meerwein shift

More recently, an electroreductive cyclization reaction in an ionic liquid media was
presented by Yadav’s group (Scheme 24).""7 B-ketoesters and -amides 110 were
cyclized in a mixture of [MOEMIM |Ms-isopropanol (9:1) at a tin cathode to obtain
the desired products 111 and 112 in 75-90% yield and with diastereoselectivities
ranging from 80:1 to 200:1.

Tin cathode R., OHCOR R, OH
—_— i, ,
lonic liquid @ R'
111 major 112 minor
R= Me, Et, i-Pr dr up to 200:1
R'=H, Me, Et yield up to 90%
R"= OEt, NMe,

Scheme 24. Electroreductive cyclization in an ionic liquid

A unique tin-regulated diastereoselective addition of alkyllithiums to a carbonyl
group was observed by Barbero et al''® The substrates for alkylation were
synthesized by the conjugate addition of (Z)-2-(trialkylstannyl)vinyl cyanocuprates
113 to 3-methylcyclopent-2-en-1-one 114 in high yield (Scheme 25).
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(Cu>ﬁ

SnR R'Li, 1.2 eq. R,Sn R= Bu, R'= Me, 89%
R, THF, _THF,78°C | R=BuR=Bu91%
ﬁ/ o W R R= Bu, R'= Ph, 74%
BF,*Et,0, THF MeOH -78°C R= Me, R'= Me, 92%
78100 °C HO R= Me, R'= Bu, 78%
114 R= Bu, 85% 115 116 R=Me, R'= Ph, 85%
R= Me, 87%
MeLi
MelLi Me,Sn Me,Sn
Me,Sn _ THF, -90 °C Me,Sn o THF, -78 °C
o XY
ﬁz\( 75% \d\( 1% HO
117 118 120 4:1, syn:anti
MelLi
SnBu, THF -78 °C SnBu,
: T se% MO
121 122 1:1
/\/\Li /\/Li
THF,-78oC O THF, 780C
121 —— > SnBu, 121 ——— = SnBu,
0 o
73% o 73% o
123 124

Scheme 25. Tin as a diastereoselectivity inducer

They found that diastereoselectivity was dependent on the distance of the tin atom
from the carbonyl group, and on the type of alkyllithium compound. The tin atom at
the d-position 115 gave a fully diastereoselective outcome of 116, whereas the tin
atom at the y-position (in 117 and 118) led to full diastereocontrol with isobutene
substituent (compound 119) and to diminished diastereocontrol (4:1, syn/anti) with a
methylene group (compound 120). Substrates with a -tin atom (121) exerted no
diastereoselectivity in the case of the methyllithium reagent 122, whereas the
reaction with allyllithium gave only one diastereomer (compounds 123 or 124).

Sato et al.'” pursued a Ni catalyzed cyclization of oxo-olefins 125 (Scheme 26).
Most of the substrates (four out of five) were synthesized starting with sorbic acid
126 in six to nine steps. They always observed a syn configuration for the hydroxyl
group and alkene substituent, and anti for the hydroxyl group and benzyloxymethyl
substituent. Furthermore, it was discovered that 1,3-cyclohexadiene as an additive
reversed the regioselectivity for exocyclic double bond formation from 1.8:1
(internal/terminal) to 1:6 (internal/terminal) in favor of the terminal alkene. The
overall yield was 13% for alkenes 127 and 128, and 11% for cyclopentane 129.
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0 Ni(acac),, 100 mol%

PPh,, 200mol% HO o HO o
o) 8 steps OBn DIBALH N N N
/\/\)LOH — = + =
23% 56%
N\ %—O0Bn “—0Bn
126 125 127 1.8:1 128

Ni(acac),, 100 mol%
PPh;, 200 mol%

H,, Pd/C HO_ DIBALH
AcOEt < 1,3-cyclohexadiene
—— 127,128, 1:6
85% 70%
%—0OBn
129

Scheme 26. Ni catalyzed cyclization of oxo-diene

Janda et al.'"™ have synthesised the relevant cyclopentanols (Scheme 27), starting
with benzylprotected cyclopentane 130, which was reacted with OsO4 or m-CPBA
to afford diastereomeric cyclopentane-triols 131, 132, 133 and 134 after
deprotection respectively in 13-54% overall yield.

1. 0sO,, 1 mol%

NMO, 1.5 eq.
Acetone/H,0, 2:1 OH

OH
rt, 16 h :
Bn0\®/ HOm. OH & o, O£H
2. Pd(OH),/C, 20 mol%

THF, rt, 1 h
130 131 54% 132 13%

1. m-CPBA, 2 eq.
NaHCO,, 10 eq.

DCM, 0°C, 2 h H oH o o
130 HOw., é\ + HOu., g
2.1% H,SO,, H,0
rt,2h
3. Pd(OH),/C, 20 mol% 133 34% 134 15%
THF, rt, 1 h

Scheme 27. Short synthesis of racemic cyclopentanetriols

A route to a C-ring fragment of Trichothecenes 135 developed by Hua and
Venkataraman featured three consecutive diastereoselective transformations after the
oxidation of a readily available cumene-protected cyclopentene-diol 136:'*'
alkylation of ketone 137 with MeLi afforded anti-product 138, the subsequent
epoxidation with m-CPBA afforded 139 and the epoxide opening with TI(NO;);
afforded nitrate-compound 140 (Scheme 28). The latter was reduced by Zn/AcOH to
obtain the compound 141 in 38% overall yield.
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OH (0] ; \\OH
Q PCC, mol. sieves @ MelLi " m-CPBA
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DCM, t, 1 h THF DCM, rt, 20 h
95% -30°C, 1h 85%
86%
136 137 138
OH
b 1. TINOy), OH OH 0
O~=—/ DCM, 1t,25h  BzO > ZWACOH  B2O oh
¢} —_— — —_—
2. BzON, TEA 1h, it et
MeCN,it, 2h  ONO OBz  92% HO OBz OH
60%
139 140 141 135

Scheme 28. Synthetic route to a C-ring fragment of Trichothecenes

Oppolzer et al. have used a Mg-ene reaction of hydrazone 142 derived chloroalkene
143 to construct a cyclopentane core 144 with cis-configuration in the synthesis of
(+)-Chokol A 145 (Scheme 29)."2 A subsequent Jones oxidation and
iodolactonization, followed by a tin hydride promoted reduction, gave
oxabicyclo[2.2.1.]heptane derivative 146 in 58% yield. Isomerization at the C-3
position was carried out in a methanolic solution of NaOMe. The hydroxyl group
was protected with SEM-CI, and the ester was saponified with LiOH and then
reacted with N,O-dimethyl-ethanolamine hydrochloride to afford intermediate 147
(60% from 146), followed by conversion to (£)-Chokol A 145 in 4.7% overall yield.

1. BuLi, 3.1 eq.
Hexane/TMEDA, 1:1

s 1.M th

IS 78-0°C, 0.5 h N R HQ
_N —_— _— o,
HN 2.CH,CHO,1.3eq. 2.130°C Q%
trisyl 0°C, 1h 3.0,
142 3. PBug, 3 eq. 143 64% 144

CCl, 0°Ctort, 3h
68%

1. Jones' reagent, 1.4 moleq. 1. NaOMe, 5 eq. z
acetone, 0°C, 5 min

50 MeOH, reflux, 6.5 h \ I OSEM
B : ——>  O. k@‘\
2.KI, 34 eq. I, 1.1 eq. H’O\ 2. SEMCI, 3 eq. N

NaHCOS, 6 eq. D|PEA, 6 eq.
THF, reflux, 15 h
H,0, 0°C, 1 h 146 3. LiOH, 10 eq. 147
3. BuSnH, 1.2 eq. aq. THF, 0°C, 20 h
AIBN, THF, reflux, 2 h 4. N,O-dimethylethanolamine
58% hydrochloride, 2.2 eq.
DMF, rt, 4 h

60%

1. Bu,SnC,H,OH, BulLi, 2 eq. H
39N, q . _.OH
2. CH,Br,, Zn, TiCl, HO
3. aq. HCI, THF/H,0 3:1

r,4d 145
19%
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Scheme 29. Oppolzer’s synthesis of (+)-Chokol-A

1.4. Tetrahydrofuran derivatives. Synthetic methods

As in the case of cyclopentane derivatives reviewed above, an overview of
tetrahydrofuran derivatives synthesis is divided into categories by origin of chirality
or lack thereof. An additional section contains only syntheses describing the
construction of 1,7-dioxa[4.4|nonane derivatives.

1.4.1 Synthesis by the use of a chiral pool

Yadav’s approach to davana oil constituents was comprised of a six-step sequence to
arrive at key intermediate 148, which was converted to davana acid 149,
nordavanone 150 and davanone 151 in one or three steps (Scheme 30).'* (-)-
Linalool 152 was chosen as a starting compound. A diastereoselective aldol reaction
afforded second and third stereogenic centers under Evans aldol conditions with
aldehyde 153 as a substrate and N-propionyl oxazolidinone 154 as an auxiliary to
afford carbonyl compound 155 in good yield (87%) and excellent
diastereoselectivity (dr 99:1). The activation of the hydroxyl group, removal of the
protecting group and subsequent basic cyclization afforded intermediate
tetrahydrofuran derivative 148 with three stereogenic centers. Davana acid 149 was
obtained by a simple basic hydrolysis of 148 in 40% overall yield. Davanone 151
and nordavanone 150 were furnished via common aldehyde 156 by alkylating it with
an appropriate reagent and by subsequent oxidation with IBX in 27% and 30%
overall yields, respectively.

o

1. MOMCI, DIPEA

DCM, 0 °C to rt
= OH 2 0s0,, K,Fe(CN),
Z K,CO, MeSO,NH,

t-BuOH/H,0O
3. NalOQ,, H,0, Me,CO
70% 3 steps

152

1. MsCl, TEA, 0 °C
2. HCI, THF, rt

O
3. 2,6-Iutidine, 120 °C \\(_7

80%, 3 steps

148

LiOH, H,O/THF,
82%

=

o)
o U 88%

(0]

A\ 154

0 Ph

¥ OMOM  (4.Bu),BOTY, TEA

DCM, -78 °C
87%, dr 99:1

DIBALH

-78 °C

1.C5HgZnBr, HMPA
THF, reflux

2.1BX, DMSO
DCM, 0 °C to rt
62%, 2 steps

DCM o k
o (e

OH O 0

MN%O
< omom R

y
Ph
155

1. MeMgl
Et,0,0°C
2.1BX, DMSO
DCM, 0 °C to rt
70%, 2 steps

O
S
(0]

149 151 150

Scheme 30. Total synthesis of davana oil components
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1.4.2 Asymmetric synthesis

Murata’s approach to (+)-Citreoviral 157'** consisted of an eight-step sequence,
including the addition of chiral auxiliary oxazolidinone 158 to 2-methyl-2-butenal
159. Intermediate 160 was obtained in 71% yield with dr 99:1, followed by
iodolactonization (iodo-derivative 161) and by silver-promoted cyclization, to result
in bicyclic intermediate 162 (Scheme 31). The reduction of the latter with DIBALH
followed by a Wittig reaction with suitable ylide 163 afforded an advanced
precursor 164. (+)-Citreoviral 157 was obtain in two steps and in 14% overall yield.

1.1,, NaHCO

BnO Ph Ph, 2 3
N i LDA, Ti(Oi-Pr),Cl —BQ « /—P MeCN/H,0, 4:1, rt

/Yo + o N% N. O

THF, -78 °C to -40 °C HO e 2. BCl,, DCM

(0] 7 0o 3
o 1% 0 -78°Cto 0 °C
73%

159 158 160 dr 99:1

=) 1. DIBALH
1. AgNO,, DMF, rt N DCM, -78 C »\( ,,,,,,
> EtO
2. BzCl, TEA, DMAP o 2. benzene, reflux

DCM, rt HO HG

HO: TOH
0,
o PhaPS OEt
161 162 164
163 77%
2 steps \\( kll

HO HO
(+)-Citreoviral 157

Scheme 31. Murata’s synthesis of (+)-Citreoviral

Sim et al®® reported a synthesis of (+)-cis-nemorensic acid 165 (Scheme 32)

employing an asymmetric Diels-Alder reaction of 2,5-dimethylfuran 166 and
trifluoroethyl acrylate 167, catalyzed by a cationic chiral oxazaborolidium catalyst
168. Bicyclic adduct 169 was obtained in high yield (99%) and with high endo-exo-
selectivity (96:4) and enantioselectivity (ee for endo 99%). The reduction of the
ester moiety with LiALH,4 and cleavage of the double bond by a dihydroxylation-
oxidation sequence gave bicyclic aldehyde 170, which after treatment with a Wittig
reagent and subsequent oxidation led to lactone 171. Subsequent hydrolysis,
methylation and iodination yielded iodinated alkene 172. Hydroboration and iodine
reduction afforded intermediate 173. Double oxidation (PCC and Pinnick) and
hydrolysis furnished the desired (+)-cis-nemorensic acid 165.
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0.15N NaOH, 0°C, 1 h ) “u~"~0H 1M NaClO,, 1M NaH,PO >/ ""”AOH
o o) o 2 X4 O
3.2n, ACC;;;/% C,6h tBUOH/THF/H,O (4:4:1)
(']
25°C,3h (+)-cis-Nemorensic acid
173 3. 2N NaOH, 25 °C, 6 h 165

7%
Scheme 32. Synthesis of (+) cis-nemorensic acid

A method of synthesizing chiral 2,2-substituted THF-derivatives was developed by
Tanaka’s group at Osaka University (Scheme 33).% First, both geometric isomers of
disubstituted chiral vinylic sulfoxide 174 and 175 were obtained from the
appropriately substituted alkynyl sulfoxides 176 and 177 via a syn-specific addition
of an alkylzinc reagent. Removal of the protecting group gave precursors 178 and
179 to an asymmetric intramolecular Michael addition, effected by NaH in THF, to
afford chiral cyclic ethers 180 and 181 in good yield (74-93%) and high
diastereomeric ratio (de 96:4 to 98:2). Asymmetry was induced by using a chiral
sulfoxide auxiliary group, presumably by coordinating sodium metal in alkoxide
group and thus directing an alkoxide attack to the double bond.
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Tol HO Tol
Cu(OTf),, 2 mol? - -
_ Jol CulOTh; 2mol% - rpnysocH,),  sh0~ TBAF sto
TBDMSO(CH,);—=—S5 Y=/ —_— —
o THF THF, rt
-78°C to rt R R
177 175 179
R= Me, n-Bu, Ph R= Me, 73% R= Me, 99%
X=Br, | R= n-Bu, 86% R= n-Bu, 100%
R=Ph, 87% R= Ph, 96%
o] R= Me, 93%, dr 96:4 ¢ 0 R= Me, 89%, dr 98:2
NaH, THF g R= n-Bu, 90%, dr 98:2 NaH, THF 7~R R=n-Bu, 79%, dr98:2
178 —— R=Ph, 83%,dr982 179 — > R= Ph, 74%, dr 98:2
0°C g™ Tol 0°C ghTol
o o
180 181

Scheme 33. Asymmetry induced by chiral sulfoxides in the synthesis of 2,2-substituted
THF-derivatives

The chiral sulfoxides were converted to known compounds 182 and 183 to confirm
the absolute stereochemistry (Scheme 34).'* A Pummerer reaction with TFAA,
hydrolysis of formed §,0-acetal by aq. K,CO; and reduction of aldehydes with
NaBH, gave the compounds 182 and 183 in 91% yield for both isomers. It was
concluded that the precursors had (R,2S) and (R,2R) configuration around
stereogenic centers, respectively.

1. TFAA 1. TFAA
2,4,6-collidine 0 2.,4,6-collidine
2, chos, H,0 0 L, 2 KOy H0 0
P N T T iTpnh
Tol 3 NaBH, “\Tol 3. NaBH 3
S o ] 4 AN
91% H o 91% OH
180 182 181 183

Scheme 34. Confirmation of absolute stereochemistry

Volz and Krause proposed a synthesis of (-)-isocyclocapitelline 184 and (-)-
isochrysotricine 185 by using a strategy which included Katsuki-Sharpless
epoxidation to introduce chiral oxirane moiety and a diastereoselective conjugate
epoxide opening as the key transformations (Scheme 35).'*° The sequence started
with the known propargylic ester 186, which was converted to the substrate 187 for
kinetic resolution in five steps. Resolution of the enantiomers proceeded with high
stereoselectivity for both products (ee >98 %) and good yield (43% for 188).
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Subsequent Sharpless epoxidation gave a chiral oxirane 189 in good yield (81%),
followed by Dess-Martin oxidation and a copper-mediated conjugate addition of a
methyl-group to a propargylic triple bond, resulting in an allenic intermediate 190 in
83% yield. The latter was cyclized in the presence of a gold catalyst to a lead THF-
derivative 191 after reduction of the double bond, removal of the benzyl group and
Dess-Martin oxidation of the formed primary hydroxyl to aldehyde. The following
Pictet-Spengler reaction and aromatization furnished (-)-isocyclocapitelline 184 in
53% yield. Finally (-)-isochrysotricine 185 was obtained by quantitative methylation
of (-)-isocyclocapitelline 184.

1. DIBALH, -100 °C TBHP
2. (EtO),P(O)CH,COEt Ti(Oi-Pr),
NaH — —(+)-
BnO — L-(+)-DET
\—:‘COZMe , \ - =
3. LiAH, oH DCM
4. MnO, 43% ee >98%
186 5. MeMgCl 187
72%
TBHP
T' O"P" BnO 1. Dess-Martin
H{ DET — o) 2. MeMgCl, CuCN
R E—
DCO'V' on  P(OPh);, MeMgCl
81% 83%
189 o
. 1. AuCl, 0.05 mol% oH 1. Tryptamine, TFA
y— THF ) \J\ 2. Pd/C, Xylenes, reflux
P — W
Bno nd oM 2. H,, PdiC 53% ee >98%
3. Dess-Martin
0,
190 73% 191
OH 1. Mel
\(_7 /\ 2. NaOH
100%
(-)-Isocyclocapitelline (-)-Isochrysotricine
184 185

Scheme 35. Synthesis of (-)-isocyclocapitelline and (-)-isochrysotricine

A similar strategy of a conjugate opening of chiral epoxide was employed to the
structure of Leiodolide B 192 (found in the sponges of the rare genus
Leiodermatium) by Firstner’s group. They synthesized an appropriate
tetrahydrofuran intermediate 193 in high ee (97%) and overall yield (54%, Scheme
36).'"”” Bromoalkenol 194 and alkyne 195 were coupled under Sonogashira
conditions, followed by asymmetric epoxidation with catalytic Ti(Oi-Pr), in the
presence of salen 196 as a chiral ligand, and protection of the hydroxyl group
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yielding chiral epoxide 197 in 86% yield (three steps) and 97% ee. A conjugate
oxirane opening was effected by a reagent derived from MeMgBr, CuCN and
P(OPh); in high diastereoselectivity (dr >95:5), followed by AgNOs-promoted
cyclization to afford dihydrofuran 198 (90% yield), which was then further
converted to tetrahydrofuran 193 in 64% yield. Unfortunately, the macrocycles
synthesized via the described intermediates did not afford the desired Leiodolide B
and left the exact structure of the named target compound unclear.

1. Pd(PPhy),, 2.2 mol%

X Cul, 15 mol%, TEA
Br” " "OH 2. Ti(Oi-Pr),, 10 mol% 1. MeMgBr, CuCN
194 196 12 mol%, H,0, o P(OPh),, THF
DCM, pH 7.4 buffer, 40 °C N -40 °C to rt, dr >95:5
+ Z
3 TBDMSCI,OIm, DMAP  TBDPSO OTBDMs 2 AgNO;, CaCO,
TBDPSO DCM, 0 °C to rt acetone, H,0
86%, 3 steps, 97% ee o
90%
195 197
?TBDMS
NBS, ag. DMF %0
. o [TBOMS 4oec,6a% TBDPSO/\/<_Z I
- L B —— & —_—
TBDPSO” ) Br O =
&
o
198 193
o = \ on N
HO™ Br Ph HO
‘OH
Ph
catalyst
Leiodolide B 196

192

Scheme 36. Fiirstner’s approach to Leiodolide B

Donohoe et al.®® applied an Os-catalyzed oxidative cyclization to the synthesis of an
enantiomerically enriched tetrahydrofuran derivative 199 from 1,5-diene 200 in a
two-step sequence, involving asymmetric Sharpless dihydroxylation to obtain chiral
diol 201, followed by oxidative cyclization (Scheme 37). In order to facilitate the
cyclization step, an isoprene or cyclohexene additive was used to increase the
amount of available Os(VI) catalyst in the reaction mixture.

AD-mix-f 0s0O, 5 mol%
(DHQ),PHAL HO)H/\)\/\ Me;NO 4 eq. Ho OH
- . S = HO
x ~"0Bn 85% L - OBn
ee 95% acetone/H,0
200 201 83% 199

Scheme 37. Oxidative cyclization of alkene-diols

Later, Donohoe’s group continued the oxidative cyclization topic with the synthesis
of a C1-C16 fragment 202 of Pectenotoxin 4 (Scheme 38)."** The first two
stereogenic centers were introduced by a diastereoselective (dr 92:8) Zn-promoted
coupling of propargylbromide 203 with glyceraldehyde 204. The derived acetonide
205 after a subsequent protection-deprotection-protection sequence gave the first
substrate 206 for the (-)-N-methylephedrine-mediated diastereoselective coupling in
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51% yield over three steps. The second substrate, compound 207 was obtained via a
double derivatization of dibromoalkene 208 with -BuOAc, followed by reduction
with LiAlH4, benzylation with BnBr and Ag,O (31% yield over four steps) and
Dess-Martin oxidation. These building blocks were subjected to Carreira'”
conditions to afford alkyne 209 in high diastereoselectivity (dr 96:4). Regio- and
stereoselective methylation and subsequent removal of silyl groups gave substrate
210 for the cascade oxidative cyclization, which proceeded in good yield (69%). The
four stereogenic centers were introduced in one step to furnish a key-intermediate
211 en route to the C1-C16 fragment 202 of Pectenotoxin 4.

>( 1. PMBCI, NaH
>( Zn, THF o O H* QTBDMS
o o 5 % - . OTBDMS
7 -78°Ctort 2. TBDMSCI, Im
o= % ) on 68% OPMB
204 dr92:8
205 206
+
///\Br
203
1. LDA, t-BuOAc (-)-NME
2. LiAH, Zn(0Tf),
B"/\/\/Br DN W
TEA, toluene
B emearn 4%
31% 207 dr 96:4
OBn 1. MeMgBr OTBDMS
Fe(acac), 20 mol% R OPMB
dppe, 20 mol% OTBDMS®
-~

THF, -78 to 0 °C
2. TBAF, THF BnO
83% OH 209

=

K,[0SO,(OH),], 5 mol%

citric acid
PNO, Zn(OTf),
MeCN/buffer
69%
OPMB (0]
BnO —_—
C1-C16 fragment
211 202

Scheme 38. Synthesis of C1-16 fragment of Pectenotoxin 4

Although the synthetic efforts for polycyclic ethers via epoxide-opening cascades
started in the early 1980s,"” only one more recent example has appeared in literature.
Rodriguez-Lopez et al. reported a total synthesis of teurilene 212 in 6.5% overall
yield, achieved in 21 steps (Scheme 39)."*° The known diacetal 213 was used as
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starting material to reach diene-diol 214 in four steps and 55% yield."”' The next
five steps, which included chain elongation by Wittig reaction and Sharpless
epoxidation to install first stereogenic centers, led to chiral epoxide 215 in 78%
yield. The following four steps featured a second chain elongation reaction
(silylacetylene coupling to aldehyde) and double Shi epoxidation as key
transformations, to afford a precursor 216. This compound was subjected to a
cascade epoxide opening reaction with Co-complex, affording intermediate 217,
bearing three THF-rings with appropriate stereochemistry for further elaboration to
teurilene 212.

1. TBDMSCI, Im, DCM, rt
2. SO,*Py, TEA, DMSO, DCM

Ph,P=C(CH,)CO,Et, rt

\ / 3. AICl;, LiAIH,, Et,0, 0 °C
0.9 0 —= = OH
B g
4. Ti(Oi-Pr),, (+)-DET, TBHP,
55% 4 steps M.S., DCM, -20 °C

213 214 5. DMAP, Boc,0, toluene, rt
78% 5 steps

1. TBAF, THF, rt
2. S0,*Py, TEA, DMSO, DCM, t

3. TMS-acetylene, n-BuLi,

= OBoc
TBDMSO ~ k) THF/toluene 1:2, -78 °C
4. Oxone, K,CO4;, DMM/MeCN/
buffer pH 10.5 2:1:1, Shi catalyst, 0 °C
49%

215

1. [Co,(CO)g], DCM, rt
2. 8i0,, DCM, t, 76 h

OBoc
3. CAN, Me,CO, 0 °C
75%

Teurilene
217 212

Scheme 39. Cascade epoxide opening

Pihko er al. have established an approach to C10-C22 fragment 218"% of
pectenotoxin 2, featuring allylation of alkynyl ester 219 and a reduction of it with
DIBALH to yield hydroxyalkene 220 (84%, two steps). This compound was
subjected to stereoselective Katsuki-Sharpless epoxidation (221 90% yield and ee
93%), cross-metathesis and asymmetric dihydroxylation to obtain the cyclization
precursor 222, which after treatment with PPTS gave tetrahydrofuran intermediate
223 obtained in seven steps and 54% overall yield (Scheme 40).
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o 1. allylBuySn, MeLi (+)-DET, Ti(Oi-Pr),
Cul, LiCl, THF «)\/\ TBHP, DCM, M. S.
~N
o\ 2. DIBALH, THF T e OIS
84%, 2 steps
219 220 221 ee 93%

1. Methylacrylate, Hoveyda-Grubbs
2nd gen. cat.,, DCM

2. TBDMSOT, 2,6-lutidine g9 PPTS " vo %
I — i1,
HO 0 TBDMSO\/\ w o—
3. (DHQD),PYR, K,0s0,*H,0 0 o DCM H
K,Fe(CN)g, K,CO,, CH,SO,NH, 90%
79%, 3 steps 222 dr 9:1 223

TBDMSO
—*=5 TBDMSO
R ——

C10-C22 fragment of PTX 2

Scheme 40. C10-C22 fragment of Pectenotoxin 2

A highly diastereoselective annulation method to afford pentasubstituted
tetrahydrofurans was developed by Micalizio and Roush."** THF-derivatives bearing
a quaternary center at C-2 224 were obtained via annulation of enantioenriched
allylic silanes 225 with ketones 226 in the presence of SnCly (Scheme 41). Silanes
were synthesized by a previously reported method by reacting chiral allylboronate
227 with appropriately substituted aldehydes 228."** High diastereoselectivity (dr
>20:1, in favor of 2,5-trans/cis substitution) of the transformation was attributed to
the chelating effect of Lewis acid (with BF;*Et,O and, when aldehydes were used

instead of ketones, a reversal of diastereoselectivity was observed).

1. Toluene, -78 °C

mol. sieves SiMe.Ph
o PhMe,si” "B _coipr 2 TESCIor TBOMSCI Me, o)
U+ \7‘ RS+ )K
R1 TEA, DMAP : R2
COZ|-Pr DCM or DCE OPG
228 227 70-98% 2 steps 225 226
SnCl,, DCM o.: R1= TBDPSOCH,CH(CH,)
R1w iaR2
—_— g Ph(CH,),, BnOCH,
78 °C R2= CH,CO, CH,0CO
53-76% PG= TES, TBDMS

224 dr >20:1

Scheme 41. Annulation of allylsilanes with ketones
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1.5. Racemic tetrahydrofuran derivatives

Fox et al. reported the use of carbonyl ylides derived from aldehydes 229,
diazoesters 230 and alkenes 231 in an Rh,Piv,-catalyzed multicomponent reaction in
the synthesis of 26 different di- and tetrahydrofuran derivatives 232 with
diastereomeric ratios up to 95:5 (low temperatures were essential to reach high
diastereoselectivities) and yields ranging from 51 to 99% (Scheme 42, only
tetrahydrofurans shown).”® This method is not suitable for sterically more
demanding diazocompounds (tert-butyl 2-diazo-isovalerate and tert-butyl 2-diazo-2-
cyclohexyl-acetate), because these gave, with aliphatic aldehydes (propanal and
pivalal), mainly B-hydride elimination. Phenylacetylene, vinyltrimethylsilane and
norbornene gave dioxolanes as main products and ethyl crotonate, pent-3-yne-2-one,
acrolein and methyl maleate afforded the respective tetrahydrofuran derivatives in
minuscule yields (less than 10%).

o]
o]
0 R2 R4 Rh,Piv,, 0.5 mol% R1eO 0 R4
o+ %0/ + 2R3 > "R2
R1 N DCM, -78 °C
2 51-99% R3
229 1.0 eq. 230 1.3-1.7 eq. 2311.1eq. 232
dr1:11t0 95:5
R1= Ph, PNP, PMP, PCP, OCP 11 THF-derivatives

R2= Me, Et, n-Bu, i-Am, n-Hex, Bn
R3= CO,Me, CO,Et, COMe, CN
R4= Et, t-Bu

Scheme 42. Three component reactions of dipolarophiles

One of the first to utilize silicon nucleophiles to modify a tetrahydrofuran core was
the Reissig group from Wiirtzburg (Scheme 43)."* Tetrahydrofuran derivatives 233
were obtained from suitably substituted cyclopropanes 234 by reacting the
cyclopropane enolate with a carbonyl compound (formaldehyde, acetone,
benzaldehyde, benzophenone or 2-phenylpropanal) and then opening the ring with a
fluoride anion. Spontaneous cyclization into lactol was observed. Reduction of the
latter with an Et;SiH/BF;*Et,0 system afforded tetrahydrofurans 233.

COMe  1.LDA RS )

772 2. RAR5CO R1—© R1=H, Ph

R2=H, Me

™SO R3 Re R3= H, Me
R1R2 f EBQ'; R2"R3 COMe R4= Me, Ph, CHMePh

15 R5= H, Me, Ph
BF,*EL,0
234 233
47-79% 4 steps
6 examples

Scheme 43. Tetrahydrofurans from cyclopropanes

A further elaboration of the method led to the addition of silyl-nucleophiles other
than silylhydrid to intermediate lactol 235 obtained from cyclopropane 236 (48%,
Scheme 44). Four different nucleophiles were used to produce pentasubstituted
tetrahydrofurans 237 in good yield (80-92%) with poor to good diastereoselectivity
(3:2 to 20:1). One more example to illustrate the power of the current approach was
also reported ibid.: phenyl-substituted cyclopropane 238 was treated with allylsilane
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in the presence of BF;*Et,O to afford sterically congested tetrahydrofuran 239 in
good yield (58%, two steps) and high diastereoselectivity. In most cases, a trans
nucleophilic attack in respect to the ester-group in the lactol-ring dominated.

CO,Me 1.LDA TMS-Nu N 0
2 Acetone }Z< BF *Et,0 u
- 3 TBAF ?
TMSO 48% CO,Me CO,Me
236 237
Nu= CN, 80% cis/trans 1:3
Nu= allyl, 88% cis/trans 1:6
Nu= TMS-alkynyl, 86%, cis/trans 1:20
Nu= propargyl, 92%, cis/trans 2:3
CO,Me 1. LDA HO Allyl-TMS Ph
z 2. Acetone j\/\f BF;"Et,0 =~ 20
TMSO - - =
0, “
Ph 3. TBAF Ph CO,Me | 58% 2 steps Cco,Me
238 239

cis/trans 1:16
Scheme 44. Silyl-nucleophiles in reaction with lactols

Another method using cyclopropanes to get THF-derivatives 240 was published by
Johnson et al."*® The reaction of electron deficient cyclopropanes 241 with various
aliphatic and aromatic aldehydes 242 in the presence of Sn(OTf), as a Lewis acidic
catalyst was described (Scheme 45). In most cases, excellent results were obtained
with a diastereomeric ratio better than 19:1. The yields exceeded 74% (up to 95% in
some cases).

R1
O Sn(OTf),, 5 mol% \ O R
R2 CO,Me (/ R2"
R1CO,Me R 1,2-DCE, rt ol COMe
32-95% €Y,

241 242 dr80:20 to 99:1 240

R= Et, i-Pr, Ph, PMP, o-Tol, PCP, PTFP
= isoprenyl, Ph, 4-CN-C;H,, PMP
R2= Me, allyl, Bn

Scheme 45. Annulation of cyclopropanes with aldehydes

A relatively simple ring expansion method was developed by Butova et al.”’ to
afford 2,2-disubstituted tetrahydrofuran derivatives 243 in an efficient manner
(Scheme 46). Eight tetrahydrofuran derivatives 243 were synthesized by treating 2,2-
disubstituted oxetanes 244 with dimethylsulfoxonium methylide at elevated
temperatures in fair to good yields (56-87%). When a chiral substrate was used, full
retention of enantiomeric purity was observed. Unfortunately, only aliphatic
compounds were investigated, providing no information about the tolerance to the
other functional group.
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NaH, (CH,);SOlI
diglyme

0 120-130°C 0. R2
—_—
rR7 R2  s5p.87% R1
8 examples
244 243

R1=H, Me, n-Bu, Ph
R2= n-Bu, n-Hex, Ph, p-Tol, PFP, Naphtyl

Scheme 46. Ring expansion of oxetanes

Schomaker et al. reported an epoxide opening cyclization sequence employing
sulphur ylide as the reaction initiator (Scheme 47)."*® Two examples describe reacting
terminal epoxides 245 with sulphur ylide generated from trimethylsulphoxonium
iodide and n-Buli at -78 °C, resulting in tetrahydrofuran derivatives 246 in 51% to
56% yield.

R1
R1_OH (CH,),SOl, n-BuLi - O
R/% R’S_?
g THF,-78°Ctort
51-56% HO
245 246

R= 4-methyl-3-pentene, R1= Me
R=R1=-(CH,),-

Scheme 47. Sulphur ylide promoted epoxide opening-cyclization sequence

The cyclization of y-hydroxyalkenes 247, 248 and 249 and coupling the latter with
aromatic bromides 250 under palladium catalysis was developed by Wolfe’s group
(Scheme 48)."* The obtained aliphatic THF-derivatives (seven selected examples)
exhibited various substitution patterns: 2,2,5- 251, 2,2 ,3-trisubstitution 252 and
2,2,4,5-tetrasubstitution 253 were afforded in fair to good yields (55-88%) and from
non- to good diastereoselectivity (dr 1:1 to >20:1). The yields were dependent on
both the electronic and steric factors of aryl compounds and alcohols, whereas
diastereoselectivity was found to be mainly influenced by the substitution pattern in
alcohol.

42



oH Pd,(dba), R= Et, Ph

R .
dpe-phos R1=Me
RW + R T O0LR"  R2=4-tBu-CH,, 4-dioxolane-CgH,

R1 NaOt-Bu, THF ‘R 4-BuOOC-C,H,, styrene
65 °C
247 250 58-84% 251
dr 3:1to >20:1 5 examples

Pd,(dba
o(dba), R2 R2= bisphenyl

dpe-phos
+ R2/Br pe-p . 0o
NaOt-Bu, THF

65°C
88%

dr1:1 253

Pd,(dba),

OH Br dpe-phos RZ o R2= bisphenyl
~ + R —mMmm .
NaOt-Bu, THF

65°C

249 250 78% 252
dr 8:1

Scheme 48. Pd-catalyzed cyclization

Pohmakotr and Seebach have reported a cyclization method to afford
tetrahydrofurans 254 with an oxo group in the side chain (Scheme 49).'*" The method
involves electrophilic substitution of a dianion formed from oxo-alkene 255 with
ketone, to give hydroxyketone 256 in moderate to good yield. A subsequent basic
cyclization into a THF-derivative occurred with relatively high efficiency, but low
diastereoselectivity (dr 1.6:1).

1. KH, s-BuLi/TMEDA o NaOMe oh
o THF HO MeOH e}
W prh —_— Rm R1
R 2. PhCOR1 R rt o
-78°C to rt 65-86%
255 35-80% 256 254
5 examples

R= Me, t-Bu, Ph
R1= Me, Ph, homoallyl

Scheme 49. Seebach synthesis of 2,2, 5-trisubstituted THF-derivatives

A comparative study of reactants to obtain silylsubstituted tetrahydrofurans 257 and
258 via the cyclization of corresponding allylsilyl alcohols 259 and 260 was
conducted recently by Pulido et al,'*' using three different acids: Hg(OAc),, p-
TsOH and AICl; (Scheme 50). Mercury salts (Lewis acid) afforded the desired
compounds in good yield (68-85%) and low diastereoselectivity (dr 1:1 to 1.9:1),
whereas Bronsted acid gave better yields (72-87%; in only one case was mercury
salt better) and diastereoselectivities (dr up to 5:1). The yields with AICl; were
lower (65-69%) than those for mercury salt and p-TsOH. However, the
diastereomeric ratios (dr 2.3:1 to 3.5:1) were similar to those of p-TsOH-catalyzed
reactions. In all cases, the dominant diastereomer was the isomer where silylmethyl-
and Rl-groups are in trams-configuration. Thus, diastereoselectivity seemed to
depend mainly on the cyclization catalyst.
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RT O R2, R1QH
= N PhMe,Si R
= R2 R 2
- R2. R1Q  LiAH, Et,0
PhMe,Si ooc 259
PhMe,SiCu(CN)Li 88-92%, 2 steps +

+ _ =

R2, r1OH
R=H, Me, Et, Ph (R1%
R1= H, Me, n-Pr, Ph PhMe,Si R
R2= H, Me

Hg(OAc), or
p-TsOH or

., 0 ) o

AICI, PhMe,Si ., R PhMe,Si R
- = o + o
R1" R1"

THF or DCM
67-85% R2 R2

dr 1:1 to 5:1 257 258

Scheme 50. Cyclization of allylic silanes

Zhao et al."** showed the utility of zircono-rings in the synthesis of arylsubstituted
THF-derivatives (Scheme 51). Alkyne 261 was treated with diehtylzirconecene to
form a five-member zirconocycle 262, which after the addition of two equivalents of
the appropriate aromatic aldehyde 263 led to zirconocycloheptene 264. The latter
was exposed to CuCl and 3N HCI to afford THF-derivatives 265 in fair yield and
low diastereoselectivity (dr 2:1 at best). Also, a failure to perform the transformation
with aliphatic aldehydes was reported.

R
R-_-ZCp, R1
R CpZrEt, $ RICHO 2632eq.R. ~ZCp, 1.CuClleq.

Z > —> 0 E— O +R1

R THF R THF,0°C, 3 h 0cCtort R
0°C,3h R1  2.3NHCI
42-54Y%

261 262 264 dr 11 to 2:1 265

R= n-Pr, n-Bu

R1= Ph, p-Tol, 4-F-CjH,
Scheme 51. Tetrahydrofurans via zirconocycle

Singlet oxygen was used to construct a tetrasubstituted THF-ring in a one-pot four-
step sequence, as a unique example.'* Both substrates 266 and 267 were
synthesized starting with methylfuran 268 by alkylating lithiated starting material
with an appropriate reagent, leading to the intermediates 269 and 270 in 90% yield
in both cases. The first substrate 266 was furnished by oxidation with IBX, followed
by alkylation with MeLi (70%, two steps). The second substrate 267 required
dihydroxylation with AD-mix-f and subsequent protection with TBDMSCI/Im
(58%, two steps). Crucial transformations were carried out in one-pot fashion with
solvent exchange. Oxygen was bubbled through the reaction mixture in the presence
of Rose Bengal, and irradiated with visible light for two minutes in MeOH. Then the
solvent switch was begun and dimethylsulphide was added to reduce the
hydroperoxy groups present, affording intermediate enedione, which in the presence
of acid, via an intramolecular Michael addition, furnished the desired
tetrahydrofurans 271 and 272 in 90% and 85% yields, respectively (Scheme 52).
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n-BuLi

266

W/\/\ Bx
~ W 2 el \(_7/>(\/\
B
90% Crow
268 269
n-BuLi
1. AD-mix-B
)\/Br o 2. TBDMSCI, Im o

\_/ : — WOTBDMS

90% 58%
0
270

1. O,, RB, MeOH, hv, 2 min
2. Me,S, DCM, 18 h

o 3. p-TsOH o
\U/>,_/R p R
OH 90%, R= n-Bu, dr 2:1 0

85%, R= CH,OTBDMS, dr 1.2:1 o
266, 267 271, 272

Scheme 52. Synthesis of THF-ring by using singlet oxygen

OH
267

Aggarwal et al."** published a synthesis route of sulphur containing tetrahydrofurans
273 and 274 with anti or syn configuration depending on the enolate configuration in
the starting material 275 and 276. The latter were transformed to cyclization
precursors 277 (the ratio of anti, anti to syn, anti ranged from 2.1:1 to 9.5:1) and 278
(the ratio of anti, syn to syn, syn ranged from 1.3:1 to 2.6:1). (Scheme 53).

Liw 1. THF, -78 °C p TsOH
R o 2. LiAIH,, Et,0
><§O + 7/'\/\
o) o
PhS ﬁ\ 60-90%, 2 steps <P “7398%
277
anti, anti : syn, anti
2.1:110 9.5:1

1. Toluene, -30 °C
R><§O BBN., 2. L|AIH41 Et,0 7/'\‘/\
+
PhS \%\SPh 26-33%, 2 steps T730s%
276 278
anti, syn : syn, syn

<O]©/v 1.3:11 t0 2.6:1
R= Me, Et, i-Bu, O

for Li-enolate
R= Et, i-Bu
for boron enolate

Scheme 53. THF-derivatives via episulphonium ion
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1.6. Spiroditetrahydrofurans

Below are some examples of the syntheses of the spirotetrahydrofuran core, focused
on the 1,7-dioxaspiro[4.4]nonane skeleton, as the latter is the most relevant to our
own work. Spirodilactone syntheses, although conceivable as spirodiether
precursors, were deemed to be out of the scope of the current overview and left out.

Cipolla et al.” have reported the synthesis of the spirocyclic THF-derivatives 279

and 280. The known allylic fructose derivative 281 was used as a starting compound
to get iodine-promoted cyclization product 282, which served as a starting material
for spiro-compounds 279 (obtained in one step by treatment with sodium azide; the
diastereomers were reacted separately) and for compound 280. The latter required
six steps and was obtained as a single diastereomer (dr 98:2) (Scheme 54).

[
BnO N
BnO {
\\CZ/\OBH - KLOZV W NaN, BuNLDMF E1] JH
0 SE

Z B —
) = gy \ 76-81% )
BnO  OBn dr3:z BnO  OBn BnO  OBn

281 282 279

Zn, AcOH BnO
EtOH/Et,0 1:1 o OH

282 — O\ [

80%

Scheme 54. Molecular scaffolds

The Yus group at the University of Alicante constructed 1,7-dioxaspiro[4.4]nonanes
283 starting with 2-chloromethyl-3-(2-methoxy-ethoxy)propene 284 by using a
sequential one-pot protocol (Scheme 55).°" Naphthalene mediated lithiation of
chloro-compound 284 with excess powdered lithium metal, the subsequent addition
of 3-pentanone, raising the temperature to cleave the methoxy-ethoxy group and
treatment with epoxide afforded ene-diol 285. Upon reaction with molecular iodine
and silver(I)oxide spirotetrahydrofurans 283 were formed in good to excellent yields
(88-98%), but in the absence of or in low diastereoselectivity (dr 1:1 to 3.5).

1. Li, CoHg 2.5 mol%
3-pentanone, THF I, Ag,0

O~ -78°Cto 0°C, 3.5h dloxane/H ,07:1
2. R1R2C(O)CH, 20 °C

0°C to rt 88-98%
284 3.H,0
R1= Me, C4H,,, Ph 43-70%
R2=H, Me, C;H,

Scheme 55. Synthesis of spirotetrahydrofurans

Wong et al. synthesized sphydrofuran 286 in 12 steps (Scheme 56)%, using
electrophilic substitution of stannulated furan 287 with glyceraldehyde derivative
288 to afford a chiral intermediate 289. The second stereogenic center was
introduced via syn-selective reduction with Super-Hydride (67%, three steps),
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followed by a protection-silylation sequence resulting in furan derivative 290 (79%,
three steps) and lactone 291 (67%, two steps). The latter upon treatment with a
TEA/DBU system gave spirocyclic lactone 292 as a 1:1 mixture of diastercomers.
Further elaboration to sphydrofuran 286 afforded a silylation-methylation-
deprotection sequence in 4.8% overall yield.

1. n-BuLi, THF, -78 °C (@) 1. TBDMS, TEA, DMAP, DMF

o y 2. PDC, DCM \ 2. n-BuLi 2.2 equiv., THF, -78 °C
W/ + 070 O\é
sBu, _ ) 3 .LIBELH, THF,-78°C Y0 3. TMSCI, 0.5 equiv.
8 0= 67% 3 steps HO 79% 3 steps
287 288 289
Me,Si—© 1.32% AcOOH, NaOAc  0-_© TEéAHngU,
\ / o DCM o OH 3
NG 2. 80% AcOH Y _oH  66%
TBDMSO 67% 2 steps TBDMSO
290 291
00
1. TMSCI, TEA, THF
2. MeLi, THF, -78 °C
TBDMSO " 34.1}5/F,3 MeOH
o 3 steps
OH dr1:1
292 Sphydrofuran

286

Scheme 56. Synthesis of sphydrofuran

1.7. Summary of literature overview

From the literature survey, it is very clear that both classes of compounds,
alkylbranched cyclopentanes and tetrahydrofuran derivatives, have received plenty
of attention from the synthetic community. This is even more clearly revealed by the
fact that the literature overview covers only a limited number of examples and
references. This shows the importance of the topic for both synthetic chemists and
bio-medicinal researchers. Also, one can conclude that the topic is not a simple one.
The synthesis strategies for both classes of compounds — cyclopentanes and
tetrahydrofurans — are similar. Most of the synthetic methods used to afford both
classes of compounds consist of various cyclization reactions: base, acid or metal
catalyzed (e. g. Ag,O, Sml,, Ti, Zr, Hg, Pd etc. catalysis), asymmetrically and/or
diastereoselectively performed. Many different types of substrates, including
epoxides, diols, substituted alkenes and halides, have been used. Far fewer examples
have involved ring expansion and contraction reactions, modification of a preformed
cyclic core or electrochemical or multicomponent reactions. Besides chemical
activity, the main problems are connected with stereoselectivity, enantioselectivity
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and especially diastereoselectivity - because uncontrolled reactions lead to a huge
number of inseparable stereoisomers. These are the main problems that still wait for
an elegant solution.

The synthesis of substituted cyclopentane and tetrahydrofuran derivatives in a
stereochemically controlled way is an important chemical target in itself. The
existence of such structural motifs in many active ingredients of pharmaceuticals
stresses that importance and adds a practical value to it. In our case, we particularly
focused on the synthesis of antiviral agents, which is a long term co-operation
project of our research team.

Over the years, a simple and enantioselective method for synthesizing chiral lactone
carboxylic acids has been developed by our group. That approach has been utilized
in the synthesis of 2-alkyl-substituted 2-hydroxyglutaric acid y-lactones '*,
homocitric acid '** and nucleoside analogues '*’, '**. As a continuation of these
efforts, the current study is expected to widen the scope of that method and furnish

new products.
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2. Aims of the current study

The current study directs its efforts to widening the scope of the use of tertiary
substituted cyclopentanes and lactones in chemical synthesis, focusing on the
synthesis of substituted cyclopentanes and tetrahydrofurans. The results are expected
to afford new methods of the synthesis and furnish new synthons for bioactive
compounds.

The main tasks are as follows:
e Flucidation of the possibilities of the synthesis of chiral cyclopentane
derivatives from mono-oxidation of 1,2-diketones

e Development of a lactone-acid-based method for the synthesis of
cyclopentane derivatives: use of y-lactones as starting compounds in the
synthesis of 1-alkyl-1,2- and 1-alkyl-1,3-cyclopentanediols.

o Elaboration of a method for the synthesis of chiral tetrahydrofuran
derivatives from y-alkyl-y-lactone carboxylic acids.

e Stereochemical assignment of the differently substituted cyclopentanols.
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3. Results and discussion

3.1. Dihydroxycyclopentanones
3.1.1 Differentiation of C-1 and C-2 carbonyl groups (Article I)

The approach is based on differentiating the 1- and 2-oxo groups in hydroxylated
diketone 293. We found that it is possible via the formation of different types of
ketals from it. The starting diketone 293 is isolated from the reaction mixture of the
asymmetric oxidation of 3-methyl-1,2-cyclopentanedione with a Ti(Oi-Pr),-tartaric
ester-TBHP complex usually in a stable hemiacetal form 294.'% In order to obtain
1,3-dihydroxy compound, we first made an attempt to reduce keto-hemiacetal 294
directly with NaBH,;. However, from these experiments we learned that this
produced a complex mixture of diols and triols in low total yield, and some amount
of unreacted starting material. This prompted us to look for a more stable carbonyl
protective group than hemiacetal. We proposed that by using distinct protecting
groups in the compound 293 it would be possible to differentiate the carbonyl
functions at C-1 and C-2. To convert hemiacetal 294 to dimethyl acetal 295, we first
used ordinary reaction conditions for acetalization (catalytic amounts of p-TsOH and
MeOH). However, our attempts failed even when up to two equivalents of the
catalyst were used. This result prompted us to explore the action of active Lewis
acid catalysts. Fortunately, with 0.5 equivalents of boron trifluoride etherate and
MeOH hemiacetal 294 converted mainly to the dimethyl acetal 296 in 49% yield. It
is worth mentioning that during that process the carbonyl group at C-1 was protected
and the group at C-2 became unprotected. This means that a selective trans-
acetalization also occurred. Increasing the amount of the Lewis acid to one
equivalent did not improve the yield; instead, the yield decreased considerably (to
17%) (Scheme 57).

OH Ti(OI-Pr),, (+)-DET, TBHP (0] +MeOH HO," OMe BF,"EL,0 MeO, OMe
molecular sieves, DCM -MeOH MeOH, RT

20 °C
51% 293 294 295
yo AICl,, acetone BF;*Et,0 Q
- ,OH ¥ 294 HO, OMe
o, =0 0°C, 15min MeOH, RT " OMe
58% 49%
297 296

Scheme 57. Differentiation of C-1 and C-2-carbonyl groups

With different Lewis acids, we obtained selectively a full set of differently protected
diketones. Thus, in order to protect the C-2 carbonyl group, we transformed
hemiacetal 294 to acetonide 297. Under typical conditions,'*""** when the substrate
was refluxed in a solvent (usually toluene or benzene) in the presence of an acid
catalyst (p-TsOH or H,SO,) and 2,2-dimethoxypropane, the yield of 297 was low
and acetalization was accompanied by side reactions (elimination of the tertiary
hydroxyl group, deacetalization of the hemiacetal group in 294 and formation of
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ketoenol 293). Also, using acetone or 2-methoxypropene as the acetalization reagent
and/or applying lower reaction temperatures (from RT to 60°C) and long reaction
times did not improve the expected reaction and acetonide 297 was obtained only in
low yield (in the range 13% to 32%). The change of a Brensted acid to a Lewis acid
(BF;*Et,0) was also not successful. Finally, when using the procedure proposed by
Lal e al.”! (three equivalents of AICI; in a dry 1:1 mixture of acetone and ether),
we obtained the acetonide 297 in acceptable yield (58%). Using that procedure, we
obtained the intermediate 297 with the C-2 carbonyl group protected and the C-1
carbonyl free (Scheme 57). As a result, we succeeded in differentiating the carbonyl
groups in compounds 296 and 297, which could be used for further modifications.

3.1.2 Stereoselective reduction of C-1 and C-2 carbonyl groups

The reduction of acetal 296 with a 1.2 equivalent of NaBH,; in MeOH led
stereoselectively, with good yield (73%), to diol 298. The same exclusive
stereoselectivity and excellent yield were observed in the case of the reduction of
acetonide 297. Compound 299 was obtained as a single isomer in 82% yield.

OH OH

NaBH H,SO
296 4 HO}@OMe #, HO o
MeOH “ aq. MeCN
73% OMe g1,
298 300
NaBH, ‘- Lo H,S0, Q
297 g G OH __°~ " . HO, WOH
MeOH ;@NOH THF
82% 94%
299 301

Scheme 58. Synthesis of ketodiols

Deprotection of hydroxy acetals 298 and 299 with sulphuric acid in MeCN or THF
furnished dihydroxyketones 300 and 301, respectively, in good yield (81% and 94%,
Scheme 58). It should be mentioned that using HCI as an acid catalyst in deprotection
resulted in the elimination of tertiary hydroxyl groups in 300 and 301, and therefore
could not be used. Also, during the purification of the crude reaction mixture on
silica gel, a tendency towards the elimination of the hydroxyl group was observed.
Therefore, the crude product was only filtered through a Celite pad after water-ethyl
acetate extraction. The obtained products 300 and 301 were identified and
characterized by NMR analysis and found to be stereochemically homogeneous.

However, the NMR spectroscopic data were insufficient to determine the relative
stereochemistry of acetonide 299 and dihydroxyketone 301. The determination of
the relative configuration of substituents in the cyclopentane ring is not a trivial
matter (compared to the corresponding cyclohexane derivatives). Therefore, the
diols were converted to triols and their relative configuration was additionally
investigated on NMR spectra. Additionally, the spectra of the separately synthesized
model compounds 302 and 303 were studied.
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3.1.3 The relative and the absolute configuration of
hydroxylated cyclopentanones and cyclopentanes

Dihydroxyketones 300 and 301 were reduced with NaBH,, affording, in both cases,
a mixture of triols 304, 305 and 306 (in 88% yield as a sum of the isomers for 300
and in 93% for 301; Scheme 59). The NMR spectra of the triols were thoroughly
investigated. Also, the obtained information enabled us to verify the established
relative stereochemistry of acetonide 299 and dihydroxyketone 301 presented above.

NaBH, OH - OH
300 wOH ;@OH
MeOH +
88%
304 305
dr 60:40
NaBH, 1o 7 HO o
301 ——> 5 S{wOH 4 Ry WOH
MeOH /@ * @
93%
304 306
dr 56:44

Scheme 59. Reduction of ketones to triols

It is known that the ">C chemical shift of the methyl group that is vicinal to the
hydroxyl group in cyclic alkanols is dependent on the relative configuration of
substituents.”>"** The same phenomenon was also observed in the case of
compounds 300, 304, 305 and 306. To confirm the proposed stereochemistry for
these compounds, the model compounds 1-methyl-1,2-cyclopentanols 302 and 303
were separately synthesized from cyclopentene 307, using two different pathways:
dihydroxylation of 307 with an OsOs/NMO system, which afforded a cis-diol 302
and epoxidation of 307 with m-CPBA in water, followed by treatment with H,SO,,
which afforded a trans-diol 303 (Scheme 60).

OH
0s0,(s), NMO HO, A
/—> rac
t-BUOH/H,0 3:1
302
o)

1. m-CPBA, H,0

H
2.10% H,SO0,
303
Scheme 60. Synthesis of model compounds
Although the difference in chemical shifts was larger (3.78 ppm) in the case of diols
(Entries 5 and 6, Table 1) than that for triols, the general trend was clearly
expressed: when the methyl group was located cis to the neighboring hydroxyl
group, the shift was 2.02 to 2.65 ppm up field relative to that for the compounds
with trans configuration of those groups. This regularity enabled us to determine the
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relative configuration of the substituents around the carbons C-1 and C-2 as follows:
cis for compounds 300, 304 and 305, and #rans for compound 306.

The chemical shifts of three adjacent carbon atoms attached to hydroxyl groups are
also shown by the relative configuration of the corresponding substituents (see Table
1, entries 1-4 and 9-11). The “C chemical shifts of the compounds where OH-
groups at carbons C-2 and C-3 are cis to each other were approximately 4 ppm up
field compared to the corresponding trans-compounds.'™ In the case of compounds
304 (Table 1, entry 1), 305 (Table 1, entry 3) and 306 (Table 1, entry 2), a difference
of five ppm was observed, which allows us to make suggestions about the relative
configurations of groups around atoms C-2 and C-3 as follows: in the compound
304 the C-2 and C-3 hydroxyls are in trans- and in compounds 305 and 306 in cis-
configuration.

Table 1. "*C chemical shifts of cyclopentanols

Entry Compound C-1 C-2 C-3 C-4 C-5 CH3;

OH

1 HO Ay.on 776 851 7687 293 363 233

2 HO

wOH 76.5 77.5 71.6 29.6 357 259

o

OH

3 H‘}G,OH 787 792 720 299 359 239
Ref. 120

4 o 2 780 852 775 26.2

9]
T

\o o
T

o

T

78.3 78.4 31.6 19.1 37.1 253

=)
I

80.8  80.0 30.9 188  37.0 215

T

79.1 78.6 35.6 36.4 412 252

T

2
5 O ~ o N o
»=O| T )0 »=0
~ IO - T

8 81.1 81.1 362 384 415 221
HO
Ref. 152
9 { 766 851 766 291  29.1 -
HOuw,, OH
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Ref. 152

QH
10 How. QOH 728 748 728 299 299 -
Ref. 152
11 4 768 799 725 290  29.0 _
HOu,, OH

Thus, the results obtained from NMR spectra enabled us to assign correct
stereochemical structures to all synthesized cyclopentanediols and -triols.
Furthermore, the absolute configuration of the carbon C-1 in triols was determined
by the oxidation step and was well established earlier.'® This all enables us to
determine unambiguously both the relative and the absolute stereochemistry of the
triols as depicted in Scheme 59.

Later, similar regularities were observed in the “C NMR spectra of 4-
hydroxymethyl-1-methyl-1,2-cyclopentanediols (Entries 7 and 8, Table 1), which
also gave us additional confirmation of the stereochemistry of relevant bicyclic
intermediates.

3.2. Dihydroxy-hydroxymethyl-cyclopentanes (Article III)
3.2.1 Cyclopentanes from cyclization of lactone epoxides

First, we focused our efforts on 3’-desoxycarbaribose analogue synthesis, which
according to our retrosynthetic strategy (Scheme 61) would be accessed via
intramolecular cyclization'>>"** of epoxides 308, allowing perfect control over the
relative configuration: the stereochemistry of epoxide is responsible for the
stereochemistry of the hydroxyl group.

O (0]
L.~ OH Y0 1
'Q\Me — Q\Me — o o — EtOMMe
O

OH TBDMS Me °
315, 316 313, 314 308 310

Scheme 61. Retrosynthetic analysis of regioisomeric cyclopentane synthesis

The intermediate epoxide could be easily synthesized via the y-vinyl lactone 309.
The latter could be obtained from the cyclization of ethyl levulinate 310 after a
vinylmagnesium bromide addition. Thus, ethyl levulinate 310 was allowed to react
with vinylmagnesium bromide in THF to obtain y-vinyl lactone 311 in 49% after
distillation, as described by Wechter and coworkers'” (Scheme 62). Subsequent
oxidation of the double bond with m-CPBA at 24°C gave the epoxides 308 in
satisfactory yield (39%) as a mixture of diastereomers in a 2:1 ratio. Raising the
temperature of the reaction mixture (refluxing DCM) or prolonging the reaction time
(from 45 h to 96 h) gave substantial amounts of the epoxide opening product with m-
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CPBA (10% to 29%) and did not improve the yield of the epoxide. The sluggish
reaction and low yield can be attributed to the steric factors, since in our attempts the
corresponding y-allyl lactone, which is one carbon homologue to the y-vinyl lactone
309, under similar conditions gave 67% yield in 22 h at 22 °C.

o Vinylmagnesium o o
bromide m-CPBA
EtO)K/Y (0] - le)
o THF, 0-10°C DCM, RT 6]
46-49% \ 39%
310 309 308
syn/anti ratio 1.8:1

Scheme 62. Synthesis of epoxy-lactones

Having the epoxides 308 (mixture of diastereomers) in hand we performed the
epoxide opening (Scheme 63). We were very pleased to find that the epoxide opening
proceeded in a regioselective manner resulting in a diastereomeric mixture of
bicycloheptanes 312 and 313 in an exo-endo ratio of 1.8:1, in good yield (83-86%).

o OH

S0 2
OTBDMS OH
2 312 1. LIAIH,, 314 73% from 312
TBDMSOTY, DIPEA THF, reflux
(0] _— o + +
o DCM, rt N 2. ag. 6N HCI/THF/ OH
86% 0 MeOH, 1:2:2, rt. I OH
308 Q\ O\
OTBDMS “OH
313 315 72% from 313

exo/endo 1:1.8

Scheme 63. Synthesis of 3’-desoxycarbasugar analogues

Subsequently, the exo-diastereomer 312 was treated consecutively with LiAlH, in
refluxing THF (quenched with aqueous NaOH) and aq. 6 N HCI in a mixture of
MeOH and THF to afford trans-diol 314 in 73% yield over two steps. The endo-
diastereomer 313 afforded cis-diol 315 directly in 72% yield after treatment with
LiAlIH, in refluxing THF and quenching with aqueous NaOH.

3.2.2 Cyclopentanes from cyclization of lactone aldehydes

To gain access to 1-methyl-5-silyloxy regioisomeric bicyclic products 316 and 317,
a route through aldehyde 318 was envisioned.

55



(0]

0
HO\ OH Y0 0
@\ _— Q\ — (P _ Etok/Y
5 0
318

HO TBDMSO

316, 317 310

Scheme 64. Retrosynthetic approach to 1,3-cyclopentanediols

To reach the goal, synthesis of the aldehyde 318 needed to be accomplished. First,
we tried to use the same starting compound y-vinyl lactone 309 as in the previous
case. Hydroboration of the intermediate vinyl lactone 309 with the subsequent
oxidation of lactone alcohol seemed to lead to the desired aldehyde 318.

Despite many attempts to hydroborate the alkene 309 by using Me,S*BH; in THF
followed by oxidation with NaBO;*4H,0, at best we got a mixture of the products
(Table 2). When two equivalents of BH;*Me,S were used for hydroboration (Table 2,
entry 1), the yield of desired alcohol 319 was moderate (33%) and was accompanied
by overreduction products 320 (8.5%) and 321 (22%). The latter was produced by a
hydroboration-elimination-hydroboration sequence'® of double bond carbon
adjacent to the tertiary hydroxyl group in starting material 309. Increasing the
reaction time to 48 h at 22 °C (Table 2, entry 2) led to complete consumption of the
starting material 309 but also an increased amount of overreduction products 320
and 321 (25% and 29% respectively), while the yield of product 319 (25%)
decreased. Increasing the amount of BH; used in the reaction to three equivalents
and conducting the reaction at 0 °C for two hours led to a somewhat better yield of
product 319 (39%), but almost the same amounts of overreduction products 320
(8%) and 321 (24%) (Table 2, entry 3; compare with Table 2, entry 1). Changing the
temperature regimen of the reaction led to complete consumption of the starting
alkene 309, a slightly decreased yield of alcohol 319 (32%) and increased amounts
of overreduction products 320 (12%) and 321 (38%) (Table 2, entry 4). When the
steric bulk of the boron reagent was increased, the reaction became sluggish and
after 44 hours at RT 25% of the starting material 309 and only 8% of the desired
alcohol 319 was still formed, giving a radical coupling product 322 of alkene 309
and THF as the main component of the reaction mixture instead (35%; Table 2, entry

5),

Table 2. Hydroboration of y-vinyllactone

(0] (0] HO HO o
Entry Conditions | \ %
o (o] ° (o]
N OH HO
OH
309 319 R V5 322
320
1 BH;, 11% 33% 8.5% 22% -

67 mol%
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1 hat0°C
and 16 h at
22°C

2 BH;, - 25% 25% 29% -
67 mol%
48 h at 22°C

3 BH;, 8% 39% 8% 24% -
100 mol%
2hat0°C

4 BH;, - 32% 12% 38% -
100 mol%
1 hat0°C
and
1.5hat
22°C

5  Sia,BH, 25% 8% - - 35%
110 mol%,
0-RT, 44 h

As a result, poor chemo- (at best 1.2:1 in favor of hydroboration) and
regioselectivity (at best 2:1 in favor of terminal alkene carbon) and the unfavorable
steric effect of bulky borane to the outcome of the hydroboration reaction prompted
us to pursue a different synthetic path to obtain the desired aldehyde 318. Thus, we
turned to the oxidative cleavage of the double bond in allylic y-lactone 323. We
started with a straightforward allylic Grignard addition to 4-oxopentanoic ester 310
to accomplish the first step (Scheme 65). Unfortunately, the Grignard reaction gave
unsatisfactory results, leading to mixtures of mono- and triaddition adducts in
various ratios (Table 3): at 5 °C the yields of compounds 310, 323 and 324 were
39%, 13% and 30%, respectively (Table 3, entry 1), while at -40 °C they were 55%,
23% and 17% (Table 3, entry 2) and at -78°C 58%, 16% and 16% (Table 3, entry 3).
These results clearly indicate the non-feasibility of the Grignard reaction to produce
the desired allylic lactone 323. Allylmagnesium chloride proved to possess similar
reactivity towards the starting material 310 and also to the primary product 323
under the applied conditions. In the literature, we found another possibility
introduced by Estevez et al.'®' — a Ti(Ill)-mediated Barbier type allylation of ethyl
levulinate 310.
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_~_-MgBr
)K/Y THF, O°C to RT
310 323, 13-23% 324, 16-30%

Scheme 65. Grignard reaction of levulinic acid ester

Table 3. Grignard reaction of ethyl levulinate*

Entry 310 323 324 Temperature
1 39% 13% 30% 5°C

2 55% 23% 17% -40 °C

3 58% 16% 16% =78 °C

* All the reactions were run with 1.1 eq. of Grignard reagent in 1.1 M THF solution and the
yields were determined from NMR spectra of crude

When we attempted allylation of substrate 310 by using the above-mentioned
method with the use of allylbromide instead of allylchloride, we obtained the desired
allylic lactone 323 in 63% yield, when a halide twofold excess was used, and in 91%
yield when using only a 1.5-fold excess of the reagent (Scheme 66); the main side
product was compound 324 in a small amount. Thus, a reduced amount of allylating
reagent can be used in comparison to the original publication if allyl magnesium
bromide is used instead of allyl magnesium chloride.

1. cat. 0sO,, NMO

B 0 £BUOH/H,O (3:1), o)
Cp,TiCl,, Mn(0) RT
310 o 0
THF, RT == 2.NalO, (0.65M), =0
91% DCM, RT
323 81% 2 steps 318

Scheme 66. Synthesis of lactone aldehyde

Having the allylic y-lactone 323 in hand, we set out to produce aldehyde 318 via an
osmium-catalyzed dihydroxylation of double bond with subsequent NalO4-induced
oxidative cleavage of the formed diol. Indeed, we got the desired product 318 in 70-
81% yield over two steps. The cyclization of 318 that was effected under the
conditions previously reported by Rassu et al.'® with the TBDMSOT{/DIPEA
system resulted in a diastereomeric mixture of bicycloheptanes 325 and 326 in 47 to
49% isolated yield (Scheme 67), with an exo/endo ratio ranging from 1:1.4 to 1:1.8,
depending on the addition time (the reaction time was increased from 10 min to 70
min). Separation of the diastereomers 325 and 326 was achieved by a simple
chromatography and the subsequent transformations were carried out on the relevant
exo- or endo-isomers separately. Thus, 325 was treated with LiAlH, in THF and
then with a 1:2:2 mixture of aqueous 6N HCI, MeOH and THF to afford the trans-
1,3-carbasugar analogue 327 in 63% yield over two steps. Treatment of 326 gave
cis-1,3-carbasugar analogue 328 in 55% yield in just one step after the work-up of
the reduction reaction mixture.
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(0]

S— OH
B oy
TBDMSO "
o) .
325 1. LIAIH,, .
o TBDMSOT, DIPEA THE, refiux 327 63% from 325
+ e —— +
=0 DCM, rt 2. aq. 6N HCI/THF/ o
49% 0\: o MeOH, 1:2:2, RT. \, H OH
318 Q\ O\
TBDMSO HO
326 328 55% from 326

exo/endo 1:1.5

Scheme 67. Synthesis of 2’-desoxycarbasugar analogues

3.3. Configuration of bicyclic intermediates

For the determination of configurations of bicyclic intermediates 312, 313, 325 and
326, well known regularities in the NMR spectra of the related
bicyclo[2.2.1]heptane derivatives were used (Figure 5).'' In *C NMR spectra,
when C-5 or C-6 have exo-OX substituents, the C-7 signal is shifted up field.'"**'*’ In
our case, for the C-7 of the exo-isomer 312, the chemical shift was 40.6 ppm and for
the endo-isomer 313 42.7 ppm; in 325 and 326 the corresponding values were 41.9
and 43.4 ppm (see Tables 4 and 5). In '"H NMR spectra, the *J for H-5, exo-H-4 is
always larger than the *J for H-5endo-H-4. In the compound 325 the relevant
coupling constant (4.3 Hz) was smaller than that in 326 (1.3 Hz), thus revealing the
exo-configuration of the H-5 proton (Table 5). In compound 312, two H-5 protons
were present, with H-5exo-H-4 value 4.3 Hz and H-5endo-H-4 value 0.7 Hz,
whereas in 313 the corresponding values were 4.6 and 0.6 Hz respectively (Table 4).

3J, 4 coupling constant
is always larger than 3J5n, 4

Cis-vicinal coupling constant
(3J5 ) is always larger than
trans-vicinal coupling constant

*Jipnpis COUpling constant
is always larger than 4/, ;¢

Hn - endo-proton
Hx - exo-proton
Ha - anti-proton
Hs - syn-proton 326

Figure 5. Relevant interactions for the structure determination

As a rule, the vicinal proton-proton couplings *J have higher values when protons
are cis-oriented. In the case of compounds 312 and 313, having established H-5-exo-
and H-5-endo-protons, the relative configuration of H-6 was revealed by inspecting
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the relevant *J coupling values H-5-exo-H-6 and H-5-endo-H-6, which for 312 were
2.7 and 6.6 Hz and for 313 9.0 and 3.3 Hz, respectively (Table 4).

Table 4. "H J coupling constants of 6-exo/endo-1-methylbicyclic compounds

Compound oC  SH Atom 4 5x 5n  6n 7s 7a
o, . 4114 272 4 - - - - -
36.16 159 5x 43 - - - -
. 217 50 07 132 - - -
>LS;?/ 7327 382 6n - 27 66 - -
A 4065 188  7s 1.6 - 23 16 -
312 198 7a 12 - - - 106
Compound o°C SH Atom 4 5x 5n  6x 7s 7a
o, 4363 279 4 - - - - -
4 3564 231 5x 4.6 - - - -
) 150 5n 06 133 - - -
>Ls?/ 7461  4.14  6x - 90 33 - -
b 4274 195 7s 19 - 34 - -
313 172 7a 1.0 - - - 10.8

*J between H-7-syn and H-6 (and H-5) endo-protons is equally informative for the
determination of configurations in 312, 313, 325 and 326 by 'H NMR spectra. Thus,
the *J for endo-protons is always larger than that for exo-protons.'® The H-6-endo of
312 is coupled to H-7-syn with 1.6 Hz value (Table 4), whereas the H-5-endo of 325
is coupled to H-7-syn with 1.3 Hz value (Table 5).

Table 5. "H J coupling constants of 5-exo/endo-1-methylbicyclic compounds

Compound BC SH Atom 4 Sn 6x 6n Ts 7a

53.31 2.71 4 - - - - -

Oy o 7022 426 50 13 - - - -

g Q\ 4703 152 6x 13 20 - - -

Si-0’° 2.18 6n - 6.6 13.8 - -

% 325 41.87 192 7s 1.3 1.3 - 2.8 -
2.15 7a 1.4 - - - 10.4

Compound o°C S'H Atom 4 5x 6x  6n 7s 7a

o 51.72 292 4 - - - - -

NI 7061 454 5x 43 - -

PO 4372210 6x - 87 - - -

si-o 1.64 6n - 31 137 - -

% 326 4340 1.96 7s 1.6 - - 3.9 -
1.65 Ta 1.2 - - - 10.7

Taking into account all the relevant information given above, the relative
configuration of bicyclic compounds 312, 313, 325 and 326 was unambiguously
determined, thus letting us also establish the relative configurations of the derived
diols 314, 315, 327 and 328. On the other hand, the obtained information about the
relative configuration of compounds 314 and 328 was in good accordance with our
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previous observation'®® that °C chemical shifts of 1-methyl-substituted vicinal diols
were dependent on the cis-trans substitution pattern. The CH;-group should have a
BC chemical shift up field in trans-diol relative to cis-diol; in the case of 314, the
CH;-group had a chemical shift at 22.08 ppm and, in the case of 315, at 25.24 ppm.
Furthermore, the C-1 and C-2 carbons in 1-methyl-1,2-cyclopentanediols should
have chemical shifts up field when cis-substitution is observed relative to the trans-
substituted diol. Indeed, chemical shifts for C-1 and C-2 carbons in 315 were 79.05
and 78.63 ppm, whereas in 314 the corresponding shifts were 81.81 and 81.07 ppm.
These results correlate with the observation that reduction of 312 and 313 should
give 314 and 315, respectively, and thus this confirmed the assignment of the
relative configuration of the bicyclic intermediates 312 and 313.

3.3.1 Synthesis of chiral benzyl-2’-desoxycarbasugar analogue

Since we had relatively convenient access to the enantiomeric y-lactone acid 329,'*
it was most appropriate to confirm the utility of the above-described method in the
synthesis of a carbasugar analogue, thus complementing our synthetic endeavors.
Thus, substrate 330 obtained from lactone acid by borane reduction was oxidized
according to the Dess-Martin procedure,'® followed by the Wittig reaction,
hydrolysis with aqueous hydrochloric acid and TBDMSOTT, and DIPEA-induced
cyclization at -78°C (Scheme 68), as described previously by Rassu et al.'® The
silylated bicyclic intermediates as a mixture of endo-exo-isomers 331 and 332 in
2.3:1 ratio and in moderate overall yield (5.4%) over four steps starting with
carboxylic acid 329 were obtained. Further elaboration of lactones to cis-diol 333
and trans-diol 334 was achieved by reduction of the ester moiety with LiAlH, and,
in the case of trans-diol 334, additionally by removal of the silyl protecting group.
As aresult, it was shown that hydroxymethyl-1,3-diols can be accessed starting with
lactones 329 from asymmetric oxidation. However, the overall efficiency of the
process needs to be further improved.

1. Dess-Martin,
Q Q DCM, rt N N
o o 2. Ph,PCH,0CH,, KHMDS, Y0 0
OH BH;Me;S, _OH THF, 0°C [ U 7
—_— +
Y i 3.aq. 2N HOITHF, it TBDMSO TBDMSO
63% 4. TBDMSOTY, DIPEA,

DCM, -78 °C to rt

5% 4 steps
329 330 331 332

endo-exo 2.3:1

. OH 1. LiAIH,, OH
LiAIH,, I, OH THF, 0°Ctort I OH
33— NS 32— > " s
THF,0°Ctort 2. aq. 6N HCI/
65% Y MeOH/THF, 1:2:2, rt

61% 2 steps HO
333 334

Scheme 68. Synthesis of chiral 2’-desoxycarbasugar derivatives by a semi-telescoped
process
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3.4. Enantiomeric tetrahydrofuran analogues (Article II)

In recent years, our group has developed a simple and enantioselective method for
synthesizing chiral lactone carboxylic acids 335 from diketones 336.""'"" The ease
of access and wide possible structural variability of the chiral building block 335
motivated us to broaden the practical scope of the compounds: to use the lactone
carboxylic acids 335 for the synthesis of chiral tetrahydrofuran derivatives 337 as
proposed in Scheme 69.

337 335 336

Scheme 69. Proposed retrosynthetic route to chiral THF-derivatives

To transform the lactone acid skeleton to a tetrahydrofuran ring, an attempt to use
the direct reduction approach proposed by Verma et al.'”® for triarylsubstituted
dihydrofuranones with neat BH;Me,S (11 eq.) was made. However, with
methylsubstituted lactone 335a, this single-step procedure at room temperature gave
a two-component mixture: hydroxymethyl tetrahydrofuran alcohol 337a and triol
338 with 77% combined isolated yield in 1:1 ratio (Scheme 70). Also, with
benzyloxyethyl lactone acid 335e, the reaction was not selective, resulting in
tetrahydrofuran alcohol 337e and triol 339 with 90% overall isolated yield, in 1:1.4
ratio. Using different borane complexes as reductive agents, e.g. BH;NH;,
BH;- THF, BH;-Me,S/BF;-Et,0, did not improve the result of ether 337a from 335a.

0 OH

BH,"Me,S o
O gy—2 ] oH OH
; o OH
| 22°C %

,,,,,

R o R
335a R= CH, 337a37% 338 40%
335e R=-CH,CH,OBn 337e 37% 339 53%

Scheme 70. Direct reduction of carboxylic acids

According to the literature, there are several reduction options to transform lactones
into cyclic ethers, e.g. NaBHJBF;Et,0'”, DIBALH/Et;SiH/BFsEt,0'™,
manganese acetyl complexes/PhSiH;' ", titanocene complexes/
PMHS/Et;SiH/Amberlyst 15", TiClyTMSOTf/E;SiH'’, and  ruthenium
complexes/ EtMe,SiH.'”™ The approach developed by Kraus et al'’, where
DIBALH at —78°C with Et;SiH and BF;-Et,0 in DCM are used, was selected by us
and applied to our synthetic scheme. Thus, a three-step sequence involving triple
reduction (with BH3-Me28179, DIBALH and Et;SiH) of lactone carboxylic acids 335
to the tetrahydrofuran alcohols 337 was commenced. Reduction of the free
carboxylic group afforded lactone alcohols 340a-e in yields ranging from 68 to 77%
(Scheme 71, Table 6). These alcohols were subjected to standard benzylation
conditions and then reduced by DIBALH/Et;SiH when R= CHj3; or CH,CH; and
directly with DIBALH/Et;SiH, when R= Bn, CH,OBn or CH,CH,OBn. The 2,2-
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disubstituted THF-derivatives 337a-e were obtained in 48-75% yield over three or
two steps, respectively (Table 6).

? 1. NaH, BnBr, DMF, 23 °C
BH, . Me,S o 2. DIBALH, DCM, -78 °C o)
3%Bab ——( P ——— =
THE = \ 3. Et,SiH, BF,*E,0, R \OR,
R OH DCM, -40 °C
340a,b 337a'\b
i 1. DIBALH, O
BH, . Me,S 0 DCM, -78 °C o . R OoTR
335¢ce —m—>» A, ——————»  —fuy { o
THF R \OH 2. Et,SiH, BF,"Et,0 R OH R
s DCM, -40 °C 33700 31cee

R = a) -CH,, b) -C,Hj, ¢) -Bn, d) -CH,0Bn, &) -C,H,0Bn
R'=a"b')-Bn

Scheme 71. Three-step sequence to THF-derivatives

Table 6. Synthesis of tetrahydrofuran derivatives

Entry Substrate 340 337

1 335a 74%

2 b 73%

3 c 71%

4 d 68%

5 e 77%

6 340a 48%+
7 b 57%%
8 ¢ 75%
9 d 64%
10 e 70%

1The yields over two steps (protection and reduction)

The yields of the reduction step were somewhat lower for compounds without
protecting groups than for the protected compounds. During the direct Lewis acid
promoted silane reduction of 340, intermolecular acetalization of the product 337
with the starting compound 340 was observed, leading to byproducts 341c-e in 7-
10% yield. This reaction transformed some amount of the starting material to an
unreactive acetal, and so diminished the overall yield. The byproduct itself is easily
separable from the target product by simple chromatography. However, the yields of
the target tetrahydrofuran derivatives 337¢c-e were higher (64-75%) than the overall
yield of compounds 337a’-b’ with the corresponding protection steps (48% and
57%, Table 6). Deprotection would additionally decrease the yield of the whole
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reaction sequence. Thus, for the synthesis of compounds 337 the protection-free
approach is favorable.

Spirodilactone 342, for which a synthetic method has been described earlier," can
be envisioned as a starting point to arrive at spiro-tetrahydrofuran compound 343.
Thus, we pursued the reduction of 342 with DIBALH and obtained a mixture of
diastereomeric acetal 344 and hemiacetal diols 345 and 346, as determined by NMR
analysis of the crude product (Scheme 72). These results led us to search for more
suitable methods for reducing spirodilactone 342. A similar over-reduction problem
was also observed in the synthesis of conformationally restricted spirocyclic
nucleosides by Paquette et al'®, and they solved the problem by using low
concentration DIBALH in the presence of an excess of a Lewis acid (4.5 eq.
Me;SiCl). We applied that method to the reduction of spirodilactone 342 and
obtained lactol 344, together with bicyclic acetal 347 as a single diastereomer (up to
45% yield; Scheme 72).

2 OH OH OH
ld DIBALH é . é . @
0 0 Ao - on
;o DCM, -78 °C go go go
o o HO HO

32-33% H

342 344 345 346

DIBALH, TMSCI H OH
Oo.]l.0 .
DCM, -78 °C L b + ?"A 0 (,( 0
45% ¢ 0
OH HO

347 344 343

1. DIBALH, DCM, o
78 °C : Et,SiH, BF,*Et,0
Cacr
2. MeOH, BF,*Et,0 o DCM, -78 to 23 °C
-78t0 22 °C —0

one pot 32%
60-70% 348

Scheme 72. Synthesis of spirodiether

Separation of the lactols from the reaction mixture after hydrolysis (containing
AI(OH);) is sometimes complicated. In order to improve the yield of acetal 344 (to
extract it from the aluminum hydroxide), we used an in situ trapping of the formed
lactols as methylacetals 348 by quenching the DIBALH reaction with an excess of
dry MeOH in the presence of one equiv of BF;-Et,0. This method afforded stable
yields of 348 (~70%). This compound was used in the following step without
purification. Silane reduction'*>' of 348 proceeded smoothly, with a slight
modification of the original protocol: a stoichiometric amount of BF;-Et,0 was used
at -45°C to rt. instead of a catalytic amount at rt, to furnish the volatile spiro-
tetrahydrofuran 343 exclusively in 32% isolated yield after purification (the product
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partly co-evaporated during solvent removal, reducing the isolated yield) (Scheme
72).

3.5. Formal synthesis of (S)-SRI-62-834

THF-derivative 337d is a key intermediate for the synthesis of the anti-tumor agent
(S)-SRI-62-834 349* (Scheme 73). This compound has been obtained previously by
a multi-step sequence that includes enzymatic resolution of the acetylated
tetrahydrofuran-2,2-methanol.’” Our approach involves asymmetric oxidation,'®’
which affords lactone acid 335d in good yield (75%) and high stereoselectivity (ee
96%). Moreover, both enantiomers can be accessed by simply switching the ligand
from (+)-DET to (-)-DET.

0 % 1. BH,*Me,S, THF o o
OH  ref 143 o 2. DIBALH, THF, -78°C I ref. 67
- I~ "\ - B
1 step "¢ 3 E,SiH, BF,"EL,0, o OH 3 steps o0\ 17

d o OH DCM, -40°C o=P O
d o
C S/
—NC
336d 335d 337d 349

Scheme 73. Formal synthesis of (S)-SRI-62-834 349

The 335d was transformed to the key intermediate 337d by three consecutive
reductions: borane dimethylsulfide complex, DIBALH and Et;SiH in the presence of
BF;*Et,O. Further transformations to reach 349 followed the literature route
described by Repic et al.®’
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Conclusions

® A method of synthesizing regioselectively chiral 3-methyl-2,3-dihyroxy-
and 2-methyl-2,5-dihydroxy cyclopentanones, starting with mono-oxidation
of 3-methyl-cylopentanone-1,2-dione, was developed.

® vy-Lactones were shown to be feasible starting compounds for the synthesis
of regioisomeric cyclopentane 1,2- and 1,3-diols:

a) v-Vinyl oxide of cyclopentane y-lactone led to 4-hydroxymethyl-1-
methyl-1,2-cyclopentanediols  after intramolecular regioselective
epoxide opening, effected by the TBDMSOT{/DIPEA system and
reduction

b) y—(2-oxomethyl)-y-lactone led to 4-hydroxymethyl-1-methyl-1,3-
cyclopentanediols after intramolecular regioselective addition reaction,
also effected by the TBDMSOT{/DIPEA system and reduction.

¢) vy-Benzyl-y-lactone carboxylic acid from asymmetric oxidation afforded
access to chiral 1-benzyl-4-hydroxymethyl-1,3-cyclopentanediols,
offering a general method for those 1-alkyl-substituted
cyclopentanediols.

e A simple route to chiral 2,2-disubstituted tetrahydrofuran derivatives was
developed, starting with enantiomeric y-lactones. Tetrahydrofurans were
obtained. A three-step reaction sequence was applied to the synthesis of 1,7-
dioxaspiro[4.4]nonane from enantiomeric spirodilactone.

e A formal synthesis of the key intermediate of the anti-tumor agent SRI-62-
834 was developed.

e C NMR study of cyclopentanetriols and cyclopentanediols enables
unambiguous determination of their relative configurations.
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Experimental

Materials and methods

Chemicals were purchased from the Aldrich Chemical Co and Lancaster and were
used as received. DCM was distilled over CaH, and stored on 3A molecular sieve
pellets. THF and ether were distilled over LiAIH,4. Acetone was refluxed on K,MnO,4
after persisting color was distilled, dried over K,COj; 2d, then distilled and stored
over 4 A molecular sieve pellets. Pre-coated silica gel 60 Fys, plates from Merck
were used for TLC, whereas for column chromatography silica gel KSK40-100 um
was used. NMR spectra were determined in CDCl;, CD;0D or DMSO-ds on a
Bruker AMX-500 or Avance USLA 400 spectrometer. Solvent peaks (CHCl;
0=7.27, CHD,OD 6=3.30, CDCl; 6=77.00, and CD;0OD 0=49.00) were used as
chemical shift references. 2D FT methods were used for the analysis of synthesized
compounds. IR spectra were measured on a Perkin-Elmer Spectrum BX FTIR
spectrometer. Mass spectra were recorded on a Hitachi M80B spectrometer using EI
(70 eV) or CI (isobutane) mode or on a Shimadzu GCMSQP2010 spectrometer
using EI (70 eV). High resolution mass spectra were recorded on an Agilent
Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS spectrometer and utilizing
AJ-ESI ion sources. Elemental analyses were performed on a Perkin Elmer C,H,N,S-
Analyzer 2400. Optical rotations were obtained using a Kriiss Optronic GmbH
Polarimeter P 3002. All reactions sensitive to moisture or oxygen were carried out
under an Ar atmosphere in oven-dried glassware.

Bicyclic intermediates

To the stirred solution of Dess-Martin periodinane (1.14 g, 2.7 mmol) in DCM (11
mL) at 23°C, lactone alcohol 330 (500 mg, 2.42 mmol) was added in DCM (9 mL)
dropwise and the reaction mixture was stirred at 23°C for 25 min, after which
precipitation occurred. The reaction mixture was diluted with DCM (50 mL) and
poured into aq. saturated mixture of NaHCO; and Na,S,0; (15 mL). The organics
were separated and washed with sat. NaHCO; (15 mL) and water (15 mL), dried
over MgSO, and filtered, and the volatiles were evaporated to give crude aldehyde
(562 mg) as light yellow oil. The crude aldehyde in THF (2 mL) was added to the
preformed ylide (1.06 g, 3.08 mmol PhPCH,OCH; CI' and 610 mg, 3.05 mmol
KHMDS) in THF (11 mL) at 0°C and stirred for 10 min at the same temperature,
after which the reaction was quenched by adding the reaction mixture to aq. sat.
NH4CI (5 mL) at 0°C. The water phase was extracted with EtOAc, dried over
Na,SO, and filtered, and the solvents were evaporated to yield crude vinyl ether
(1.25 g), which was taken up in THF (10 mL), and then aq. 2N HCI was added at
0°C. After stirring the reaction mixture for 3.5 h, aq. sat. NaHCO; (20 mL) was
added. The obtained solution was extracted with EtOAc, dried over MgSO, and
filtered, and the volatiles were removed. The resulting crude (1.02 g) was dissolved
in DCM (10 mL) and added dropwise to the solution of DIPEA (0.96 mL, 5.5 mmol)
and TBDMSOTf (1.26 mL, 5.5 mmol) in DCM (20 mL) at 0°C, stirred at 23°C for 3
h and quenched with NH4Cl (5 mL). The layers were separated and the water phase
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extracted with DCM (5x15 mL), dried over MgSO, and filtered, and the solvents
were evaporated. The crude product was purified by flash chromatography (SiO,,
PE/Acetone 50:1) to yield 331 as colorless oil (33 mg, 4 %, four steps) and 332 as
colorless oil (12 mg, 1.4 %, four steps).

endo-(1R,5R,6R)-1-Benzyl-6-(tert-butyl-dimethyl-silanyloxymethyl)-2-oxa-
bicyclo[3.2.1]heptan-4-one 331

[a]°2= 0.12 (CHCl;, ¢=7.27). '"H-NMR (400 MHz, CDCl;): 6 7.27-7.12 (m, 5H, -
Bn), 4.40 (ddd, 1H, J= 3.1, 4.1, 8.6 Hz, 5C-Hx), 3.05 (m, 2H, Bn), 2.82 (d, 1H, J=
4.3 Hz, 4C-H), 2.05 (dd, 1H, J=8.7 Hz, J=13.6 Hz, 6C-Hn), 1.88 (ddd, 1H, J=1.5,
3.8, 10.7, 7C-Hs), 1.53-1.42 (m, 2H, 6C-Hx and 7C-Ha ), 0.80-0.78 (s, 9H, #-Bu),
0.01 — (-0.01) (s, 6H, Si(CH;),); *C-NMR (400 MHz, CDCl;): § 174.54 (C-3),
135.45 (s), 130.02 (0), 128.50 (m), 126.97 (p), 91.07 (C-1), 70.26 (C-5), 50.88 (C-
4), 41.57 (C-6), 39.77 (C-7), 25.68 (-(CHs)3), 17.97 (tert-C), -5.0 (Si-(CHs),). IR
(neat) 3063, 2952, 2856, 1786, 1605, 1471, 1361, 1321, 1252, 1109, 986, 900, 838,
777, 703; MS m/z: 275 (M-57)", 257, 155, 129, 91, 75 (Base). Anal. calcd. for
C1oH,50;Si: C 68.63, H 8.49 found C 68.57, H 8.55.

exo-(1R,SR,6R)-1-Benzyl-6-(tert-butyl-dimethyl-silanyloxymethyl)-2-oxa-
bicyclo[3.2.1]heptane-4-one 332

[a]°= 0.14 (CHCIl;, c=1.94). IH-NMR (400 MHz, CDCl3): § 7.30-7.15 (m, 5H, -
Bn), 4.26 (d, 1H, J= 6.0 Hz, 5C-Hn), 3.21-3.07 (m, 2H, -Bn), 2.72 ( s, 1H, 4C-H),
2.20-2.10 ( m, 2H, 7C-Ha), 1.95-1.90 ( m, 1H, 7C-Hs), 1.59-1.54 (d, 1H, 6C-Hx ),
0.79 (s, 9H, #-Bu), 0.02 ( s, 6H, Si(CH3),). BC-NMR (400 MHz, CDCLy): 6 176.24
(C-3), 135.77 (s), 129.95 (0), 128.42 (m), 126.95 (p), 92.67 (C-1), 69.78 (C-5),
52.56 (C-4), 45.18 (C-6), 39.93 (C-7), 25.69 (-(CH3)3), 17.94 (tert-C), -4.95 (Si-
(CH3),). IR (neat) 3030, 2954, 2857, 1781, 1605, 1471, 1361, 1256, 1173, 1097,
834, 701. MS m/z = 332 (M)", 275, 231, 91, 75 (base). Anal. calcd. for C;oH,30;Si:
C 68.63, H 8.49 found C 68.53, H 8.48.

((1R,35,45)-1-Benzyl-4-hydroxymethyl)-cyclopentane-1,3-diol 333

Dissolve the endo-isomer (26 mg, 0.08 mmol) in THF (5 mL) and add LiAlH4 (31
mg, 0.78 mmol) at 0°C. Stir until no starting material is detected by TLC and quench
the reaction with sat. aq. Seignette’s salt (5 mL). Add EtOAc¢ (20 mL), separate the
layers and extract the water phase with EtOAc (4x20 mL). Dry over MgSQO,, filter
the solids off and evaporate the volatiles to get the crude product. Further
purification was achieved by flash chromatography on SiO, eluting with
DCM/MeOH 20:1 to 10:1 mixture to get 333 (10.5 mg, 0.05 mmol, 65%) as light
yellow oil.

[a]%55= -0.96 (MeOH, ¢=0.24). '"H NMR (400 MHz, CD;0D) d = 7.25 (t, J=4.2, 4H,
Bn-o, Bn-m), 7.19 (m, 1H, Bn-p), 422 (td, J=4.8, 2.2, 1H, H-3), 3.77 (m, 1H,
CH,OH), 3.58 (m, 1H, CH,OH), 2.82 (m, 2H, Ph-CH,), 2.04 (m, 3H, H-4, H-5, H-
2), 1.71 (m, 1H, H-2), 1.58 (m, 1H, H-5). *C NMR (101 MHz, CD;0D) ¢ = 138.51
(Bn-i), 130.58 (Bn-0), 127.95 (Bn-m), 126.27 (Bn-p), 81.26 (C-1), 73.52 (C-3),
62.23 (CH,OH), 47.51 (C-2), 47.39 (Ph-CH,), 46.52 (C-4), 40.68 (C-5). IR, neat:
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3374 (OH), 2931, 1434 (C-0), 1022 (C-0). MS m/z: 186 (M-36)", 171, 163, 131,
113, 92 (base), 91, 71, 67, 43. HRMS (ESI) calcd. for C;3H,30;Na: 245.1148 found
245.1128.

((1R,3R,45)-1-Benzyl-4-hydroxymethyl)-cyclopentane-1,3-diol 334

Dissolve the exo-isomer (18 mg, 0.05 mmol) in THF (5 mL) and add LiBH,4 (23 mg,
1.01 mmol) at 0°C. Stir until no starting material is detected by TLC and quench the
reaction with saturated aq. NH4Cl (2 mL) and saturated aq. 1M citric acid (5 mL).
Add EtOAc (20 mL), separate the layers and extract the water phase with EtOAc
(4%20 mL). Dry over MgSOQy, filter the solids off and evaporate the volatiles to get
the crude product. Purify by flash chromatography (SiO,, PE/Et,0 4:1 to 1:1) to
obtain TBDMS-derivative (12 mg, 0.04 mmol, 65%). '"H NMR (400 MHz, CDCl5) 6
7.32 —7.15 (m, 5H, Bn), 4.29 (dt, J = 8.7, 6.3 Hz, 1H, H-3), 3.64 (qd, /=104, 4.3
Hz, 2H, CH,OH), 2.91 — 2.78 (m, 2H, PhCH,), 2.13 (ddt, J=15.2, 10.4, 7.7 Hz, 3H,
H-5, H-4), 1.91 (ddd, J=12.9, 6.6, 2.0 Hz, 1H, H-2), 1.71 (dd, J = 12.9, 8.7 Hz, 1H,
H-2), 1.58 (s, 2H, OH), 1.39 (ddd, J = 12.9, 4.1, 2.0 Hz, 1H, H-5), 0.85 — 0.82 (m,
1H, H-5), 0.01 (t, J = 4.1 Hz, 6H). °C NMR (101 MHz, CDCl;) ¢ 137.46 (Bn, i),
130.18 (Bn, 0), 128.42 (Bn, m), 126.70 (Bn, p), 79.76 (C-1), 75.03 (C-3), 64.54
(CH,0OH), 49.42 (C-2), 48.85 (C-4), 47.41 (PhCH,), 40.24 (C-5), 25.83 (+-Bu, CHj3),
17.95 (#-Bu, C), -4.42 (CH;S1), -4.78 (CH;S1).

Subject the intermediate (6.8 mg, 0.02 mmol) to deprotection conditions
(THF/MeOH/6N HCI, 1:1:0.4, total 1.2 mL) at rt for 2h. Evaporate the volatiles and
purify the residue by flash chromatography on SiO,, eluting with DCM/MeOH 20:1
to 10:1 mixture to get 334 (4.2 mg, 0.02 mmol, 94%) as light yellow oil.

[a]°s= 1.34 (MeOH, c= 0.16). 'H NMR (400 MHz, CD;0D) § = 7.22 (m, 1H, Bn),
4.10 (m, 1H, H-3), 3.68 (dd, J=10.4, 5.3, 1H, H-6), 3.53 (dd, J=10.5, 7.0, 1H, H-6),
2.85 (m, 1H, PhCH>), 2.15 (dd, J=13.9, 10.0, 1H, H-5), 1.95 (m, 1H, H-4, H-2), 1.69
(dd, J=13.0, 8.7, 1H, H-2), 1.43 (ddd, J/=13.8, 6.1, 1.8, 1H, H-5). *C NMR (101
MHz, CD;0D) & = 139.56 (Bn, i), 131.59 (Bn, o), 128.94 (Bn, m), 127.23 (Bn, p),
80.61 (C-1), 75.18 (C-3), 65.68 (CH,0H), 50.23 (C-4), 48.93 (C-2), 48.61 (Ph-CH,),
41.45 (C-5). IR, neat: 3374 (OH), 2931, 1434 (C-0), 1022 (C-0). MS m/z: 186 (M-
36), 171, 163, 131, 113, 92 (base), 91, 71, 67, 43. HRMS (ESI) calcd. for
Cy3H,50;5Na: 245.1148 found 245.1135.
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Appendix 1. 'H J coupling constants of 5-exo/endo-bicyclic derivatives

Table 7. 'H J coupling constants of 5-exo/endo-1-benzylbicyclic compounds

(1R ,4R,5R)-1-Benzyl-5-(tert-butyl-dimethyl-silanyloxy)-
2-oxa-bicyclo[2.2.1]heptan-3-one

oC o'H 4 5n 6x 6n 7s 7a o'H oC

50.80 | 2.89 @ 4 1.2 1.1 0.4 1.5 1.5 4 | 276 52.56

7018 | 447 | 5x | 43 2.0 6.7 1.5 - 5n | 431 69.78

4149 | 157 | 6x - 8.8 13.9 - 0.5 | 6x | 1.60 45.18
231 | 6n - 3.0 13.7 2.7 - 6n  2.19

4125 [ 195 15 | 1.7 - - 3.9 104 | 7s | 1.98 39.93
12 - 0.5 05 | 108 | 7a | 220

4 5x 6x 6n 7s 7a SH 8C

(1R,4R,5S)-1-Benzyl-5-(tert-butyl-dimethyl-silanyloxy)-
2-oxa-bicyclo[2.2.1]heptan-3-one
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Abstract—A method for the synthesis of enantiomeric 1,3-dihydroxy and 2,3-dihydroxy cyclopentanones, starting from a commercially
available 3-methyl-cyclopentane-1,2-dione 1, is described. Dione 1 was subjected to asymmetric 3-hydroxylation to afford 3-methyl-3-
hydroxy-1,2-dione 2. The carbonyl groups in 2 were selectively differentiated by converting them either in dimethylacetal 5 or acetonide
6. Stereoselective reduction of those acetals by using NaBH, afforded chiral methyl 1,2-dihydroxy cyclopentanone 9 and 1,3-dihydroxy
cyclopentanone 10, respectively. The diols obtained were further converted to the corresponding diastereomeric triols 11-13 by hydride

reduction.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The chiral multihydroxylated cyclopentane structure unit is
present in various bioactive compounds, such as prosta-
glandins,> neurokinin-1,> glycosidase inhibitors* and
natural lipid analogues.® These compounds are most widely
used as building blocks in the synthesis of carbocyclic nucle-
oside analogues, which exhibit activity against a variety of
diseases, for example, HIV, HSV, cancer and hepatitis.®°

Many synthetic methods for the synthesis of polyhydroxy
cyclopentanes and cyclopentanones rely on natural chiral
compounds’!®!! or enzymatic processes.!>!3 Only a few
examples of asymmetric synthesis of these compounds are
described in the literature (e.g., Refs. 14 and 15).

In our laboratory, a method for the asymmetric oxidation
of 3-alkyl-1,2-diketones 1 with Ti(OiPr)s-tartaric ester

OH
o Ti(OiPr,, (H)-DET
TBHP, CH,Cl,
42 h, -20°C

1

Scheme 1. Asymmetric oxidation with Ti(OiPr)s-tartaric ester complex.

complex affording 3-hydroxylated 3-alkyl diketones 2 in
high enantiomeric purity and with defined absolute config-
uration has recently been developed (Scheme 1).!® Herein,
we report our results of synthesizing different chiral dihy-
droxy cyclopentanones 9 and 10, and cyclopentanetriols
11-13 starting from diketone 2. The approach is based
on differentiating the 1- and 2-oxo groups in hydroxyl-
ated diketone 2 via the formation of different types of
acetals.

2. Results and discussion
2.1. Differentiation of C-1 and C-2 carbonyl groups
The starting diketone 2 is isolated from the reaction mix-
ture of the asymmetric oxidation of 3-methyl-1,2-cyclo-

pentanedione with a Ti(OiPr)s-tartaric ester complex

(0] (0]

2 2a

* Corresponding author. Tel.: +372 620 2808; fax: +372 620 2828; e-mail: lopp@chemnet.ce

0957-4166/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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usually in a stable hemiacetal form 3. In order to obtain a
1,3-dihydroxy compound we first made an attempt to
reduce 3 directly with NaBH,;. However, from these
experiments, a complex mixture of diols and triols in low
total yield together with some amount of unreacted starting
material was obtained. This prompted us to look for a
more stable carbonyl protecting group. Also, we expected
that using distinct protecting groups it would be possible
to differentiate the carbonyl functions at C-1 and C-2 in
diketone 2.

To convert hemiacetal 3 to acetal 4, first we used ordinary
reaction conditions for acetalization (catalytic amount of
p-TsOH and MeOH). However, our attempts failed even
when up to 2 equiv of the catalyst were used. Surprisingly
enough, when 0.5 equiv of boron trifluoride etherate with
MeOH were used, hemiacetal 3 converted to the methyl
acetal 5 in a 49% yield (the carbonyl group at C-1 was pro-
tected and the group at C-2 free for further transforma-
tions). Increasing the amount of Lewis acid to 1 equiv
did not improve the yield, instead, the yield decreased
considerably (17%) (Scheme 2).

HO, ,OMe Ho Q oM
. , o
HO., O BF;*Ef,0, MeOH, RT p
‘OMe
3 549%
lo]p™=-38
BF3*E,0,
MeOH, RT %
AICl3, acetone Q OH
o,
0°C. 15 min /»é&o
MeO, ,OMe 658%
HO., ~ pogd

4

Scheme 2. Differentiation of C-1 and C-2-carbonyl groups.

In order to protect the C-2 carbonyl group, we selected the
transformation of hemiacetal 3 to acetonide 6. Under typ-
ical conditions,!” when the substrate was refluxed in a sol-
vent (usually toluene or benzene) in the presence of acid
catalyst (p-TsOH, H,SO,) and 2,2-dimethoxypropane, the
yield of 6 was low and acetalization was accompanied by
side reactions (the elimination of tertiary hydroxyl group,
deacetalization of hemiacetal 3 and formation of ketoenol
2a). Also, using acetone or 2-methoxypropene as a reagent
and/or applying lower reaction temperature (from rt to
60 °C) and long reaction times, resulted in acetonide 6 only
but in low yield (13-32%). Neither was the change of a
Bronsted acid to a Lewis acid (BF3-Et,0) successful. Final-
ly, using the procedure proposed by Lal et al.'® (3 equiv of
AICl; in a dry 1:1 mixture of acetone and ether), we ob-
tained acetonide 6 in an acceptable yield (58%). According
to that procedure we obtained the intermediate 6 with
C-2 carbonyl group protected and C-1 carbonyl free
(Scheme 2).

2.2. Stereoselective reduction of C-1 and C-2 carbonyl
groups

The reduction of acetal 5 with 1.2 equiv of NaBH, in
MeOH led stereoselectively with good yield (73%) to diol
7. The same exclusive stereoselectivity and excellent yield
was observed in the case of reduction of acetal 6. Thus,
compound 8 was obtained as a single isomer in a 82% yield.

The deprotection of hydroxy acetals 7 and 8 with sulfuric
acid in MeCN or THF furnished dihydroxyketones 9 and
10, respectively, in a good yield (81% and 94%, Scheme
3). It should be noted that using HCI as an acid catalyst
in deprotection resulted in the elimination of tertiary
hydroxyl groups in 9 and 10. Also, during the purification
of the crude reaction mixture on silica gel, a tendency
towards elimination of the OH-group was observed. There-
fore, the crude product was only filtered through a Celite
pad after water—ethyl acetate extraction. The obtained
products 9 and 10 were identified and characterized by
the NMR analysis and found to be stereochemically

homogeneous.
OH
HO,, i o

OH
NaBH; Ho, OMe HzSO4
MeOH 7 \ ;""OMe ag MeCN

773% 981%
[o]pP=+115
) o)
NaBH S o
6 B o, K on HS0s  HO AN om
MeOH THF
882% 10 94%
[o]p>*=-96 [o]p?2=+243

Scheme 3. Synthesis of ketodiols 9 and 10.

However, NMR spectroscopic data was insufficient to
determine the relative stereochemistry of acetonide 8 and
dihydroxyketone 10. Therefore, the diols were converted
to triols and their NMR spectra together with the spectra
of the model compounds 15 and 16 were additionally
investigated.

2.3. The relative and the absolute configuration of hydr-
oxylated cyclopentanones and cyclopentanes

Dihydroxyketones 9 and 10 were further reduced with
NaBH, affording, in both cases, a mixture of triols 11-13
(in a 88% yield as a sum of isomers for 9 and in a 93%
for 10; Scheme 4). The NMR spectra of the triols 11-13
were thoroughly investigated. Also, the information ob-
tained enabled us to verify the established relative stereo-
chemistry of acetonide 8 and dihydroxyketone 10 that
was presented above.

It is known that the '*C chemical shift of the methyl group
vicinal to a hydroxyl group in cyclic alkanols is dependent
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OH OH
HO, HO,
NaBHy WOH OH
9 +

11 53% 1235%

OH OH
HO, HO, _
NaBH, “ .wOH .WOH
10 "

11 52% 1341%

Scheme 4. Reduction of 3-methyl-2,3-dihydroxy-cyclopentanone and
2-methyl-2,5-dihydroxy-cyclopentanone to 1-methyl-1,2,3-cyclo-
pentanetriols.

on the relative configuration of the substituents.!*?! That
phenomenon was also observed in the case of compounds
9, 11-13. To confirm the proposed stereochemistry for
these compounds, model 1-methyl-1,2-cyclopentanols 15
and 16 were separately synthesized from cyclopentene 14,
using two different pathways: the dihydroxylation of 14
with an OsO,4/NMO system which should afford a cis-diol
15 and the epoxidation of 14 with MCPBA in water, fol-
lowed by the treatment with H,SO4 which should afford
a trans-diol 16 (Scheme 5).

0s04(s), NMO

HO,,
A PLLLLNAS

t+-BuOH/H,0 3:1

HO,,,
rac /

1. m-CPBA, H,0

14 ~—
2. 10% H,S0,

16

Scheme 5. Synthesis of 1-methyl-1,2-cyclopentanediols 15 and 16.

Although the difference in chemical shifts was larger
(3.78 ppm) in the case of diols than that for triols, the
general trend is clearly expressed: when the methyl group
is located cis to the neighbouring hydroxyl group, the shift
is 2.02-2.65 ppm upfield relative to that for the compounds
with frans configuration of those groups. This regularity
enabled us to determine the configuration of the substitu-
ents around carbons C1 and C2 as follows: cis for com-
pounds 9, 11 and 12 and trans for compound 13.

The chemical shifts of three adjacent carbon atoms
attached to hydroxyl groups are also determined by the
relative configuration of the corresponding substituents
(see Table 1). The '3C chemical shifts of the compounds
where OH-groups at carbons C2 and C3 are cis to each
other were approximately 4 ppm upfield compared to the
corresponding trans-compounds.”’ In the case of com-
pounds 11-13 a difference of 5 ppm was observed, which
allows us to make suggestions about the relative configura-

tions of groups around atoms C2 and C3 as follows: in
compound 11 the C2 and C3 hydroxyls are in trans- and
in compounds 12 and 13 in cis-configuration.

Thus, the results obtained from NMR spectra enable us to
assign correct stereochemical structures to all diol and triol
compounds synthesized. Furthermore, the absolute config-
uration of the carbon Cl in triols is determined by the
oxidation step and it is already well established. This
way, the relative and absolute stereochemistry of the triols
was unambiguously determined as depicted in Scheme 4.

3. Conclusions

A useful regioselective method for the differentiation of the
carbonyl groups in 3-alkyl-3-hydroxy cyclopentane-1,2-
dione was developed. The synthesized acetals 5 and 6 were
converted in a stereoselective manner to dihydroxy ketones
9 and 10, respectively. The NMR investigation of diaste-
reomeric triols 11-13 and diols 15 and 16 enables us to
draw regularities in the chemical shifts from relative config-
uration of hydroxyl groups in the compounds. The data
obtained help to establish the stereochemical structure of
similar cyclopentanols.

4. Experimental
4.1. Materials and methods

Chemicals were purchased from Aldrich Chemical Co. or
Lancaster and were used as received. DCM was distilled
over CaH, and stored on the 3 A molecular sieve pellets.
THF and ether were distilled over LiAlH,. Acetone was re-
fluxed on KMnO, after persisting colour distilled, dried
over K,CO; 2d, then distilled and stored over 4 A mole-
cular sieve pellets. Precoated silica gel 60 F,s4 plates from
Merck were used for TLC, whereas for column chromato-
graphy silica gel KSK40-100 um was used. NMR spectra
were determined in CDCl;, CD30D or DMSO-dg on Bru-
ker AMX-500 spectrometer. 2D FT methods were used for
the analysis of synthesized compounds. IR spectra were
measured on a Perkin—Elmer Spectrum BX FTIR spec-
trometer. Mass spectra were recorded on a Hitachi M80B
spectrometer using EI (70 eV) or CI (isobutane) mode.
Optical rotations were obtained using a Kriiss Optronic
GmbH Polarimeter P 3002. All reactions sensitive to the
moisture or oxygen were carried out under Ar atmosphere
in an oven-dried glassware. Chiral starting material 3 was
synthesized according to the conditions described in the lit-
erature from commercially available 2-methyl-1,2-cyclo-
pentanedione. The reference compounds 15 and 16 were
obtained from 1-methyl-cyclopent-1-ene purchased from
Lancaster, following the recommendations of FiberCat™
catalyst manufacturer (Johnson Matthey) and an example
of Fringuelli et al.,> respectively.

4.2. (25)-2-Hydroxy-5,5-dimethoxy-2-methyl-cyclo-
pentanone 5

To hemiacetal 3 (72 mg, 0.45 mmol) in dry MeOH (5 mL)
under Ar atmosphere at 0 °C BF3-Et,0O (29 pL, 0.23 mmol)
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Table 1. '3C Chemical shifts of cyclopentanols

Compound C-1 C-2 C-3 C4 C-5 CH;
77.63 85.08 76.87 29.25 3627 23.27
QH
HO, A
"-.--‘OH 76.51 77.46 71.61 29.61 35.70 25.92
13
78.71 79.23 71.96 2991 35.88 23.90
78.32 78.40 3157 19.14 37.10 25.28
OH
80.80 79.96 30.94 18.76 36.95 21.50
16
OH
a
HO.. ﬁ .OH 76.60 85.10 76.60 29.10 29.10 _
OH a
HO ., ‘ \OH 72.8 74.8 72.8 29.90 29.90 —
OH
HO ., OH 76.80 79.90 72.50 29.00 29.00

2

#Chemical shifts were abstracted directly from Ref. 21.

was added. The reaction mixture was allowed to reach
ambient temperature and stirred for 26 h. To neutralize
the solution, 5% NaHCO; (8 mL) was added at 0 °C.
MeOH was removed from the mixture by evaporization

and the water phase was extracted with dry AcOEt
(6 x 25 mL). The organics were dried over Na,SOy, filtered,
concentrated and purified over silica gel column (hexanes/
acetone 20:1-10:1) to yield dimethylacetal (38 mg,
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0.22 mmol, 49%) as a light yellow viscous oil. '"H NMR
(500 MHz, CDCl3): & 1.34 (s, 3H, 2-CH3), 1.96 and 2.15
(m, 2H, H-4), 1.98 (m, 2H, H-3), 2.45 (br s, 1H, 2-OH),
328 (s, 3H, 5-OCHj), 3.34 (s, 3H, 5-OCH;); '*C
(125 MHz, CDCl3): § 24.44 (2-CH3), 29.83 (C-4), 32.38
(C-3), 50.23 (OCHj3), 50.32 (OCHj;), 74.77 (C-2), 100.64
(C-5), 210.18 (C-1); IR (neat): 3417, 2983 2949, 2839,
1760, 1455, 1391, 1373, 1220, 1208, 1145, 1094, 1048,
1024; [o]% = —38 (¢ 2.47, CHCly); MS: m/z: 174, 156,
141, 126 (base), 113, 94, 81, 69, 55, 41, 27, 15.

4.3. (3aS8,6a5)-3a-Hydroxy-2,2,6a-trimethyl-tetrahydro-
cyclopental1,3]dioxol-4-one 6

To ketone 3 (91 mg, 0.364 mmol) dissolved in dry acetone
(1.5mL) was added AICl; (207 mg, 1.091 mmol) in dry
Et,O (1.5 mL) dropwise at 0 °C. After stirring for 15 min,
the reaction mixture was quenched with cold NaHCO;
(2.0 mL). Et,O (10 mL) was added and the layers were sep-
arated. Water phase was extracted with Et,O (4 x 10 mL).
Combined organics were dried over MgSQ,, filtered and
purified by column chromatography (silica gel, petroleum
ether/acetone 20:1). Product 6 was obtained as a white solid
(39 mg, 0.209 mmol, 58%). '"H NMR (500 MHz, CDCl,): 6
1.45 (s, 3H, 2-CHs), 1.46 (s, 3H, 6a-CHs), 1.55 (s, 3H, 2-
CH;), 1.71 (ddd, J=8.2, 11.9 and 13.7 Hz, 1H, H-6), 2.22
(ddd, /=29, 10.2 and 13.7 Hz, 1H, H-6), 2.27 (ddd,
J=29, 82 and 17.4 Hz, 1H, H-5), 2.86 (ddd, J=10.2,
11.9 and 17.4 Hz, 1H, H-5), 3.92 (br s, 1H, OH); “*C
NMR (125 MHz, CDCl;): § 22.73 (6a-CHj3), 28.06 (2-
CHs;), 28.47 (2-CHj;), 32.35 (C-5), 32.49 (C-6), 86.60 (C-
6a), 101.52 (C-3a), 112.02 (C-2), 208.79 (C-4); IR (CCly):
3341, 2996, 2946, 1764, 1452, 1412, 1380, 1264, 1215,
1153, 1098, 1029; [zxﬁf'S =+125 (¢ 1.75, CHCl3); MS 10 eV
mfz: 186, 171, 141, 128, 113, 100 (base), 82, 69, 59; HRMS
caled for (M—CHs)" CgHy,04: 171.0656; found: 171.0655.

4.4. (15,2R)-3,3-Dimethoxy-1-methyl-cyclopentane-1,2-diol
7

To the starting ketone 5 (141 mg, 0.81 mmol) in 1 mL dry
MeOH on the ice bath NaBH,4 (40 mg, 0.97 mmol) in three
portions was added. After 15 min of stirring, the reaction
mixture was quenched by adding acetone (200 pL) and sub-
sequent filtering through Celite path. Concentrated mixture
was purified by flash chromatography (silica gel, petroleum
ether/acetone 5:1) to furnish alcohol 7 (105 mg, 0.60 mmol,
73.5%). '"H NMR (500 MHz, CDCl3): § 1.24 (s, 3H, 1-
CHs;), 1.74 and 1.84 (m, 2H, H-5), 1.87 and 1.93 (m, 2H,
H4), 3.26 and 3.29 (2s, 6H, OCHj;), 3.69 (br s, 1H, H-2);
13C NMR (125 MHz, CDCls): § 21.52 (1-CHj3), 30.55 (C-
4), 34.97 (C-5), 49.40 (OCH3), 49.57 (OCH3;), 79.31 (C-1),
80.55 (C-2), 108.32 (C-3).

4.5. (3aR,4R,6a5)-2,2,6a-Trimethyl-tetrahydro-cyclo-
penta[1,3]dioxole-3a,4-diol 8

Compound 6 (38 mg, 0.204 mmol) was dissolved in MeOH
(1.5mL) and treated with NaBH, (9 mg, 0.238 mmol) at
—5°C. After stirring for 0.5 h, the excess of hydride was
destroyed by adding acetone (0.5mL) to the solution.
The mixture was quenched with brine (10mL) and

extracted with AcOEt (1 x20mL and 3x10mL). The
resulting organic solution was dried over Na,SO4. The
concentrated filtrate was purified by flash chromatography
(silica gel, hexanes/acetone 5:1) to afford product 8 (28 mg,
0.149 mmol, 73%). "H NMR (500 MHz, CDCl;): 6 1.38 (s,
3H, 6a-CHj3), 1.43 and 1.53 (2s, 2 x 3H, 2-CHj3;), 1.35 and
1.82 (m, 2H, H-6), 1.53 and 1.83 (m, 2H, H-5), 3.02 (d,
J=10.9 Hz, 1H, 4-OH), 3.73 (m, 1H, H-4), 493 (s, 1H,
3a-OH); '*C NMR (125 MHz, CDCls): § 23.59 (6a-CH3),
27.78 (2-CH3), 28.27 (2-CH3), 29.01 (C-5), 34.14 (C-6),
78.74 (C-4), 88.09 (C-6a), 108.49 (C-3a), 109.93 (C-2);
[0 = —96 (¢ 3.55, CHCl;).

4.6. (2R,35)-2,3-Dihydroxy-3-methyl-cyclopentanone 9

Acetal 7 (70 mg, 0.40 mmol) was dissolved in MeCN
(3.0mL). To the obtained solution was added aq 0.2 M
H,SOy4 (1.5 mL) dropwise. After stirring for 1.5 h at ambi-
ent temperature, the reaction was quenched with 2 M
NaHCO; (0.4 mL). MeCN was removed under reduced
pressure and the remaining water phase was extracted with
AcOEt (8 x 10 mL). The solution was dried over MgSQO,,
filtered through Celite path and the solvents evaporated
to give ketodiol 9 (47 mg, 0.36 mmol, 80.5%) as a white
solid. '"H NMR (500 MHz, CDCl5): § 1.19 (s, 3H, CH3),
2.09 and 2.11 (m, 2H, H-4), 2.24 and 2.56 (m, 2H, H-5),
422 (d, J=15Hz, 1H, H-2); *C NMR (125 MHz,
CDCly): 6 20.33 (CH3), 31.40 (C-4), 32.97 (C-5), 76.88
(C-3), 83.82 (C-2), 214.25 (C-1); [ot],zj5 =+115 (c 0.34, ace-
tone); MS m/z: 130, 112, 97, 84, 71, 58 (base), 43, 27, 15;
HRMS caled for M1 CgH 405 130.0629; found: 130.0626.

4.7. (2S,5R)-2,5-Dihydroxy-2-methyl-cyclopentanone 10

To the solution of 8 (55.2 mg, 0.277 mmol) in THF (1.5 mL)
aq 2 N H,SO4 (0.5 mL) was added. The mixture obtained
was stirred at room temperature for 3 h, after which the reac-
tion mixture was treated with 5% NaHCO; (1 mL). AcOEt
(20 mL) was added and the layers separated. Water phase
was extracted with AcOEt (10 x 10 mL), dried over Na,SOy4
and filtered through Celite plug to yield ketodiol 10 (34 mg,
0.261 mmol, 94%) as a viscous oil. '"H NMR (500 MHz,
CDCI;+CDsOD): ¢ 1.22 (s, 3H, 2-CHj3), 1.70 (ddd,
J=6.8, 11.0 and 13.7 Hz, 1H, H-3), 1.82 (dddd, J=17.3,
10.1, 11.0 and 12.2 Hz, 1H, H-4), 2.00 (ddd, J=3.0, 7.3
and 13.7 Hz, 1H, H-3), 2.19 (dddd, 1H, J=3.0, 6.8, 8.5
and 12.2 Hz, H-4), 4.14 (dd, J=8.5 and 10.1 Hz, 1H, H-
5); 3C NMR (125 MHz, CDCIl;+CD;0D): § 23.59 (2-
CH3), 27.27 (C-4Z), 32.90 (C-3), 73.27 (C-2), 73.59 (C-5),
218.28 (C-1). MzD =+243 (¢ 0.80, MeOH); MS m/z: 130,
112, 84, 69, 58 (base), 43, 27, 15; HRMS calcd for (M)+
CgH003: 130.0629; found: 130.0630.

4.8. (15,25,3R)-1-Methyl-cyclopentane-1,2,3-triol 11 and
(1S,25,35)-1-methyl-cyclopentane-1,2,3-triol 12

(2R,39)-2,3-Dihydroxy-3-methyl-cyclopentanone 9 (10.8
mg, 0.083 mmol) was dissolved in MeOH (1 mL). The
obtained solution was treated with NaBH,; (3.8 mg,
0.100 mmol) at —5°C for 1h, after which acetone
(0.2mL) was added. The reaction mixture was filtered
through Celite and concentrated. The product was purified
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by flash chromatography (silica gel, DCM/MeOH, 15:1-
10:1) to yield a mixture of two isomers as oil (9.7 mg,
0.073 mmol, 88%): (1S,2S5,3R)-1-methyl-cyclopentane-
1,2,3-triol 11 and (1S,2S,3S5)-1-methyl-cyclopentane-1,2,3-
triol 12 in 3:2 ratio by proton NMR. Compound 11:
(500 MHz, DMSO-dg): 6 1.02 (s, 3H, 1-CH3), 1.44 (m,
1H, H-4), 1.48 (m, 1H, H-5), 1.63 (m, 1H, H-5), 1.77 (m,
1H, H-4), 3.42 (t, 1H, H-2), 3.63 (m, 1H, H-3), 4.32 (s,
1H, 1-OH), 4.62 (d, 1H, 3-OH), 4.67 (d, 1H, 2-OH); '*C
NMR (125 MHz, DMSO-dg): 6 23.27 (1-CHj3), 29.25 (C-
4), 36.27 (C-5), 76.87 (C-3), 77.63 (C-1), 85.08 (C-2). Com-
pound 12: "H NMR (500 MHz, DMSO-dq): 6 1.14 (s, 3H,
1-CH3), 1.39 and 1.64 (m, 2H, H-5), 1.39 and 1.87 (m, 2H,
H-4), 3.31 (m, 1H, H-2), 4.17 (m, 1H, H-3), 4.22 (d,
J=4.1Hz, 1H, 2-OH), 4.24 (s, 1H, 1-OH), 4.32 (d,
J=17.0Hz, 1H, 3-OH); '*C NMR (125 MHz, DMSO-d;):
0 23.90 (1-CHj3), 29.91 (C-4), 35.88 (C-5), 71.96 (C-3),
78.71 (C-1), 79.23 (C-2).

4.9. (15,28,3R)-1-methyl-cyclopentane-1,2,3-triol (11) and
(1S,2R,3R)-1-methyl-cyclopentane-1,2,3-triol (13)

(2S,5R)-2,5-dihydroxy-2-methyl-cyclopentanone 10 (9.3
mg, 0.071 mmol) was dissolved in MeOH (1 mL). The
obtained solution was treated with NaBH, (3.2 mg, 0.086
mmol) at —5°C for 1h, after which acetone (0.1 mL)
was added. The reaction mixture was filtered through
Celite and concentrated. Diastereomers were separated by
flash chromatography (silica gel, DCM/MeOH, 15:1-
10:1) to yield (1S,2S,3R)-1-methyl-cyclopentane-1,2,3-triol
11 (4.9 mg, 0.037 mmol, 52%) and (1S,2R,3R)-1-methyl-
cyclopentane-1,2,3-triol 13 (3.9 mg, 0.030 mmol, 41%).
Compound 11: NMR spectra identical to the data given in
Section 4.8. Compound 13: '"H NMR (500 MHz, DMSO-
dg): 6 1.10 (s, 3H, 1-CH3), 1.42 and 1.72 (m, 2H, H-5), 1.57
and 1.76 (m, 2H, H-4), 3.25 (m, 1H, H-3), 3.88 (bs, 1H, H-
2), 4.15 (bs, 1H, 1-OH), 4.50 (bs, 2H, 2-OH, 3-OH); '*C
NMR (125 MHz, DMSO-d¢): ¢ 25.92 (1-CHj), 29.61
(C-4), 35.70 (C-5), 71.61 (C-3), 76.51 (C-1), 77.46 (C-2).
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Abstract

A simple and short synthetic pathway to novel chiral enantioenriched 2,2-disubstituted
tetrahydrofuran derivatives, starting from enantiomeric lactone acids in 2 steps was developed in
36-54% overall yield. The method enables also to obtain enantioenriched 2,3’-spiro
ditetrahydrofuran (1,7-dioxaspiro[4.4]nonane) starting from the spirodilactone (R-1,7-
dioxaspiro[4.4]nonane-2,6-dione).

Keywords: Asymmetric oxidation, chiral tetrahydrofuran derivatives, reduction, 1,7-
dioxaspiro[4.4]nonane

Introduction

The tetrahydrofuran structural elements are an essential part in many naturally occurring
compounds, like communiols,' acetogenins,™ polycyclic ethers,"> lignans’ etc. Derivatives of
2,2-disubstituted tetrahydrofurans have elicited attention as antitumor agents® and potent VLA-4
antagonists,””'° which could be useful in the treatment of various VLA-4 dependent inflammatory
diseases such as asthma, multiple sclerosis and arthritis. 1,7-Dioxaspiro[4.4]nonane (spiro-
ditetrahydrofuran) skeleton exists in the naturally occurring prehispanolones,'’ leopersins,'?
syringolides.” Also, this structural element is an essential part in synthetic spironucleosides'*
and fructose derived molecular scaffolds."

Although, there exist many diastereoselective'®"’

1620 methods for

and enantiospecific
synthesizing differently substituted tetrahydrofurans, only a few methods exist to obtain chiral
2,2-disubstituted tetrahydrofuran derivatives.”'* Also, the synthesis of the spiro tetrahydrofuran
skeleton, has been realized by many different routes,”* >’ however, only in a few cases has an

asymmetric method been used to accomplish this goal.
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In recent years our group has developed a simple and enantioselective method for
synthesizing chiral lactone carboxylic acids (Scheme 1).***’ This approach has been applied in
the synthesis of 2-alkyl-substituted 2-hydroxyglutaric acid y-lactones® homocitric acid®', and
nucleoside analogues.*”*® The easy access and wide possible structural variability of that chiral
building block 2 motivated us to broaden the practical scope of the compounds - to use the
lactone carboxylic acids for the synthesis of chiral tetrahydrofuran derivatives. In this paper, we
report a convenient method for obtaining several novel chiral tetrahydrofurans 3 and 7 from the
corresponding lactone acids 2 and spiro ditetrahydrofuran from spirodilactone 2g.

o} o 0
(+)-DET, TBHP, Ti(OiPr),
OH o %
OH £ 0
DCM, -20 °C o ;o
0o

R {
R o
1 (S)-2 (R)-2g
R = alkyl or aryl When R = CH,-CH,-OH

Scheme 1. Asymmetric synthesis of chiral lactone carboxylic acids.

Results and Discussion

To transform the lactone acid skeleton to the tetrahydrofuran ring we made an attempt to use a
direct reduction approach proposed by Verma et al.** for triarylsubstituted dihydrofuranones
with neat BH3-Me,S (11 eq). However, with methylsubstituted lactone 2a this single step
procedure at room temperature gave us a two component mixture — hydroxymethyl
tetrahydrofuran alcohol 3a and triol 4a with 77% combined isolated yield in a 1:1 ratio (Scheme
2). Also, with benzyloxyethyl lactone acid 2e the reaction was not selective, resulting in
tetrahydrofuran alcohol 3e and triol 4e with 90% overall isolated yield, in a 1:1.4 ratio. Using
different borane complexes as reductive agents e.g. BH;'NH;, BH3; THF, BH;3-Me,S/BF5-Et,O
did not afford ether 3a from 2a.
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Q OH
0 . OH
OH  BH,*Me,S 0 OH OH
« v I + i
R o 22°C R R
(S)-2a (S)-3a37% (S)-4a 40%
(R)-2e (R)-3e 37% (R)-4e 53%

R =a) -CH,, e) -CH,CH,0Bn

Scheme 2. Direct reduction of carboxylic acids.

To improve the yield of the target tetrahydrofuran derivatives, we applied a two step
sequence involving the reduction of lactone carboxylic acid 2 in the first step and reduction of
the formed lactone alcohol 5 to the ether alcohol 3 in the second step. For the reduction of the
free carboxylic group we used a protocol proposed by Ravid ef al.>> For compounds 2a-e the
isolated yields of the resulted lactone alcohols Sa-e were in a range of 68-77% (Scheme 3, Table

1.

NaH, BnBr O 1. DIBALH,
BH, Me2 DMF 23°C o DCM, -78 °C o
2a-b \ - -
or TBDMSCI Im "4 2. EtSiH, BF'EL0 OR’
DCM ,23 °C R OR  DCM,-40°C
(S)-5a,b (S)-6a,b,f (S)-7a,b,f

1. DIBALH,

OH
BH, . Me,S 0 DCM, -78 °C o . O”“\ 0—5~R
2c-e —> iy - y 0
| \ \
R OH

R Oy 2 EtSiH BFSELO0

(R)-5c-e PEMHA07C (R)-3c-e 8c-e

R = a) and f) -CH,, b) -C,H,, c) -Bn, d) -CH,0Bn, &) -C,H,0Bn
R' = a-b) -Bn, f) -TBDMS

Scheme 3. Synthetic routes to chiral THF-derivatives.
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Table 1. Synthesis of tetrahydrofuran derivatives

Entry Substrate 5 3 71

1 2a 74%

2 2b 73%

3 2¢ 71%

4 2d 68%

5 2e 77%

6 S5a 48%
7 5b 57%
8 5¢ 75%

9 5d 64%

10 Se 70%

+The yields over two steps (protection and reduction).

There are several options to transform the lactones into cyclic ethers, e.g. NaBH4/BF3-Et,0,%
DIBALH/Et;SiH/BF 3-Et20,37 manganese acetyl complexes/PhSiH3,38 titanocene complexes/
PMHS/Et;SiH/Amberlyst 15,%° and TiCly/ TMSOT/Et;SiH,* ruthenium complexes/ EtMe,SiH.*'
The most promising, according to us, is a method, described by Kraus et al.’” where DIBALH at
—78°C with Et3SiH and BF5-Et,O in DCM is used.

The latter conditions were applied to the starting material Sa, affording in the first attempt a
low yield — <20% according to GC analysis. The reason may be a low boiling point of the
formed product which makes separation of the compound from the reaction mixture complicated
when small quantities of starting material (100 mg) are used. Therefore, we protected the
hydroxyl group in Sa with a TBDMS protecting group (87-93% yield) and reduced the protected
alcohol with DIBALH/Et;SiH/BF3-Et,O at -78 °C in DCM. The reduction proceeds smoothly,
however, under the reaction conditions some cleavage of the TBDMS group occurred in the
silane reduction step, giving rise to a mixture of the expected TBDMS ether 7f together with free
alcohol 3a with 77% combined yield*” (Scheme 3).

To avoid undesired deprotection of the starting material, we turned to the more stable benzyl
protecting group. So, starting materials 5a and 5b were protected with benzyl bromide in the
presence of an equimolar amount of NaH in DMF in 62% and 73% yield respectively and were
then subjected to reduction with DIBALH/Et;SiH/BF5-Et,O at -78 °C in DCM (Scheme 3). As a
result, the target tetrahydrofuran derivatives 7a and 7b were obtained with 77% and 78% yield.
The overall yield starting from lactone alcohols Sa and Sb were 48% and 57% respectively.

The protection/deprotection steps are often complicating the synthetic technologies.
Therefore, starting materials Sc-e with an unprotected hydroxyl group were subjected to
DIBALH and then Et;SiH/BF3-Et;O reduction (Scheme 3). The obtained yield of the reduction
step was somewhat lower than in the case of the protected compounds. During the direct Lewis
acid promoted silane reduction of 5 intermolecular acetalization of the product 3 with the starting
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compound 5 was observed, leading to byproducts 8c-e in 7-10% yield. This reaction transforms
some amount of the starting material to an unreactive acetal and so, diminishes the yield. The
byproduct itself is easily separable from the target product by simple chromatography. However,
the yields of the target tetrahydrofuran derivatives 3c-e were higher (64—-75%) than the overall
yield of compounds 7a and 7b with the corresponding protection steps (48% and 57%) (Table 1).
Unmasking to obtain 3a and 3b would additionally decrease the yield of the whole reaction
sequence. So, for the synthesis of compounds 3 the protection-free approach is favourable.

THF derivative 3d is a key intermediate for the synthesis of the bioactive compound (S)-SRI-
62-834 14 (Scheme 4), an antitumor agent®, that has been obtained previously by a multistep
sequence that includes enzymatic resolution of the acetylated tetrahydrofuran-2,2-methanol.**

0 0 1. BH,*Me,S, THF ° o
OH  ef 30 o 2. DIBALH, THF, -78°C ; rof 24 o
- N
1step "¢ 3.Et,SiH, BF,"EL,0, QOH  3steps o oﬂﬂ
o ©H DCwMm, -400C _p-O
o=F:
{ C o
H\

1d (R)-2d (S)-3d (S)-14

Scheme 4. Formal synthesis of (S)-SRI-62-834 14.

Spirodilactone 2g was obtained from substituted lactone 2f by simple lactonisation.*> We made
an attempt to apply the above described methodology to the reduction of spirodilactone 2g in
order to obtain spiro tetrahydrofuran compound 3g. Thus, we pursued the reduction of 2g with
DIBALH and obtained a mixture of diastercomeric acetal 9 and hemiacetal diols 10 and 11 as
determined by NMR analysis of the crude product (Scheme 5).** These results lead us to search
more suitable methods for reducing spirodilactone 2g. A similar over reduction problem was also
observed in the synthesis of conformationally restricted spirocyclic nucleosides by Paquette et
al.* and they solved the problem by using a low DIBALH concentration in the presence of an
excess of Lewis acid (4.5 eq Me;SiCl). We applied that method to spirodilactone 2g and
obtained lactol 9 together with bicyclic acetal 12 as a single diastereomer (up to 45% yield;
Scheme 5).
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HO 0} OH OH OH
o DIBALH ., + .,
, K O K o * 0 “«~ OH
N o) DCM, -78 °C 0 HO 0
HO=- o 0 HO HO HO
COF (R)-2g 9 10 1
320 33%
(R)-2f
DIBALH, TMSCI o OH
< O 1, ,
DCM, -78 °C L b + ggg 0 ( 0
W o
OH HO
(R,R)-12 up to 45% 9 (R)-3g

1. DIBALH, DCM,

O/
-78°C . Et,SiH, BF,*Et,0
N0
2. MeOH, BF,*Et,0 0
—0

DCM, -78 to 23 °C
-78t0 22 °C

one pot 32%

13 60 to 70%

Scheme 5. Synthesis of spirodiether.

Separation of the lactols from the reaction mixture after hydrolysis (containing Al(OH)s)
appeared to be complicated. In order to improve the yield of acetal 9 (to extract it from the
aluminium hydroxide) we used an in situ trapping of the formed lactols as methylacetals 13 by
quenching the DIBALH reaction with an excess of dry MeOH in the presence of 1 equiv of
BF5-Et;O. This method afforded stable yields of 13 (~70%). This compound was used in the
following step without purification. Silane reduction**® of 13 proceeded smoothly (with a
modification of the original protocol: a stoichiometric amount of BF3-Et,0 was used at -45 °C to
rt instead of a catalytic amount at rt) to furnish the volatile spiro tetrahydrofuran 3g exclusively
in 32% isolated yield after purification (the product partly co-evaporated during solvent removal)
(Scheme 5).

In conclusion a short and convenient method for the synthesis of different 2,2-substituted
chiral tetrahydrofuran derivatives was developed. The two step sequence gave better overall
yield than the direct reduction of the chiral carboxylic acid — 54% and 37% respectively. In the
case of starting material 2g, the conversion of the hemiacetal 9 to the methyl acetal 13
contributes to the extraction of the latter from the reaction mixture and improves the yield of the
reduction step. Subsequent silane reduction gave cleanly the desired compound 3g with 32%
yield.
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Experimental Section

General. Chemicals were purchased from Aldrich Chemical Co or Alfa Aesar and were used as
received. DCM and DMF were distilled over CaH, and stored on the 3A molecular sieve pellets.
THF and ether were distilled over LiAlH,. Precoated silica gel 60 F254 plates from Merck were
used for TLC, whereas for column chromatography silica gel KSK40-100 um was used. NMR
spectra were determined in CDCl; on Bruker AMX-500 or Bruker Avance USLA 400
spectrometer. Solvent peaks were used as references. 2D FT methods were used for the analysis
of synthesized compounds. IR spectra were measured on a Perkin-Elmer Spectrum BX FTIR
spectrometer. Mass spectra were recorded on a Hitachi M80B spectrometer using EI (70eV) or a
Shimadzu GCMSQP2010 spectrometer using EI (70eV). Optical rotations were obtained using a
Kriiss Optronic GmbH Polarimeter P 3002. Elemental analyses were performed on a
PerkinElmer C, H, N, S-Analyzer 2400. All reactions sensitive to the moisture or oxygen were
carried out under Ar atmosphere in oven-dried glassware. Chiral acids 2a-e were synthesized
according to previously published methods and each exhibited physical and spectroscopic
properties in accordance with data given in literature.**®

Direct reduction of carboxylic acids 2a and 2e. To the carboxylic acid (1.5 mmol) at -30 °C
was added neat 10M BH;-Me,S (1.5 mL, 15 mmol) dropwise and the resulting mixture was
stirred at 22 °C for 17 h. Then dry MeOH (3.0 mL) was added dropwise at -20 °C. After stirring
at 22 °C for 1 h the volatiles were removed and the residue was purified by flash
chromatography (petroleum ether/acetone 10:1 to 2:1) to give cyclic ether alcohol along with
triol. Tetrahydrofuran 3a: '"H NMR (400 MHz, CDCl3) 6 1.19 (d, J = 3.1, 3H, CH3), 1.62 (ddd, J
=11.2,10.0, 6.0, 1H, H-3), 1.82—2.01 (m, 3H, H-3 and H-4), 3.42 — 3.46 (m, 2H, CH,0), 3.77 —
3.90 (m, 2H, H-5), C NMR (100 MHz, CDCls) 6 23.33 (CHs), 26.47 (C-4), 33.48 (C-3), 68.07
(C-5), 68.53 (CH,0), 82.95 (C-2); triol 4a: 'H NMR (400 MHz, CDCls): 6 1.14 (s, 3H, CH3),
1.52 — 1.48 (m, 1H, H-4), 1.54 (dt, /= 7.0, 2.1, 1H, H-4), 1.69 — 1.57 (m, 2H, H-3), 3.38 — 3.35
(m, 2H, H-5), 3.59 — 3.53 (m, 2H, H-1), 4.90 (s, 3H, OH); *C NMR (100 MHz, CDCl;): § "*C
NMR (100 MHz, CDCls) ¢ 23.89 (CHs), 27.86 (C-4), 35.88 (C-3), 63.71 (C-5), 70.46 (C-1),
73.56 (C-2). Tetrahydrofuran 3e: see below. Triol 4e: '"H NMR (500 MHz, DMSO-Dy) 6 1.35
(m, 2H, H-3), 1.44 (m, 2H, H-4), 3.19 (d, 2H, H-1), 3.35 (m, 2H, H-5), 3.54 (t, 2H, CH,0), 4.03
(s, 1H, OH-2), 4.38 (s, 1H, OH-5), 4.43 (s, 2H, Bn CH,), 4.46 (s, 1H, OH-1), 7.31 (m, 5H, Bn p,
0, m); “C NMR (DMSO-Dy) 6 26.50 (C-4), 33.38 (C-3), 36.14 (C-17), 61.65 (C-5), 66.23 (C-2"),
66.76 (C-1), 71.95 (Bn CH,), 72.43 (C-2), 127.28 (Bn p), 127.39 (Bn 0), 128.20 (Bn m), 138.72
(Bn i).

General method for synthesis of lactone alcohols 5a-e. 2-(S)-lactone carboxylic acid 2a (3 g,
20.8 mmol) was dissolved in dry THF (15 mL) and cooled on ice bath to 4 °C after which,
BH;'Me,S (2.37 mL, 24.0 mmol) was added dropwise over period of 20 min. The resulting
mixture was stirred at 23 °C for 1.5 h to 2.0 h (endpoint was confirmed by TLC). Then MeOH
(1.25 mL) was carefully added to destroy borane complex. The solvents were removed in vacuo,
then MeOH (1.25 mL) was added and the volatiles were removed — the procedure was repeated
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once to yield the crude product as light yellow viscous oil. Purification was achieved by flash
chromatography (SiO», petroleum ether /EtOAc 3:1 to 1:1).
(S)-5-Hydroxymethyl-5-methyl-dihydro-furan-2-one 5a. The title compound was synthesized
in 20.8 mmol scale and recrystallization from petroleum ether/Et,O obtained as white solid (2.01
g, 15.5 mmol, 74%). [o]p™= +12.7 (¢ 3.47, AcOEt); "H NMR (500 MHz, CDCl5): 6 1.36 (s, 3H,
CHs3), 1.92 (ddd, 1H, H-4), 2.36 (ddd, 1H, H-4), 2.58 (ddd, 1H, H-3), 2.69 (ddd, 1H, H-3), 2.73
(bs, 1H, OH) 3.51 (d, 1H, CH2-OH), 3.70 (d, 1H, CH2-OH); *C NMR (125 MHz, CDCl;): ¢
23.01 (CHs), 29.54 (C-4), 29.57 (C-3), 68.31 (C-OH), 86.66 (C-5), 177.38 (C-2); IR (KBr) 3412,
2978, 2938, 1759, 1649, 1459, 1419, 1384, 1304, 1213, 1162, 1130, 1099, 1061, 1011, 945; MS
(m/z): 131(M+1)", 115, 99 (base), 71, 56.

(S)-5-Ethyl-5-hydroxymethyldihydrofuran-2-one Sb. The title compound was synthesized in
0.7 mmol scale in good yield to obtain a colorless oil (73 mg, 73%), which solidified upon
smearing with glass stick. [a]p>= +11.5 (¢ 3.29, CHCl3); "H NMR (500 MHz, CDCl5): 6 0.94 (t,
J=2x7.5 Hz, 3H, CH3), 1.69 (dt, J=3x7.5, 14.2, 1H, CHy), 1.71 (dt, J=3x7.5, 14.2, 1H, CH,),
1.98 (ddd, J=7.3, 10.7, 13.0 Hz, 1H, H-4), 2.26 (ddd, J=5.8, 10.8, 13.0 Hz, 1H, H-4), 2.55 (ddd,
J=5.8, 10.7, 18.2 Hz, 1H, H-3), 2.70 (ddd, J=7.3, 10.8, 18.2 Hz, 1H, H-4), 3.01 (bs, 1H, OH),
3.54 (d, J=12.1 Hz, 1H, CH,OH), 3.73 (d, J=12.1 Hz, 1H, CH,OH); *C NMR (125 MHz,
CDCl3): 6 7.42 (Et CHs), 26.87 (C-4), 28.97 (Et CH,), 29.62 (C-3), 66.93 (CH,0OH), 89.39 (C-5),
177.90 (C-2); IR (KBr) 3433(OH), 2974, 2944, 2886, 1766(C=0), 1464, 1418, 1331, 1219,
1160, 1120, 1069, 976, 936; MS m/z: 145 (M+1)", 127, 113 (base), 98, 95, 71, 57, 55, 41; anal.
calcd. for C;H,03: C, 58.32; H, 8.39. Found C, 57.95; H, 8.49.
(R)-5-Benzyl-5-hydroxymethyldihydrofuran-2-one Sc. The title compound was synthesized in
0.45 mmol scale to yield the title compound as white solid (67 mg, 0.33 mmol, 71%). [o]p>=
+56.6 (¢ 6.58, CHCl3); "TH NMR (400 MHz, CDCl3) 6 1.96 (m, 1H, H-3), 2.07 (m, 1H, H-4), 2.21
(ddd, J=7.2, 10.4, 12.5 Hz, 1H, H-4), 2.45 (ddd, J=5.1, 10.4, 17.5 Hz, 1H, H-3), 2.85 (d, /=14.0
Hz, 1H, Bn CH,), 3.06 (d, J/=14.0 Hz, 1H, Bn CH,), 3.60 (d, J=12.1 Hz, 1H, CH,OH), 3.76 (d,
J=11.9 Hz, 1H, CH,OH), 7.29 (m, 5H, Bn m, p, 0); °C NMR (100 MHz, CDCl5): 6 26.63 (C-4),
29.25 (C-3), 41.97 (Bn CH,), 67.63 (CH,OH), 88.19 (C-5), 127.21 (Bn p), 128.64 (Bn m),
130.43 (Bn 0), 134.76 (Bn i), 177.15 (C-2); IR (film) 3434(OH), 2929, 1767(C=0), 1496, 1456,
1416, 1187, 1061, 942, 705; MS m/z: 206 (M)', 188, 175, 129, 115 (base), 91, 77, 65, 55, 41;
HRMS calcd. for (M)+ C12H1403: 206.0942; found: 206.0944.
(S)-5-Benzyloxymethyl-5-hydroxymethyldihydro-furan-2-one 5d. The title compound wa
synthesized in 0.46 mmol scale to yield the title compound as light yellow liquid (74 mg, 0.31
mmol, 68%). [a]p>= +8.1 (¢ 3.29, CHCl3); 'H NMR (400 MHz, CDCls): 6 2.14 (m, 2H, H-4),
2.61 (m, 2H, H-3), 3.55 (dd, J=10.2, 21.9 Hz, 2H, CH;0), 3.70 (dd, J=12.0, 53.0 Hz, 2H,
CH,OH), 4.53 (s, 2H, Bn CH,), 7.31 (m, 5H, Bn m, p, 0); *C NMR (100 MHz, CDCls): § 25.82
(C-4), 29.31 (C-3), 65.62 (CH,0H), 72.55 (CH»0), 73.84 (Bn CH,0), 87.67 (C-5), 127.74 (Bn
0), 128.01 (Bn p), 128.62 (Bn m), 137.63 (Bn i), 177.47 (C-2); IR (neat) 3020, 2400, 1773, 1216,
752, 669; MS m/z: 205 (M-31)", 130, 115, 91, 55, 41; HRMS calcd. for (M-106)" CgH;003:
130.0630, found: 130.0635.
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(R)-5-Benzyloxyethyl-5-hydroxymethyl-dihydrofuran-2-one 5e. The tilte compound was
synthesized in 0.18 mmol scale yielded title compound as light yellow syrup (35 mg, 0.14 mmol,
77%). [a]p>*=-7.0 (¢ 7.63, CHCls); "H NMR (400 MHz, CDCl3): 6 2.01 (m, 2H, Et CH,), 2.06
(m, 1H, H-4), 2.27 (m, 1H, H-4), 2.56 (m, 2H, H-3), 3.58 (m, 2H, Et CH,0), 3.60 (s, 2H,
CH,OH), 3,65 (m, 1H, Et CH,0), 4.48 (s, Bn CH,0), 7.30 (m, 5H, Bn); >C NMR (100 MHz,
CDCls): 6 28.97 (C-3), 29.03 (C-4), 36.91 (Et CH,), 65.77 (Et CH,;0), 66.85 (CH,OH), 73.73
(Bn CH;0), 87.63 (C-5), 128.03 (Bn 0), 128.19 (Bn p), 128.77 (Bn m), 137.63 (Bn i), 177.06 (C-
2); IR (neat) 3444, 2928, 2871, 1769, 1208, 1097; MS m/z: 219 (M-31)", 172, 159 (M-91), 126,
107, 91 (Base), 79, 65, 44; HRMS: calcd. for (M-91)" C;H;,04: 159.0656; found: 159.0653.
Benzylation of 5a and 5b. To the lactone 5a (100 mg, 0.77 mmol) dissolved in dry DMF (1.5
mL), sodium hydride (27 mg, 1.15 mmol) and BnBr (165 uL, 1.39 mmol) were added at 0 °C.
The resulting solution was stirred at 23 °C for 48 h, after which water (0.5 mL) was added
dropwise on ice bath to quench the reaction. Then DCM (2.5 mL) was added and the layers
separated. Water phase was extracted with DCM (2x2.5 mL) and the organics washed with brine
(1.0 mL), then dried over MgSQy, filtered and concentrated to yield crude product, which was
purified by flash chromatography (SiO,, petroleum ether /EtOAc 3:1 to 1:1) giving compound
(105 mg, 62%) as a colorless oil.

(8)-5-Benzyloxymethyl-5-methyldihydrofuran-2-one 6a. Synthesis in 0.77 mmol scale gave
the title compound (105 mg, 62%) as a colorless oil. 'H NMR (500 MHz, CDCls): 6 1.39 (s, 3H,
CHs3), 1.94 (ddd, J=8.4, 10.3, 12.8 Hz, 1H, H-4), 2.35 (ddd, J=4.8, 10.4, 12.8 Hz, 1H, H-4), 2.54
(ddd, /=4.8, 10.4, 17.9 Hz, 1H, H-3), 2.74 (ddd, J=8.4, 10.4, 17.9 Hz, 1H, H-3), 3.44 (d, J=10.1
Hz, 1H, CH,0), 3.52 (d, J/=10.1 Hz, 1H, CH,0), 4.53 (d, J/=12.1 Hz, 1H, Bn CH,), 4.59 (d,
J=12.1 Hz, 1H, Bn CH,), 7.31 (m, 3H, p, 0), 7.36 (m, 2H, m); *C NMR (125 MHz, CDCl;): 6
23.74 (CHj3), 29.68 (C-3), 30.73 (C-4), 73.52 (Bn CHy), 75.82 (CH;0), 85.30 (C-5), 127.48 (o-
Bn), 127.73 (p-Bn), 128.41 (m-Bn), 137.68 (i-Bn), 177.13 (C-2); IR (neat) 4060, 3520, 3089,
3064, 3032, 2977, 2936, 2867, 1958, 1772, 1604, 1497, 1454, 1416, 1381, 1367,1286, 1231,
1212, 1158, 1099, 1028, 1011, 943; MS m/z: 220 (M)", 114, 99 (base), 91, 71, 65, 55, 43; anal.
calced. for C3H,603: C, 70.89; H, 7.32; found: C, 70.41; H, 7.29.
(S)-5-Benzyloxymethyl-5-ethyldihydrofuran-2-one 6b. Synthesis in 0.48 mmol scale gave
benzyl ether (82 mg, 0.35 mmol, 73%) as colorless oil. "H NMR (400 MHz, CDCl;): & 0.89 (t,
J=1.5, 3H, CH3), 1.66 (m, 2H, CH,), 1.93 (ddd, J=8.5, 10.6, 12.9, 1H, H-4), 2.20 (ddd, J=4.5,
10.6, 12.9, 1H, H-4), 2.44 (ddd, J=4.5, 10.6, 15.1, 1H, H-3), 2.67 (ddd, J=8.5, 10.6, 18., 1H, H-
3), 3.46 (q, J=10.1, 2H, CH,0), 4.50 (q, J=12.0, 2H, Bn CH,), 7.27 (m, 5H, Bn o, p, m); °C
NMR (100 MHz, CDCl;): d 7.62 (5-CHs), 28.37 (C-4), 29.78 (5-CH»), 29.84 (C-3), 73.75 (5-
CH,0), 74.73 (Bn-CH,), 87.98 (C-5), 127.65 (0), 127.87 (p), 128.58 (m), 137.93 (i), 177.50 (C-
2); IR 3030, 2972, 2926, 1770, 1496, 1454, 1416, 1366, 1221, 1158, 1100, 940, 738, 699; MS
m/z: 205 (M-29)", 179, 159, 143, 128, 113 (base), 107, 91, 71, 57; anal. calcd. for C;4H;305: C,
71.77; H, 7.74; found: C, 72.16; H, 7.72.

General method for synthesis of tetrahydrofurans 7a-b and 3c-e. Lactone benzyl ether 6a
(0.27 mmol) was dissolved in DCM (1.0 mL) and cooled to -78 °C, then DIBALH was added
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dropwise and the resulting solution stirred for 3 h. Reaction mixture was quenched with water
(200 uL) and the temperature was allowed to reach 0 °C, then DCM (2.5 mL) was added. The
resulting mixture was stirred at 22 °C for 1 h, filtered through Celite and the solids were washed
with DCM (3x2.5 mL). TLC showed presence of one product. After removal of solvents, the
residue was dissolved in DCM (1.0 mL) and Et;SiH (70 uL, 0.41 mmol) was added. Then the
reaction mixture was cooled to -45 °C and BF3-Et;O (40 uL, 0.31 mmol) was added dropwise.
After stirring for 3 h, the reaction was quenched with aq. NaHCOj solution (10%, 0.5 mL). The
layers were separated and the water phase was extracted with DCM (3%2.5 mL). The combined
organics were dried over MgSO,4 and concentrated to give crude product. Further purification
was achieved by flash chromatography (petroleum ether /EtOAc 5:1 to 1:1).
(25)-2-[(Benzyloxy)methyl]-2-methyltetrahydro-furan 7a Obtained as a colorless liquid (43
mg, 77%). "H NMR (400 MHz, CDCls): & 1.23 (d, J=6.6, 3H, CH3), 1.60 (m, 1H, H-1), 1.76 (m,
3H, H-1, H-5), 3.33 (dd, J=9.71, 2H, CH;0), 3.84 (m, 2H, H-4), 4.56 (dd, 2H, J=12.35, 13.45,
Bn CH,0), 7.28 (m, 5H, Bn o, p, m); >*C NMR (100 MHz, CDCl;): & 24.32 (CH3), 26.37 (C-5),
34.63 (C-3), 68.19 (C-5), 73.62 (Bn CHy), 76.53 (CH,0), 82.40 (C-2), 127.61 (p-Bn), 127.68 (o-
Bn), 128.48 (m-Bn), 138.84 (i-Bn); IR (neat) 3088, 3064, 3030, 2970, 2866, 1810, 1604, 1497,
1454, 1370, 1310, 1272, 1206, 1103, 1050, 736, 698, 606; MS (m/z): 206 (M)", 191, 175, 148,
135, 119, 107, 91, 85 (base), 77, 65, 43; anal. calcd. for C;3H;30,: C, 75.69; H, 8.80; found: C,
75.56; H, 8.78.

(S)-5-Benzyloxymethyl-5-ethyltetrahydrofuran 7b. Synthesis in 0.26 mmol scale yielded the
title compound as a colorless liquid (45 mg, 78%). '"H NMR (400 MHz, CDCls): § 0.90 (m, 3H,
Et CHs3), 1.63 (m, 3H, H-3 and Et CHy), 1.86 (m, 3H, H-3 and H-4), 3.33 (q, J/=9.5, 2H, CH,0),
3.82 (q, J=6.1, 2H, H-5), 4.55 (m, 2H, Bn CH,), 7.27 (m, 5H, Bn o,p,m); °*C NMR (100 MHz,
CDCl;): 6 8.53 (Et CHs), 26.53 (C-4), 29.73 (Et CH,), 32.37 (C-3), 68.37 (C-5), 73.59 (Bn CH,),
74.55 (CH,0), 84.82 (C-2), 127.58 (p-Bn), 127.67 (0-Bn), 128.43 (m-Bn), 138.83 (i-Bn); IR
(film): 3440, 3085, 3061, 3028, 2949, 2868, 1950, 1880, 1813, 1758, 1604, 1583, 1496, 1454,
1400, 1330, 1296, 1200, 1147, 1123, 1087, 1039, 957, 702; MS (m/z): 191 (M-29)", 161, 149,
114, 99 (base), 91, 57; anal. calcd. for C;4H00,: C, 76.33; H, 9.15; found: C, 75.98; H, 9.21.
((R)-2-Benzyltetrahydrofuran-2-yl)-methanol 3c. Synthesis in 0.46 mmol scale yielded the
title compound as a colorless liquid (66 mg, 75%).[a]p>= -1.5 (¢ 12.76, CHCls); "H NMR (400
MHz, CDCl): ¢ 1.67 (m, 2H, H-3, H-4), 1.83 (m, 2H, H-3, H-4), 2.13 (bs, 1H, OH), 2.80 (m,
2H, Bn CH,), 3.49 (m, 2H, CH,OH), 3.79 (m, 2H, H-5), 7.28 (m, 5H, Bn o, p, m); °*C NMR
(100 MHz, CDCls): 6 26.53 (C-4), 31.35 (C-3), 42.38 (Bn CHy), 67.35 (CH,OH), 68.63 (C-5),
85.69 (C-2), 126.47 (p-Bn), 128.39 (0-Bn), 130.75 (m-Bn), 137.82 (s-Bn); IR (CHCIls): 3440,
3085, 3061, 3028, 2949, 2868, 1950, 1880, 1813, 1758, 1604, 1583, 1496, 1454, 1400, 1330,
1296, 1200, 1147, 1123, 1087, 1039, 957, 702; MS (m/z): 192 (M)", 161, 128, 115, 101 (base),
91, 83, 65; HRMS calcd. for (M)+ CioH160;: 192.1149; found 192.1156; anal. calcd. for
CioH60,: C, 74.97; H, 8.39; found: C, 74.72; H, 8.44.
((S)-2-Benzyloxymethyltetrahydrofuran-2-yl)-methanol 3d. Synthesis in 0.19 mmol scale
yielded the title compound as a colorless liquid (23 mg, 64%). '"H NMR (400 MHz, CDCl;): &

ISSN 1551-7012 Page 48 ©ARKAT USA, Inc.



General Papers ARKIVOC 2009 (xiv) 39-52

1.85 (m, 4H, H-3 and H-4), 2.10 (s, 1H, OH), 3.43 (dd, J=9.4, 39.4, 2H, CH,0), 3.56 (dd,
J=11.3, 37.0, 2H, CH,OH), 3.84 (t, J=6.4, 2H, H-5), 4.54 (q, J=12.2, 2H, Bn CH,0), 7.30 (m,
5H, Bn o, p, m); °C NMR (100 MHz, CDCl;): d 26.38 (C-4), 30.67 (C-3), 66.43 (C-5), 68.86
(CH,0OH), 73.43 (CH,0), 73.80 (Bn CH,0), 84.39 (C-2), 127.80 (0-Bn), 127.85 (p-Bn), 128.60
(m-Bn), 138.38 (s-Bn); IR (neat): 3439, 3089, 3064, 3031, 2927, 2868, 1497, 1454, 14006, 1365,
1208, 1096, 1056, 737, 699; MS (m/z): 222 (M), 207, 191, 181, 161, 143, 131, 116, 101, 91, 83,
65, 55, 43; HRMS: calcd. for (M-3l)+ CoH50,: 191.1071; found: 191.1064.
{(2R)-2-]2-(Benzyloxy)-ethyl]-tetrahydrofuran-2-yl}-methanol 3e. Synthesis in 0.49 mmol
scale yielded THF-derivative as a colorless liquid (76 mg, 70%). "H NMR (400 MHz, CDCls): &
1.74 (m, 1H, H-3), 1.89 (m, 5H, H-3, H-4, Et CH,), 2.71 (bs, 1H, OH), 3.45 (m, 2H, CH,OH),
3.57 (m, 1H, CH;0), 3.65 (m, 1H, CH,0), 3.82 (m, 2H, H-5), 4.51 (m, 2H, Bn CHy), 7.32 (m,
5H, Bn o, p, m); *C NMR (100 MHz, CDCl;): 26.11 (C-5), 33.15 (C-3), 36.86 (Et CH,), 66.86
(Et CH20), 67.01 (C-5), 67.88 (CH,OH), 73.33 (Bn CH,), 84.35 (C-2), 127.65 (p-Bn), 127.76
(0-Bn), 128.46 (m-Bn), 137.91 (s-Bn); IR (neat): 3444, 3088, 3063, 3030, 2947, 2868, 1496,
1454, 1366, 1308, 1206, 1098, 1053, 926, 738, 698; MS (m/z): 205 (M-31)", 187, 169, 159, 143,
129, 113, 99, 91 (base), 81, 65; HRMS: calcd. for (M-31)" Ci3H70,: 205.1227; found:
205.1226; anal. calcd. for C4H,003: C, 71.16; H, 8.53; found: C, 70.89; H, 8.60.
(5R)-1,7-Dioxaspiro[4.4]nonane-2,6-dione 2g. Spirodilactone 2g was synthesized with slight
modification to previously reported method: To the solution of Ti(OiPr)s (7.1 mL, 23.2 mmol)
and (+)-DET (5.0 mL, 29.0 mmol) in DCM (180 mL) at -20 °C 2-hydroxy-3-(2-
hydroxyethyl)cyclopent-2-en-1-one (3.3 g, 23.2 mmol) was added carefully. After stirring for 0.5
h #-BuOOH (9.4 mL, 58.0 mmol) was added dropwise over 20 min. The resulting mixture was
kept at -20 °C for 68 h. The reaction was quenched with water (145 mL), then the mixture was
stirred for 1 h and 10N NaOH solution (29 mL) was added. After stirring for 1 h the layers were
separated and water phase was treated with 5.5N HCI solution (110 mL), then the water phase
was extracted with DCM (10x100 mL). The extracts were dried over MgSQOs, filtered and the
solvents evaporated to give 3.37 g of crude as yellow crystals, which upon crystallization from
EtOACc/Et,O mixture (1:4) gave spirodilactone 2g as white solids (2.75 g, 17.6 mmol, 75%),
which physical and spectroscopic properties were in accordance with data given in literature®.
(R)-1,7-dioxaspiro[4,4]nonane 3g. Spirodilactone 2g (786 mg, 5.04 mmol) was dissolved in
DCM (200 mL, solution was 0.025M in substrate, dried over 4A MS, amylenes as stabilizers)
under Ar atmosphere. Resulting solution was cooled to -78 °C and then DIBALH (7.0 mL, 10.6
mmol, 1.5M in toluene) was added dropwise. After 2 h stirring, MeOH (40 mL, dried over 3A
MS) and BF3-Et,0O (1.48 mL, 12.0 mmol) were added sequentially and the reaction mixture was
kept at -78 °C for 14 h and then stirred 2 h at 23 °C. The reaction was quenched with aq NaHCO;
(30 mL, 10%) at +4 °C and agitated for 1 h, after which the layers were separated and the
aqueous phase was extracted with DCM (6x50 mL). Organic phase was dried over MgSOu,
filtered and the solvents were evaporated to yield methylacetal 13 (565 mg, 3.0 mmol, 60%) as
yellow viscous oil, which was used in the next synthetic step without further purification. The
crude and Et;SiH (2.9 mL, 18.0 mmol) were dissolved in DCM (60 mL, 0.05M in substrate),
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then the resulting solution was cooled to -78 °C and BF3-Et,O (750 uL, 6.01 mmol) was added.
The thus obtained reaction mixture was stirred for 3 h at -78 °C and then the temperature was
slowly allowed to reach 23 °C (4 h). The reaction was quenched by adding aq NaHCO; (5.0 mL,
10%). The layers were separated and the water phase was extracted with DCM (4x30 mL). The
organics were dried over MgSQy, filtered and the solvents evaporated. Purification of the crude
by flash chromatography (SiO,, petroleum ether /acetone, 20:1 to 16:1) gave the title compound
(123 mg, 0.96 mmol, 32%) as light yellow oil. Caution! The volatility of title compound is of
concern! [o]p>'=-2.4 (¢ 12.4, CHCls); "H NMR (400 MHz, CDCls): 6 1.85 — 1.92 (m, 1H, H-9),
1.89 - 2.01 (m, 2H, H-3), 1.90 — 1.97 (m, 2H, H-4), 2.02 — 2.10 (m, 1H, H-9), 3.59 (d, J/=9.1 Hz,
1H, H-6), 3.77 (d, J=9.1 Hz, 1H, H-6), 3.78 — 3.88 (m, 2H, H-2), 3.87 — 3.97 (m, 2H, H-8) and
C (100 MHz, CDCls): § 25.97 (C-3), 33.29 (C-4), 38.51 (C-9), 67.37 (C-2), 67.99 (C-8), 76.90
(C-6), 89.16 (C-5); IR (CHCIs): 2971, 2870, 1461, 1059, 911; MS(m/z): 128, 98, 83, 70, 56
(base), 42, 27; HRMS calcd. for (M)+ C7H,0,: 128.0836; found 128.0827.
(3aR,7aR)-Tetrahydro-4H-furo[2,3-b]pyran-3a(7aH)-ol 12. Spirodilactone 2g (156 mg, 1.0
mmol) was dissolved in dry DCM (40 mL, 0.025M in substrate) under Ar atmosphere. Then, to
the obtained solution TMSCI (1.70 mL, 9.0 mmol) was added and the mixture was cooled to -78
°C after which DIBALH (1.15 mL, 2.5 mmol) was added dropwise. Reaction mixture was stirred
at -78 °C for 2 h and carefully quenched with aq NaHCO; (10%, 0.46 mL) and the temperature
rised slowly to 23 °C. Na,SO4 (2.28 g) was added and the stirring was continued for further 2 h.
The solids were filtered off and washed with EtOAc (3x10 mL). Combined organics were
concentrated and purified by flash chromatography (SiO,, PE/acetone 10:1 to 3:1) to yield title
compound as clear liquid (65 mg, 0.45 mmol, 45%). [a]p>'= -7.8 (¢ 9.1, CHCl3); "H NMR (400
MHz, CDCl3): § 1.56 (m, 1H, H-4e), 1.64 (m, 1H, H-4a), 1.71 (m, 1H, H-7), 1.76 (m, 1H, H-5a),
2.13 (m, 1H, H-5¢), 2.24 (m, 1H, H-7), 2.86 (bs, 1H, OH), 3.39 (m, 1H, H-3a), 3.83 (m, 1H, H-
3e), 4.10 (m, 2H, H-8), 4.61 (s, 1H, H-1) and *C NMR (100 MHz, CDCls): 23.02 (C-4), 31.61
(C-5), 33.04 (C-7), 64.29 (C-3), 67.21 (C-8), 77.15 (C-6), 105.03 (C-1); IR (neat): 3428, 2948,
2899, 2862, 1447, 1252, 1213, 1128, 1100, 1070, 1034, 991, 966, 932, 726, 601, 588; MS (m/z):
144 (M)*, 126, 116, 98, 97, 70 (base), 56; HRMS: calcd. for (M)+ C7H,05: 144.0785; found:
144.0783.
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STEREOSELECTIVE SYNTHESIS OF 1-METHYL-1,2-
AND 1,3-CYCLOPENTANEDIOLS via y-LACTONES

A. Niidu', A. Paju’, A.-M. Miiiirisepp?, I. Jirving’, T. Kailas®, T. Pehk’, and M. Lopp*

A method for the synthesis of 1-methylcarbapentofuranose derivatives was developed, where 1,2-cis-
and 1,2-trans-4-hydroxymethyl-1-methylcyclopentanediols were obtained from intramolecular opening
of a 4-epoxy-4-methyl-y-lactone. An intramolecular aldol reaction of 4-methyl-4-(2-oxoethyl)- y-lactone
derivatives yielded 1,3-cis- and 1,3-trans-4-hydroxymethyl-1-methylcyclopentanediols.

Keywords: carbaribose, cyclopentane-1,2-diols, cyclopentane-1,3-diols, v-lactone derivatives,
oxabicyclo[2.2.1]heptanone, cyclization, epoxide opening.

Substituted cyclopentanediol structural subunits are essential parts of many important natural
compounds and their analogs. Prostaglandins F [1, 2] and phytoprostanes [3], antiviral [4-6] and anticancer [7-9]
carbacyclic nucleoside analogs present only a few examples of such compounds. It is obvious that the synthesis
of differently substituted cyclopentane structures and pentofuranose carba analogs has attained considerable
interest in the last few decades [10-12]. Also, several methods for stereoselective synthesis of compounds with
structures of this type have been published [13-15].

We have been engaged in the synthesis of different 4'-substituted nucleoside analogs [16-18]. Now we
have developed synthetic routes for obtaining 1'-methyl-substituted carbocyclic ribose analogs 5a,b with
controlled regio- and stereoselectivity from the key intermediates 3a,b via bicyclic lactones 4a,b.
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HO O
OH N—0
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4 Me
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The location of the secondary OH group in the cyclopentane ring was determined by the key
intermediate 3: compounds with 2-OH group are obtained from epoxide 3a, and compounds with 3-OH group,
from the aldehyde 3b.

Lactone intermediates 2a,b were prepared starting from ethyl levulinate 1. Thus, addition of vinylic
Grignard reagent to compound 1 [19], followed by intramolecular cyclization, afforded lactone 2a (49% yield
after distillation). The double bond of lactone 2a was epoxidized with m-chloroperbenzoic acid (m-CPBA),
resulting in a diastereomeric mixture of epoxy lactones 3a in the syn/anti isomers ratio of 1.8:1.0, in 40%
overall isolated yield.

(0]
Vinylmagnesium m-CPBA
| bomd ("o 3
THF, 0-10°C \ CH,Cl,, room temp. (40% total)
Me CH, syn/anti=1.8 : 1.0
2a
(46-49%)

We also intended to obtain lactone aldehyde 3b directly from vinyl lactone 2a (via lactone alcohol 6),
by using a hydroboration—oxidation sequence. Despite our many attempts using Me,S-BH; in THF at different
substrate/reactant ratios and reaction conditions, we always obtained a mixture of different products with the
yield of the target lactone alcohol 6 after oxidation of borane with NaBO;*4H,0 in the range of 25-39%, along
with compound 7, which very likely formed in 22-39% yield from regioisomer 6a, after a hydroboration—
elimination—rehydroboration sequence [20]. Also, we isolated 9-25% of the reduction product 8. Even using a
sterically bulky boron reagent disiamylborane (Sia,BH) (110 mol%, from 0°C to room temperature, 44 h) did
not improve the results — compound 6 was formed in only 8% yield after 44 h at room temperature; instead, a
radical coupling reaction of alkene 2a with THF occurred, yielding compound 9 in 35% yield.

(0]
Me OH
O —_— MOH
HO
8
Me OH
6

(9-25% from 2a)
1) Me,S-BH,

(25-39%)
THF
a ——————————> +
2) NaBO;-4H,0 o
OH
O OH | ___5 HOW\Me
Me Me 7 Me
6a (22-39% from 2a)
O
1) Sia,BH, THF o

2 ——M 6 (8% +
2) NaBO;-4H,0 (8%) 0

Me
9 (35%)

Poor chemo- and regioselectivity (only 2:1 in favor of primary alcohol 6, calculated from the 6/7 ratio)
prompted us to pursue another synthetic path towards the key intermediate 3b. Thus, a synthesis via allylic
y-lactone 2b was performed. Direct Grignard reaction of ethyl levulinate 1 with allylmagnesium bromide gave
unsatisfactory results, leading to mixtures of monoaddition adduct 2b (after lactonization) and triple addition
adduct 10 in variable ratios. The yield of monoaddition adduct 2b did not exceed 23% in the best case.
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Allylmagnesium |

bromide 1)
P + HO
THF, 0°C to room temp. ~CH, ne? ~CH,
2
Me ap 10 Me OH
(13-23%) (16-30%)

Fortunately, Ti(Il)-mediated Barbier type allylation of ethyl levulinate 1 according to Estevez [21] with
1.5-fold excess of allyl bromide afforded allylic lactone 2b in 91% yield. Two-step oxidation of y-lactone 2b
and osmium-catalyzed dihydroxylation followed by NalO4-induced oxidative cleavage [22-24] afforded the key
intermediate 3b in 78% overall yield.

1) cat. 0sO,, NMO

Allyl bromide t-BuOH-H,0 (3:1), room temp.
> 2b(91%) 3b
Cp,TiCl,, Mn(0) 2) NalO, (0.65 M) (78% over 2 steps)
THF, room temp. CH,Cl,, room temp.

There are several reports in the literature where the intramolecular epoxide opening has been used to
construct functionalized cyclopentane structural units. Some of the examples include NaH-assisted synthesis of
the bicyclic skeleton of 9-deoxyenglerin A [25], Lewis acid (BF;)-catalyzed intramolecular epoxide opening to
synthesize brefeldin A [26], and a radical Ti-catalyzed stereoselective epoxide opening to construct
functionalized cyclopentane structural units of terpenic compounds [27].

We found that lactone epoxide 3a cyclizes smoothly in a regioselective manner by the use of
TBDMSOT{-DIPEA reagent system [28].

(l)H
OH
[0) y s
N\ v, N
= (:) Q*Me
Z Me trans-5a OH
TBDMSOT{ ~ OTBDMS 78% fr -4
DIPEA exo-4a 1) LIAIH,, THF, A (78% from exo-4a)
382 — > +
CH,Cl,, room temp. O 2) 6 N aq. HCI, THF oH
3_: ] MeOH (1:2:2), room temp. |,/ OH
'@" (for trans-5a) "'@M R
/ Me or NaOH, H,0 /
¢ for cis-5a “
endo-4a OTBDMS ( ) cis-5a OH
(86% total yield) (72% from endo-4a)

exolendo=1.0:1.8

The cyclization afforded stable diastereomeric silyl-protected alcohols 4a in a good yield (86%) as the
primary reaction products, in a similar exo/endo diastereomer ratio as the initial epoxide (1.8:1.0). This result
indicates that the reaction is fully regio- and stereoselective. The diastereomers were easily separated on silica
gel and subjected separately to reduction. Diastereomer exo-4a was treated with LiAlHy in refluxing THF,
quenched with aqueous NaOH, and deprotected with 6 N HCI in a mixture of MeOH and THF to afford diol
trans-5a in 78% yield over two steps. The compound cis-5a was obtained similarly from compound endo-4a in
72% yield after treatment of the reaction mixture with aqueos NaOH solution without the deprotection step.

Cyclization of the second key intermediate 3b was performed under the same conditions used for
compound 3a. After separation on silica gel, isomers exo-4b and endo-4b were obtained in 49% total isolated
yield, with the exo/endo ratio of ~1.0:1.5.
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(6} OH

Q§ /, >
- C_) HO/ ///QMe
§ e

HO trans-Sb
TBDMSO ;
TBDMSOTf - 63% fi -4b
DIPEA exo-4b 1y [iAlH,, THF, A (63% fom exo-4h)
+
CH,Cl,, room temp. (0) 2) 6N aq. HCI, THF
5—: 0o MeOH (1:2:2), room temp. ., \\OH
@ (for trans-5a) HO "Q*Me
\ Me or NaOH, H,0 §
N for cis-S5a )
TBDMSO endo-4b (for cis-5a) i

cis-5b

(49% total yield) (55% from endo-4b)

exolendo=1.0:1.5

The subsequent transformations were carried out separately with the exo and endo isomers separately.
Thus, compound exo-4b was treated with LiAlH, in THF, quenched with aqueous NaOH, followed by
deprotection with a 1:2:2 mixture of aqueous 6 N HCI, MeOH, and THF to afford isomer #rans-Sb in 63% yield
over two steps. A similar transformation of compound endo-4b to isomer cis-5b was achieved in 55% yield by a
direct one-step quenching the mixture with aqueous NaOH.

To assign the configurations of bicyclic intermediates 4a,b, well-known NMR spectral features of
related bicyclo[2.2.1]heptane derivatives were used [29-31]. It is known that when C-5 or C-6 atoms in such
compounds have an oxygen-derived exo substituent, the °C NMR signal of the C-7 carbon is shifted upfield
[32, 33]. In the case of compound 4a, the C-7 atom signal had a chemical shift of 40.7 ppm for the exo isomer
and 42.7 ppm for the endo isomer, and in the case of compound 4b the corresponding values were 41.9 and
43.4 ppm. In the "H NMR spectra, 3J1+5x,1+4 was always larger than 3JH,5,1,H,4. In the case of compound 4b, the
corresponding values were 4.3 and 1.3 Hz, thus revealing the configuration of the H-5 proton. In the case of
compound 4a, both H-5 protons exhibited *Jiy.s, 1.4 constants of 4.6 Hz (for the endo isomer) and 4.3 Hz (for the
exo isomer) and *Jy.s, 1.4 constants of 0.6 and 0.7 Hz, respectively (Fig. 1).

3J5, 4 coupling constant

is alWﬁyS 1arger than 3J5"'4 4, coupling constant
Hn,Hs

i 4
cis-Vicinal coupling constant Hx- is always larger than “/y, p,

(3J5’6) is always larger than H

trans-vicinal coupling constant Hn — endo proton

Hx — exo proton
Ha — anti proton
endo-4b Hs — syn proton

Fig. 1. Relevant interactions for the structure determination.
(TBDMSO group at position 5z is not shown)

As a rule, the vicinal proton-proton coupling constants *J have higher values when the protons were cis-
oriented. In the case of compounds 4a, the H-5x and H-5# protons being assigned, the relative configuration of
H-6 was revealed by inspecting the relevant *J coupling constants of H-5x,H-6 and H-51,H-6, which for the
isomer exo-4a were 2.7 and 6.6 Hz and for the isomer endo-4a 9.0 and 3.3 Hz, respectively. Equally informative
in H' NMR spectrum for the purpose of establishing the configuration of compounds 4a and 4b were
*J constants between H-7s and H-6 (and H-5) endo protons, which were always larger in the case of endo
protons than in the case of exo protons [29]. The H-6n proton of compound 4a was found to be coupled to H-7s
with J = 1.6 Hz, whereas the H-5n proton of compound 4b was coupled to H-7s with J= 1.3 Hz.
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Taking into account all the relevant information given above, we determined unambiguously the relative
configuration of bicyclic compounds 4a,b, thus letting us establish also the relative configurations of diols 5a,b.
On the other hand, the relative configuration of compound 5a could have been determined based on our
previous observation [34] that the "*C chemical shifts of 1-methyl-substituted vicinal diols are dependent on the
cis-trans substitution pattern. The methyl group should have *C chemical shift upfield in trans-diol relative to
cis-diol; in the case of the isomer trans-5a, the methyl group had a 22.1 ppm chemical shift, and 25.2 ppm in the
case of isomer cis-5a. Furthermore, the C-1 and C-2 carbons in compound 5a should have chemical shifts
moved upfield when cis substitution is observed relative to the trans-substituted diol. Indeed, the chemical shifts
for C-1 and C-2 carbons in the isomer cis-5a were 79.1 and 78.6 ppm, whereas in the isomer frans-5a the
corresponding shifts were 81.8 and 81.1 ppm. These results correlated with the observation that reduction of
compounds exo-4a and endo-4a should yield triols trans-5a and cis-5a, respectively, and thus confirmed the
assignment of the relative configuration for bicyclic intermediates 4a.

Thus, through unprecedented use of the TBDMSOT{-DIPEA reagent system, a regio- and stereospecific
epoxide opening reaction was investigated and efficiently applied to the synthesis of novel methyl branched
cyclopentane derivatives via heterocyclic bicyclo[2.2.1]heptanes. Appropriate substrate selection allowed us to
achieve the synthesis of regioisomeric 5- and 1-methyl-6-silyloxy-2-oxa-bicyclo[2.2.1]heptan-3-one derivatives,
starting from (2-methyl-5-oxotetrahydrofuran-2-yl)acetaldehyde and S5-methyl-5-oxiranyldihydrofuran-2-one,
respectively.

EXPERIMENTAL

The IR spectra were measured on a Perkin-Elmer Spectrum BX FTIR spectrometer. The NMR spectra
were determined in CDCl; or CD;OD on Bruker Avance USLA 400 or Bruker Avance 800 spectrometers.
Residual solvent signals were used for reference. Mass spectra were recorded on Hitachi M80B or Shimadzu
GCMSQP2010 spectrometers using EI ionization (70 eV). High-resolution mass spectra were recorded on an
Agilent Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS spectrometer utilizing AJ-ESI or APCI ion
sources. Elemental analyses were performed on a Perkin-Elmer C,H,N,S-Analyzer 2400. Precoated silica gel 60
F254 plates from Merck were used for TLC, whereas for column chromatography silica gel KSK40-100 pm was
used. All reactions sensitive to moisture or oxygen were carried out under Ar atmosphere in oven-dried
glassware. Vinyl lactone 2a and allyl lactone 2b were synthesized according to previously published methods
(except that, for allylation reaction, allyl bromide instead of allyl chloride was used as alkylating reagent) and
their physical and spectroscopic properties were in accordance with data given in the literature [19, 21].
Epoxides 3a were synthesized by the literature method [35]. Chemicals were purchased from Aldrich Chemical
Co. or Alfa Aesar and were used as received. MeOH was distilled from sodium. DCM was distilled over CaH,
and stored on the 4A molecular sieves pellets. THF was distilled from sodium benzophenone complex.

5-Methyl-5-oxiranyldihydrofuran-2-one (3a) (Mixture of Diastereomers). m-CPBA (551.3 mg,
2.46 mmol, 1.22 equiv) was added portionwise at 22°C to a solution of y-vinyl lactone 2a (253.6 mg,
2.01 mmol) in CH,Cl, (5 ml). The resulting solution was stirred at 22°C for 25 h, during which precipitation
occurred. A second portion of m-CPBA (764.4 mg, 3.10 mmol) was added, and stirring was continued for
another 19 h (44 h total). The reaction was quenched with successive addition of 10% aqueous solution of
Na,S,0; (5 ml) and 5% aqueous solution of NaHCO; (5 ml) with vigorous stirring. The layers were separated
and the water phase extracted with CH,Cl, (4x10 ml). The combined organic phases were washed sequentially
with NaHCO; (10 ml) and saturated NaCl (10 ml), then dried over Na,SO,. Filtration and evaporation of
volatiles afforded the crude product, from which, after purification by flash chromatography (silica gel, CH,Cl,—
MeOH, 200:1), diastereomeric epoxides 3a were obtained as a light-yellow oil (112 mg, 40%, syn/anti =
1.8:1.0). IR spectrum (thin layer), v, cm™: 2984 (CH), 1778 (CO). "H NMR spectrum (400 MHz, CDCl;), &,
ppm (J, Hz): 3.20 (0.36H, J = 4.2, J=2.7, 2'-CH anti); 3.03 (0.64H, dd, J = 4.0, J = 2.8, 2'-CH syn); 2.84
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(0.36H, t, J= 4.3, 3'-CH, anti); 2.80 (0.64H, dd, J= 5.0, J = 2.6, 3'-CH, syn); 2.78-2.69 (1.28H, m, 3-CHy syn,
3'-CHg syn); 2.66-2.57 (1.08H, m, 3-CH, anti, 3'-CHg anti); 2.55-2.39 (1.28H, m, 3-CHp syn, 4-CH, syn); 2.13-
2.01 (1H, m, 4-CHg syn, 4-CH, anti); 1.90-1.78 (0.36H, m, 4-CHjg anti); 1.50 (1.92H, s, CH; syn); 1.48 (1.08H,
s, CH; anti). *C NMR spectrum (101 MHz, CDCL;), 8, ppm: 176.5 (C-2 syn); 176.2 (C-2 anti); 84.7 (C-5 anti);
81.6 (C-5 syn); 56.7 (C-2' syn); 55.3 (C-2' anti); 43.6 (C-3' anti); 43.5 (C-3' syn); 32.5 (C-4 syn); 29.0 (C-3 syn);
29.0 (C-3 anti); 27.7 (C-4 anti); 23.5 (CH; anti); 23.3 (CH; syn). Mass spectrum, m/z (Iq, %): 142 [M]" (1), 127
[M-CH;]™ (2), 112 [M-CH,0]" (1), 99 [M-C,H;0]" (100). Found, %: C 58.90; H 7.09. C;H,,0s. Calculated, %:
C 59.14; H 7.09.

(2-Methyl-5-oxotetrahydrofuran-2-yl)acetaldehyde (3b). OsO; in #~-BuOH (2.5%, 2.2 ml, 0.175 mmol)
and N-methylmorpholine N-oxide (NMO) (50% in water, 1.1 ml, 5.32 mmol) were consecutively added to a
solution of y-allyl lactone 2b (93%, 536.3 mg, 3.55 mmol) in ~-BuOH (8.9 ml) and H,O (3.0 ml). After stirring
at 22°C for 23 h, the reaction mixture was treated with 20% aqueous Na,SO; (10 ml) and Florisil (1 g) at the
same temperature for 45 min. The resulting slurry was filtered through a pad of Celite and the latter washed
with acetone (3x15 ml). The organic volatiles were evaporated, and 1 M NaHSO, (2 ml) was added to the
residue to adjust the pH to 2. The water phase was extracted with EtOAc (15x15 ml, NaCl (2 g) was added to
the water phase after the 10th extract), dried over MgSQO,, and filtered through a short pad of silica to yield
crude 5-(2,3-dihydroxypropyl)-5-methyldihydrofuran-2-one (562.5 mg) as a 1:1 mixture of diastereomers,
which was used in the next synthetic step without further purification. '"H NMR spectrum (400 MHz, CDCl,), 9,
ppm (J, Hz): 3.98-3.89 (1H, m, 2'-CH); 3.62-3.52 (1H, m) and 3.49-3.40 (1H, m, 3'-CH,); 2.72-2.55 (2H, m,
3-CH,); 2.49-2.21 (1H, m) and 2.12-1.99 (1H, m, 4-CH,); 1.92-1.71 (2H, m, 1'-CH,); 1.49 (1.5H, s) and 1.47
(1.5H, s, CH3). *C NMR spectrum (101 MHz, CDCLy), 5, ppm: 177.0 (C-2); 86.1 and 85.9 (C-5); 68.4 and 67.9
(C-2"); 66.6 and 66.6 (C-3'); 42.7 and 42.6 (C-1"); 33.4 and 32.7 (C-4); 28.7 and 28.5 (C-3); 26.4 and 25.6
(CHy).

To the obtained intermediate diol (479 mg, 2.75 mmol) dissolved in CH,Cl, (55.0 ml), NalO,4 (0.65 M,
5.3 ml) and silica (5.22 g) were added at 22°C. The resulting slurry was stirred for 40 min and then filtered
through a pad of silica. The solids on the filter were washed with CH,Cl, (3%25 ml) and EtOAc (2x25 ml), and
the solvents were evaporated to yield the crude aldehyde 3b as a light-brown liquid. Yield 392.4 mg (78%). IR
spectrum (CHCl3), v, cm™: 1766 (CO), 1723 (CO). 'H NMR spectrum (400 MHz, CDCls), 3, ppm (J, Hz): 9.79
(1H, t,J= 1.9, CHO); 2.85 (2H, qd, J= 16.7, J= 1.8, CH,CHO); 2.71-2.62 (2H, m, 4-CH,); 2.30-2.16 (2H, m,
3-CH,); 1.52 (3H, s, CH3). °C NMR spectrum (101 MHz, CDCl3), §, ppm: 198.6 (CHO); 175.7 (C-5); 83.2
(C-2); 53.3 (CH,CHO); 33.0 (C-4); 28.3 (C-3); 26.3 (CH;). Mass spectrum, m/z (I, %): 143 [M+H]" (1), 127
[M-CH5]" (8), 114 [M+H-CH,0]" (27), 99 [M-C,H;0]" (92). Found, m/z: 165.0521 [M+Na]". C;H,;,0;Na.
Calculated, m/z: 165.0522.

Synthesis of Cyclization Products exo-4a, endo-4a, exo-4b and endo-4b (General Method).

6-(tert-Butyldimethylsilyloxy)-1-methyl-2-oxabicyclo[2.2.1]heptan-3-one (4a). To the mixture of
DIPEA (255 ul, 1.45 mmol) and TBDMSOTf (340 ul, 1.45 mmol) in CH,Cl, (6 ml), a solution of a
diastereomeric mixture of epoxides 3a (69 mg, 0.49 mmol) in CH,Cl, (3 ml) was added dropwise at 25°C over a
period of 10-15 min. The resulting solution (0.06 M of substrate) was stirred for 0.5 h at 25°C, after which the
reaction mixture was added to a saturated aqueous NH,4Cl1 solution, and the layers were separated. The organic
phase was extracted with CH,Cl, (4x10 ml), dried over MgSQy, filtered, and the filtrate concentrated in vacuo.
The residue was purified by column chromatography (silica gel, heptane—acetone, 40:1 to 10:1) to yield
compounds exo-4a (66.6 mg, 54%) and endo-4a (39.0 mg, 32%) in the form of light-yellow oils.

6-exo-(tert-Butyldimethylsilyloxy)-1-methyl-2-oxabicyclo[2.2.1]heptan-3-one (exo-4a). IR spectrum
(thin layer), v, cm™: 1776 (CO). '"H NMR spectrum (800 MHz, CDCls), 8, ppm (J, Hz): 3.82 (1H, ddd, J = 6.6,
J=2.7,J=1.6, 6-CHn); 2.72 (1H, dddd, J=4.3,/=1.6,J=1.2,J= 0.7, 4-CH); 2.17 (1H, dddd, J = 13.2,
J=6.6,J=23,J=0.7, 5-CHn); 1.98 (1H, dd, J=10.6, J = 1.2, 7-CHa); 1.88 (1H, ddt, J = 10.6, J = 2.3,
J=1.6, 7-CHs); 1.59 (1H, ddd, /= 13.2, J=4.3, J = 2.7, 5-CHx); 1.47 (3H, s, 1-CH3); 0.87 (9H, s, C(CHs););
0.06 (3H, s) and 0.05 (3H, s, Si(CHs),). *C NMR spectrum (400 MHz, CDCLy), &, ppm: 178.1 (C-3); 90.8
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(C-1); 73.3 (C-6); 41.1 (C-4); 40.7 (C-7); 36.2 (C-5); 25.6 (SiC(CH;)3); 17.8 (SiC(CHjs)3); 15.6 (1-CHs); -4.8
(SiCH3); -5.1 (SiCH3). Mass spectrum, m/z (I, %): 257 [M+H]" (1), 241 [M-CH;]" (2), 211 [M-COOH]" (1),
199 [M-t-Bu]" (31), 171 [M-£-Bu-COJ’, (41), 155 [M--Bu-COOH]" (26), 141 [M-TBDMS]" (1), 127 [M+1-
TBDMS-CH;]" (9), 115 [TBDMS]" (28), 75 [C,H;SiO]" (100). Found, %: C 60.81; H 9.48. C;3H,,05Si.
Calculated, %: C 60.89; H 9.43.

6-endo-(tert-Butyldimethylsilyloxy)-1-methyl-2-oxabicyclo[2.2.1]heptan-3-one (endo-4a). IR
spectrum (thin layer), v, cm™: 1779 (CO). '"H NMR spectrum (800 MHz, CDCL3), 8, ppm (J, Hz): 4.14 (1H, dd,
J=29.0,J =33, 6-CHx); 2.79 (1H, dddd, /= 4.6, J=1.9, J= 1.0, J= 0.6, 4-CH); 2.31 (1H, ddd, J = 13.3,
J=9.0, J = 4.6, 5-CHx); 1.95 (1H, ddd, J = 10.8, J= 3.4, J= 1.9, 7-CHs); 1.72 (1H, dd, J = 10.8, J = 1.0,
7-CHa); 1.50 (1H, dtd, J=13.3, J= 3.3, J= 0.6, 5-CHn), 1.48 (3H, s, 1-CH;); 0.88 (9H, s, C(CHs;);); 0.06 (s, 3H)
and 0.04 (s, 3H, Si(CH3),). *C NMR spectrum (400 MHz, CDCL), 8, ppm: 178.2 (C-3); 90.1 (C-1); 74.6 (C-6); 43.6
(C-4); 42.7 (C-7); 35.6 (C-5); 25.6 (SiC(CHjs)3); 18.0 (SiC(CHs)3); 16.1 (1-CHj3), -4.7 (SiCHs); -5.0 (SiCH3). Mass
spectrum, m/z (I, %): 241 [M-CHs]" (1), 211 [M-COOH]" (1), 199 [M-t-Bu]" (12), 171 [M-t-Bu-CO]" (23), 155
[M-t-Bu-COOH]" (46), 141 [M-TBDMS] (1), 127 [M+1-TBDMS-CH;]" (13), 115 [TBDMS]' (22), 75
[C,H;Si0]" (100). Found, %: C 60.89; H 9.48. C,3H,,05Si. Calculated, %: C 60.89; H 9.43.

5-(tert-Butyldimethylsilyloxy)-1-methyl-2-oxabicyclo[2.2.1]heptan-3-one (4b) was obtained using
aldehyde 3b as starting material on a 2.75 mmol scale. Yield of isomer exo-4b 143 mg (20%), light-yellow
liquid. Yield of isomer endo-4b 204 mg (29%), light-yellow amorphous solid.

5-exo-(tert-Butyldimethylsilyloxy)-1-methyl-2-oxabicyclo[2.2.1]heptan-3-one (exo-4b). IR spectrum
(CHCLy), v, cm™: 1783 (CO). '"H NMR spectrum (400 MHz, CDCL,), d, ppm (J, Hz): 4.33 (1H, ddt, J = 6.6,
J=2.0,J=1.3, 5-CHn); 2.79 (1H, quint, J = 1.3, 4-CH); 2.25 (1H, dd, /= 10.4, J= 1.4, 7-CHa); 2.25 (1H, ddd,
J=13.8,J=6.6,J =238, 6-CHn); 1.98 (1H, ddt, J = 10.4, J= 2.8, J = 1.3, 7-CHs); 1.59 (3H, s, 1-CH3); 1.59
(1H, ddd, J=13.8, J=2.0, J = 1.3, 6-CHx); 0.88 (9H, s, C(CHs)3); 0.08 (3H, s) and 0.07 (3H, s, Si(CH,),). °C
NMR spectrum (101 MHz, CDCly), 8, ppm: 176.5 (C-3); 90.2 (C-1); 70.2 (C-5); 53.3 (C-4); 47.0 (C-6); 41.9
(C-7); 25.7 (C(CHs)s); 18.7 (1-CH3); 17.9 (C(CHs)s); -4.8 (SiCH3); -5.0 (SiCH3). Mass spectrum, m/z (11, %):
256 [M]" (1), 241 [M-CHs]" (1), 199 [M-t-Bu]" (33), 171 [M--Bu-CO]" (4), 155 [M-£-Bu-COOH]" (7), 115
[TBDMS]" (2), 75 [C,H;SiO]" (100). Found, m/z: 279.1391 [M+Na]". C;3H»NaO;Si. Calculated, m/z:
279.1387.

5-endo-(tert-Butyldimethylsilyloxy)-1-methyl-2-oxabicyclo[2.2.1]heptan-3-one (endo-4b). IR
spectrum (KBr), v, cm™: 1776 (CO). '"H NMR spectrum (400 MHz, CDCly), 8, ppm (J, Hz): 4.54 (1H, ddd,
J=8.7,J=43,J=3.1, 5-CHx); 2.92 (1H, dt, /= 4.3, J= 1.4, 4-CH); 2.10 (1H, dd, J= 13.7, J= 8.7, 6-CHx);
1.96 (1H, ddd, J = 10.7, J = 3.9, J = 1.6, 7-CHs); 1.65 (1H, dd, J = 10.7, J = 1.2, 7-CHa); 1.64 (1H, ddd,
J=13.7,J =39, J=3.1, 6-CHn); 1.51 (3H, s, 1-CHs;); 0.87 (9H, s, C(CH,);); 0.09 (s, 3H) and 0.06 (s, 3H,
Si(CHs),). *C NMR spectrum (101 MHz, CDCl3), 8, ppm: 174.8 (C-3); 88.6 (C-1); 70.6 (C-5); 51.7 (C-4); 43.7
(C-6); 43.4 (C-7); 25.7 (C(CHs)3); 19.3 (CHs); 18.0 (C(CHjs)3); -4.8 (SiCHs); -5.0 (SiCH3). Mass spectrum, m/z
(I, %): 241 [M—CH;]" (1), 199 [M—-Bu]" (30); 171 [M—#-Bu-CO]" (8); 155 [M—#-Bu—-COOH]" (6); 75
[C,H;SiO]" (100). Found (ESI), m/z: 279.1392 [M+Na]". C;3H,4Na0Q;Si. Calculated, m/z: 279.1387.

1,2-trans-4-Hydroxymethyl-1-methylcyclopentane-1,2-diol (trans-5a). LiAlH, (91 mg, 2.28 mmol)
was suspended in THF, and a solution of compound exo-4a (167 mg, 0.65 mmol) in THF (10 ml) was added at
0°C. The resulting suspension was heated to reflux for 1 h, then the reaction mixture was cooled to 0°C and
water was added (100 pl). Stirring was continued for 0.5 h with gradual rise of temperature to 23°C. Then
aqueous 10% NaOH (100 pl) at 23°C was added, and the stirring continued for an additional 0.5 h to complete
the precipitation. The reaction mixture was filtered, and the filtrate was concentrated in vacuo to yield the crude
protected diol. Mass spectrum, m/z (I, %): 243 [M+H-H,0]" (1), 227 [M-H,0-CH;]" (1), 203 [M-£-Bu]" (12),
185 [M-H,0-t-Bu]" (42), 129 [M+H-H,0-TBDMS]" (2), 75 [C;H;SiO]" (100).

To a solution of the protected diol (130.3 mg, 0.50 mmol) in a mixture of THF (2 ml) and MeOH (2 ml),
6 N HCI (1 ml) was added dropwise at 25°C. The resulting solution was stirred for 1 h at 25°C, then the
volatiles were evaporated to yield the crude product as a light-yellow oil. Further purification was achieved by
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flash chromatography on silica gel eluting with CH,Cl,-MeOH, 10:1. Yield 57 mg (78%). Colorless oil. IR
spectrum (thin layer), v, cm™: 3341 (OH), 1118 (C-0), 1038 (C-0). '"H NMR spectrum (400 MHz, CD;0D), §,
ppm (J, Hz): 3.75 (1H, dd, J = 5.6, J = 3.3, 2-CH); 3.47 (2H, d, J = 6.0, CH,OH); 2.44-2.27 (1H, m, 4-CH);
1.98-1.80 (2H, m, 3-CH,, 5-CH,); 1.77-1.65 (1H, m, 3-CHp); 1.43 (1H, dd, J=13.7,J= 5.3, 5-CHp); 1.25 (3H,
s, CH;). *C NMR spectrum (101 MHz, CD;0D), 5, ppm: 81.8 (C-1); 81.1 (C-2); 67.6 (CH,OH); 41.5 (C-5);
38.4 (C-4); 36.2 (C-3); 22.1 (CHs). Mass spectrum, m/z (Ia, %): 146 [M]" (1), 128 [M-H,0]" (3), 115 [M-
CH,OH]" (28), 98 [M+H-H,0-CH,OH]" (17), 97 [M-H,0-CH,OH]" (37). Found, m/z: 169.0829 [M+Na]".
C;H4NaO;. Calculated, m/z: 169.0835.

1,2-cis-4-Hydroxymethyl-1-methylcyclopentane-1,2-diol (cis-5a). LiAlH, (50 mg, 1.29 mmol) was
suspended in THF (7 ml), and a solution of the compound endo-4a (88 mg, 0.34 mmol) in THF (7 ml) was
added at 0°C. The resulting suspension was heated to reflux for 1 h, then the reaction mixture was cooled to 0°C
and water (100 pl) was added. Stirring was continued for 0.5 h with gradual rise of temperature to 23°C. Then
aqueous 10% NaOH (100 pl) at 23°C was added, and the stirring continued for an additional 0.5 h to complete
the precipitation. The reaction mixture was filtered, and the filtrate was concentrated in vacuo to yield the crude
diol cis-5a, which was purified by flash chromatography on silica gel, eluent CH,Cl,-MeOH, 10:1. Yield 36.4
mg (72%). Light to colorless oil. IR spectrum (thin layer), v, cm™: 3381 (OH), 1086 (C-0), 1043 (C-0). 'H
NMR spectrum (400 MHz, CD;0D), 3, ppm (J, Hz): 3.63 (1H, dd, /= 7.9, J= 6.4, 2-CH); 3.48 (2H, d, J= 6.0,
CH,OH); 2.17-2.01 (2H, m, 4-CH, 3-CH,); 1.79 (1H, dd, J=13.8, J=9.3) and 1.56 (1H, dd, /= 13.8, J=5.7,
5-CH,); 1.48 (1H, dt, J = 12.7, J = 7.5, 3-CHg); 1.22 (3H, s, CH;). ’C NMR spectrum (101 MHz, CD;0D), 3,
ppm: 79.1 (C-1); 78.6 (C-2); 67.7 (CH,OH); 41.2 (C-5); 36.4 (C-4); 35.6 (C-3); 25.2 (CH3). Mass spectrum, m/z
(Ires %): 146 [M]" (1), 128 [M-H,0]" (5), 115 [M-CH,OH]" (32), 98 [M+H-H,0-CH,OH]" (14), 97 [M-H,0-
CH,O0H]" (36). Found, m/z: 169.0828 [M+Na]". C;H;4,NaOs. Calculated, m/z: 169.0835.

1,3-trans-4-Hydroxymethyl-1-methylcyclopentane-1,3-diol (trans-5b). LiAlH, (41 mg, 1.06 mmol)
was suspended in THF (2.5 ml), and a solution of the compound exo-4b (130.3 mg, 0.51 mmol) in THF (2.5 ml)
was added at 0°C. The resulting suspension was heated to reflux for 1 h, then the reaction mixture was cooled to
0°C, and water (41 pl) was added. Stirring was continued for 0.5 h with gradual rise of temperature to 23°C.
Then aqueous 10% NaOH (41 pl) at 23°C was added, and the stirring was continued for an additional 0.5 h,
upon which water (123 pl) was added. The reaction mixture was filtered, and the filtrate was concentrated
in vacuo to yield the crude protected diol, which was dissolved in CH,Cl, (5 ml), and 6 N HCI (200 pl) was
added. The resulting two-phase system was stirred vigorously for 5 min and then the volatiles were removed in
vacuo to yield the crude diol frans-5b, which was purified by flash chromatography on silica gel, eluent
CH,Cl,-MeOH, 20:1 to 10:1. Yield 46.7 mg (63%). Light-yellow oil. IR spectrum (thin layer), v, cm™: 3331
(OH), 1057 (C-0), 1031 (C-0). 'H NMR spectrum (400 MHz, CD;0D), &, ppm (J, Hz): 4.10 (1H, dd, J = 13.6,
J=1.6,3-CH); 3.68 (1H, dt, J=9.5, J = 5.9) and 3.58-3.55 (1H, m, CH,OH); 2.07 (1H, ddd, /=13.2, J=17.1,
J=14, 4-CH); 2.01-1.94 (2H, m) and 1.67-1.52 (2H, m, 2,5-CH,); 1.33 (3H, s, CH;). BC NMR spectrum (101
MHz, CD;0D), §, ppm: 77.8 (C-1); 75.2 (C-3); 65.4 (CH,OH); 50.8 (C-4); 50.7 (C-2); 43.8 (C-5); 29.5 (CHs).
Mass spectrum, n/z (I, %): 128 [M-H,0]" (1), 113 [M-H,0-CH;]" (15), 98 [M+H-H,0-CH,OH]" (11), 97 [M-
H,0-CH,OH]" (4). Found, m/z: 169.0824 [M+Na]". C;H,4NaOs. Calculated, m/z: 169.0835.

1,3-cis-4-hydroxymethyl-1-methylcyclopentane-1,3-diol (cis-5b). LiAlH, (43.5 mg, 1.12 mmol) was
suspended in THF (2.5 ml), and a solution of the compound endo-4b (135.2 mg, 0.53 mmol) in THF (2.5 ml)
was added at 0°C. The resulting suspension was heated to reflux for 1h, then the reaction mixture was cooled to
0°C, and water (44 pl) was added. Stirring was continued for 0.5 h with gradual rise of temperature to 19°C.
Then aqueous 10% NaOH (100 pl) was added at 19°C, and the stirring continued for an additional 0.5 h, upon
which water (132 pl) was added. The reaction mixture was filtered, and the filtrate was concentrated in vacuo to
yield the crude diol cis-5b which was purified by flash chromatography on silica gel, eluent CH,Cl,-MeOH
40:1 to 20:1 mixture. Yield 44.3 mg (55%). Light-yellow oil. IR spectrum (thin layer), v, cm™: 3383 (OH), 1033
(C-0). '"HNMR spectrum (400 MHz, CD;0D), 8, ppm (J, Hz): 4.26 (1H, td, /=4.9, J= 2.8, 3-CH); 3.79 (1H,
dd, /=10.7, J = 7.5) and 3.66-3.58 (1H, m, CH,OH); 2.20-2.10 (1H, m, 4-CH); 1.90-1.81 (3H, m, 2-CH,,
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5-CHa); 1.77-1.68 (1H, m, 5-CHg); 1.30 (3H, s, CH;). 3C NMR spectrum (101 MHz, CD;0D), §, ppm: 79.4
(C-1); 74.8(C-3); 63.2 (CH,OH); 50.8 (C-2); 47.7 (C-4); 43.8 (C-5); 29.8 (CH3). Mass spectrum, m/z (I, %):
147 [M+H]" (1), 128 [M-H,0]" (2), 113 [M-H,0-CH;]" (2), 98 [M+H-H,O-CH,OH]" (10), 97 [M-H,O-
CH,OH]" (5). Found, m/z: 169.0825 [M+Na]". C;H 4NaOs. Calculated, m/z: 169.0835.
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Abstract

Cyclopentanes and tetrahydrofurans are abundant in nature and as such have
received the widespread attention of the scientific community. The syntheses of said
compounds have been realized by many different routes in asymmetric and
diastereoselective manners. However, some cyclopentane and tetrahydrofuran
derivatives remain elusive to the synthetic community, exemplified by the scarce
appearance of cyclopentane diols and triols bearing quaternary carbon centers and
2,2-disubstituted tetrahydrofurans and 1,7-dioxa[4.4]nonane frameworks in the
organic synthetic literature.

Our group has been working on ways to elaborate the lactone carboxylic acids into
many types of valuable compounds, such as nucleosides (cyclic and acyclic),
homocitric acid and 2-alkyl-substituted 2-hydroxyglutaric acid y-lactones, which
formed the basis for further studies in the field. Thus we set out to develop synthetic
methods which would allow access to cyclopentanediols and susbstituted
tetrahydrofurans, relying on our previous experience in the asymmetric oxidation of
diketones to hydroxylated cyclopentanes and y-lactone carboxylic acids.

A method to afford selectively regioisomeric 2-methyl-2,3- and 2-methyl-2,5-
dihydroxycyclopentanones was developed, in the course of which the
stereochemistry of the mentioned compounds was determined by synthesizing
relevant methyl-substituted cyclopentanediols by known methods, and subsequent
comparative study of >C NMR spectra of model compounds and triols obtained
from regioisomeric cyclopentanones. These observations were later confirmed in the
case of diastereomeric 1-methyl-4-hydroxymethyl-1,2-cyclopentanediols. Thus in
certain types of compounds (differently substituted 1-methyl-1,2-cyclopentanediols)
the relative stereochemistry can be generally determined by inspecting appropriate
C NMR spectra.

y-Lactone carboxylic acids (five examples) were converted to 2,2-disubstituted
tetrahydrofuran derivatives by a synthetic method comprised of three or four steps in
good overall yield and high enantiomeric purity. A modified three-step sequence
was also applied to the synthesis of 1,7-dioxa[4.4]nonane in acceptable yield.

y-Lactones (y-vinyl and -allyl) were transformed regioselectively to respective 1-
methyl-4-hydroxymethyl-1,2- and -1,3-cyclopentanediols, featuring unprecedented
epoxide opening by the TBDMSOT{/DIPEA reagent system to furnish 1,2-
cyclopentandiols in an efficient manner.

The further utility of chiral y-lactone carboxylic acids was demonstrated when
benzyl-substituted carboxylic acid was converted to respective diastereomeric 1-
benzyl-4-hydroxymethyl-1,3-cyclopentanediols via a semi-telescoped process, thus
avoiding tedious separations and purifications in three of the six steps.
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Kokkuvote

Looduses laialt levinud tsiiklopentaanid ja tetrahiidrofuraanid on pélvinud teadusliku
iildsuse laialdase tihelepanu. Mainitud {ihendeid on siinteesitud mitmetel erinevatel
meetoditel nii asiimmeetriliselt kui diastereoselektiivselt. Siiski on teatud tsiiklo-
pentaanide ja tetrahiidrofuraanide derivaadid jdénud siinteesikeemikute vaateviljalt
kdrvale, mida ilmestab tsiiklopentaandioolide ja -trioolide ja 2,2-diasendatud
tetrahiidrofuraanide ja ka 1,7-dioksa[4.4]nonaanide vdhene esindatus siinteesialases
teaduskirjanduses.

Meie toorithmas on vilja tootatud erinevaid viise laktoonhapete kasutamiseks mit-
mete vairtuslike tihendite saamiseks nagu seda on tsiiklilised ja atsiiklilised
nukleosiidid, homosidrunhape ja 2-alkiilil-2-glutaarhappe-y-laktoonid. Toetudes
eelnevale kogemusele, litkusime edasi meetodite viljatodtamise suunas, mis voimal-
daksid siinteesida tsiiklopentaanide ja tetrahiidrofuraanide derivaate ldhtudes astim-
meetrilise oksiidatsiooni saadustest — hiidroksiileeritud diketoonist ja y-laktoon-
hapetest.

T66 kéigus tootati vilja meetod uudsete regioisomeersete 2-metiitil-2,3- ja 2-metiiiil-
2,5-hiidroksiitsiiklopentanoonide saamiseks, mille kdigus tuvastati vastavate
ithendite suhteline stereokeemia selleks siinteesitud mudeliithendite ja tsiiklopenta-
noonidest saadud trioolide ?C TMR vérdleva analiiiisi teel. Viimase tulemusi
kinnitasid lisaks hilisemad tdhelepanekud 1-metiiiil-4-hiidroksiimetiiiil-1,2-tsiiklo-
pentaandioolide korral, mistottu voime viita, et erinevalt asendatud 1-metiiiil-1,2-
tsitklopentaandioolide suhtelist stereokeemiat saab iildistel alustel méirata pelgalt
C TMR spektraalandmeid uurides.

y-Laktoonhapped (5 niidet) viidi {le 2,2-diasendatud tetrahiidrofuraanideks
kasutades 3 vOi 4 astmelist siinteesiskeemi hea saagise ja korge enantiomeerse
puhtusega. Modifitseeritud 3-etapilist skeemi kasutati lisaks ka 1,7-
dioksa[4.4]|nonaani saamiseks rahuldava saagisega.

y-viniilil- ja -alliitillaktoone kasutati vastavatel-metiiiil-4-hiidroksiimetiiiil-1,2- ja
1,3-tsiiklopentaandioolide regioselektiivseks siinteesiks. Teadaolevalt esmakordselt
kasutati antud meetodi juures epoksiidi avamiseks bitsiiklilise vaheilihendi
moodustumisel TBDMSOT{/DIPEA kombinatsiooni.

Kaéeliste y-laktoonhapete kasutusala laiendamisvdimaluste nditlikustamiseks tootati
vélja osaliselt teleskopeeritud meetod benstiiilasendatud karboksiiiilhappe korral,
mis viis vastavate 1-bensiilil-4-hiidroksiimetiiiil-1,3-tsiiklopentaandioolideni, see-
juures voimaldades loobuda tiilikatest eraldamise ja puhastamise operatsioonidest
kolmel etapil kuuest.
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