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1. Introduction

Substituted tetrahydrofurans are commonly occurring sub-
structures found in a broad array of natural products and other
biologically active molecules. For example, the annonaceous
acetogenins are a large family of natural products bearing
tetrahydrofuran cores.! Tetrahydrofuran moieties are also
found in many other classes of natural products including
lignans,” polyether ionophores® and macrodiolides.* These
substances exhibit a diverse range of biological activities
including antitumor, antihelmic, antimalarial, antimicrobial,
and antiprotozoal.

Due to the importance of these molecules, considerable effort
has been devoted toward the development of methods for the
stereoselective construction of substituted tetrahydrofurans.’
This review covers the important transformations that have
been used in the stereoselective synthesis of tetrahydro-
furans, with emphasis placed on literature published between
1993 and 2005. A broad array of new methods developed
over the past 12 years as well as recent advances in older
reactions that are widely used are described. The coverage
of this review is limited to the synthesis of tetrahydrofurans;
methods that generate furans, dihydrofurans, and benzo-
furans are not discussed.

2. Nucleophilic substitution processes

2.1. Intramolecular SN2 and Sy1 reactions of hydroxyl
nucleophiles with alkyl halides, sulfonates, or alcohols

Nucleophilic substitution chemistry has played a large role
in tetrahydrofuran synthesis® and has been utilized in the
construction of many natural products.*° Many classical ap-
proaches to the formation of cyclic ethers employ intra-
molecular SN2 reactions between a hydroxyl group and
a tethered leaving group (e.g., halide or sulfonate). In gen-
eral, the carbon bearing the leaving group is present in the
starting material employed in the cyclization reaction. How-
ever, in recent studies Borhan has effected the ring expansion
of 2,3-epoxyalcohols to tetrahydrofurans through a double
Sn2 process in which the carbon atom bearing the second
leaving group is installed in the first substitution. As shown
below, treatment of 1 with trimethylsulfoxonium iodide un-
der basic conditions results in Payne rearrangement of the
epoxide followed by nucleophilic attack of a sulfoxonium
ylide to yield 2, which undergoes SN2 ring-closure to afford
hydroxytetrahydrofuran 3 (Eq. 1).” The best results are ob-
tained with epoxides bearing ether substitution at C4, CS5,
or C6; epoxides bearing simple alkyl chains are transformed
in low yield due to competing addition of the ylide to C3
instead of C1.

(1)
59 Fo

)

HO'
55%

Most substrates used for the synthesis of tetrahydrofurans via
intramolecular SN2 reactions are prepared with all product
stereocenters in place. As an alternative approach, several
recent studies have been directed toward the development
of nucleophilic substitution strategies that generate (rather
than conserve) stereocenters. A method recently described
by Zhao involves the use of SN2’ reactions to generate 2-
vinyltetrahydrofurans with installation of a new stereocenter
on each ring formed in the reaction.®° For example, the dou-
ble cyclization of 4 proceeded with 13:1 diastereoselectivity,
and afforded the major isomer 5 in 88% isolated yield
(Eq. 2).'° The stereoselectivity of this reaction is highly de-
pendent on alkene geometry, as the analogous E-alkene sub-
strate was transformed to a 2:1 mixture of 5 and 6. Although
the origin of the high diastereoselectivity is unclear, the
authors speculate that hydrogen bonding between the two
hydroxyl groups (generated upon treatment of 4 with HF)
may be important.

Another approach to the construction of tetrahydrofurans
that generates two stereocenters and a carbon—carbon bond
involves the nucleophilic addition of yy-chloroalkyl sulfones
to aldehydes. For example, treatment of sulfone 7 with KO#-
Bu followed by addition of cinnamaldehyde generates an
intermediate potassium alkoxide (8), which undergoes sub-
sequent ring-closure to provide tetrahydrofuran 9 as a single
diastereomer (Eq. 3).!! The product stereochemistry is
believed to be thermodynamically controlled as the trans and
cis tetrahydrofuran stereoisomers interconvert under the re-
action conditions. Competing formation of cyclopropyl
phenyl sulfone via deprotonation and cyclization of 7 is
minimized by conducting the transformations at 0.5 M
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concentrations. In general, acceptable yields are obtained with
aromatic or unsaturated aldehydes, but reactions of aliphatic
aldehydes proceed in modest yields. y-Chloroalkyl esters
and nitriles also serve as substrates for these reactions, although
the yields and diastereoselectivities are highest with the sulfone
derivatives. A related transformation of tin enolates derived
from +y-chloroalkyl ketones has also been described.'?

Ph
PhO,S o
1. KOt-Bu 2 N\_Ph (3)
) 2
(7:' HAZ o g o 82%

Cycloetherifications that generate new stereocenters have
also been effected using Sy1 reactions.’ For example, Panek
has described a two-step route for the construction of tetra-
hydrofurans from B-hydroxy crotylsilanes.!?> As shown be-
low, initial cyclopropanation of crotylsilane 10 followed
by treatment of the resulting compound 11 with p-TsOH af-
fords tetrahydrofuran 12 (Eq. 4). Interestingly, although the
cyclopropanation of 10 to 11 proceeded with only 3:1 dr, this
mixture of isomers was converted to the tetrahydrofuran
product 12 with significantly enhanced (>30:1) diastereo-
meric purity. This result suggests that cyclization occurs
via an Sy1 pathway, and the product stereochemistry is con-
trolled by the adjacent silicon substituent. In a similar fash-
ion, treatment of 10 with m-CPBA affords tetrahydrofuran
14 in 81% yield and 6:1 dr via intermediate epoxide 13
(Eq. 5). This strategy is also effective for the construction
of 2,3,4-trisubstituted tetrahydrofurans from substrates bear-
ing substituents at the homoallylic position.

AlMe, .
PhMe,S
CHalp ) p-TsOH 0251
/ 79% '"SIMezPh 86% > o (4)
HQ 3:dr >30:1 dr H™ 4
1
+SiMe,Ph
A HO
10 PhMe,Si
\_M-CPBA | +SiMe,Ph 5)
81% o
O 13 6:1dr HO H 14
not isolated

Warren has shown that p-TsOH mediated cyclizations of
2,4,5-triols containing a thiophenyl group at C1 provide tet-
rahydrofuran products via formation of an intermediate epis-
ulfonium ion followed by 5-exo/6-endo-cyclization.'* For
example, treatment of 15 with p-TsOH affords 16 in 90%
yield as a single diastereomer (Eq. 6).'%d The regioselectivity
of this transformation is thermodynamically controlled, and
reactions must be allowed to reach equilibrium to avoid the
isolation of tetrahydropyran side products that derive from
6-endo-cyclization of the primary alcohol. These reactions
are also amenable to the construction of spirocyclic products
and tetrahydrofurans bearing substituents/stereocenters at C1'.

OH OH
PhS
"OH - hTsOH ++OH 7Z—>
OH 90% o (6)
+S OH
SPh Ph 16
15

Gruttadauria'® and Thomas'® have developed an analogous
HClOy-catalyzed synthesis of 2,5-cis-disubstituted tetrahy-
drofurans from hydroxyselenide precursors. The starting re-
gioisomeric selenides 17 and 18 were prepared as a mixture
through epoxide ring-opening with PhSeNa. However, upon
treatment with HC1O,4 both regioisomers were converted to
the same product diastereomer (19) in 58% yield along
with 17% of the TIPS-deprotected tetrahydrofuran-2-yl-al-
cohol 20 (Eq. 7). This process is believed to proceed through
a seleniranium ion intermediate analogous to the episulfo-
nium ion species described above.

TIPSO TIPSO
OR
+ —_— o
PhSe HO- Phse (7)
OH SePh h-Bu
n-Bu n-Bu R = TIPS (19): 58% +
17 18 - (19): 58%

R =H (20): 17%

2.2. Intramolecular additions of alcohols to epoxides

The synthesis of tetrahydrofurans via intramolecular addi-
tions of alcohols to epoxides was first described by Kishi in
19787 and is frequently utilized in the construction of com-
plex molecules.’ In situ generation of the epoxide followed
by intramolecular cyclization has been achieved using
a broad array of epoxidation methods including transition
metal-catalyzed epoxidation,'® biocatalytic epoxidation,'®
and SN2 epoxide formation from 1,2-diol derivatives.?’
Cascade reactions have also been described in which an
alkene bearing two pendant epoxides is subjected to
dihydroxylation followed by cyclization.?! For example,
Hoye has prepared the bis-tetrahydrofuran core found in
many acetogenin natural products via TBDPS-protection
and Sharpless asymmetric dihydroxylation of 21 followed
by addition of trifluoroacetic acid, which effects double cy-
clization to provide 22 in 85% yield as a single diastereomer
(Eq. 8).212

OTBDPS

1. TBDPSCI
2. AD-mix-f3
3. TFA

85%

OTBDPS
22

One key issue in the use of epoxide electrophiles for intramo-
lecular cycloetherifications is the control of regiochemistry.
In most cases exo-cyclization manifolds are favored over
endo-cyclization pathways in these transformations, as the
latter suffer from poor orbital overlap in the strained bicyclic
transition state for cyclization.?? In recent work Karikomi has
developed a procedure that increases regioselectivity for the
product of 5-endo-cyclization in reactions of 3,4-epoxybuta-
nols through use of magnesium halide salt additives.?* For
example, treatment of 23 with catalytic Mgl, affords 25 in
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84% yield as an 85:15 mixture of diastereomers (Eq. 9). The
magnesium salt mediates the conversion of the epoxide to
halohydrin 24, which undergoes cycloetherification to gener-
ate the 2,3-cis-disubstituted tetrahydrofuran product, albeit
with slight loss of stereochemical purity.

OH OH
Mgl HO
0 HO 84% b
w1l gstsdar PO )
PH PH 25
23 24
Single

Diastereomer

The structural factors that control regio- and stereoselectivity
of Lewis-acid mediated cyclizations of protected epoxy diols
have been examined by Borhan.?* As shown below, substrate
26a bearing a Cl-hydroxyl group is converted to 27, the
product of 5-exo-cyclization, upon sequential treatment
with BF;-OEt, and Ac,O (Eq. 10). However, this regio-
selectivity can be reversed through use of a substrate bearing
a Cl1 thiophenyl substituent (26b, X=SPh) to provide 29, the
product of formal 5-endo-cyclization (Eq. 11). This change
in selectivity is likely due to sulfur-induced epoxide opening
to provide an intermediate episulfonium ion (28), which then
undergoes stereoelectronically favorable 5-exo-cyclization
to afford 29. Products resulting from 5-endo-cyclization are
also observed for substrates bearing a carbocation-stabilizing
group (such as an alkene) adjacent to the epoxide.

initiated through photolysis of homobenzylic ethers.?® As
shown below, 32 undergoes photolytic cleavage of the ben-
zyl group in the presence of NMQPFg (N-methylquinoli-
nium hexafluorophosphate) to afford an oxonium ion that
is engaged by a tethered epoxide to generate epoxonium
ion 33. Capture of this intermediate with a second epoxide
affords 34, which is trapped by the tethered ethyl ether group
to give 35. Upon workup, bis-tetrahydrofuran 36 is obtained
in 64% yield as a single stereoisomer (Eq. 13).%7

v >

Et Et
"0 hv "0

O Bn  NMQPFg

H7CgO 32 H47,Cg0 33
Aom (13)
H
«H
o}
'H
¢H
o}
H47Cg0 H7Cg0 H17C0
- 34 — 35 — 36 64%

The conversion of 1-iodomethyl-1,5-bisepoxides to
substituted tetrahydrofurans via a stereospecific elimina-
tion/cyclization sequence has recently been described by
Marshall. As shown below, treatment of 37 with Zn/EtOH

OAc
X=OH PO?@(VOAC (10)
S “/H
T™MSO H 5% AcO z
POW 1. BF30Et, 5-exo Product
OTMS H 2. Ac,O, Pyr
X = SPh he
= o
26a: X = OH TMSO  OH - POWSPh (11)
26b: X = SPh PO . 65% H\ /H
: i SPh A
oTMs H 3 c 29

2.3. Substitutions involving other oxygen nucleophiles

A variety of oxygen-containing functional groups have been
utilized as nucleophiles in tetrahydrofuran-forming reac-
tions. For example, epoxides have been used in nucleophilic
additions to tethered epoxides.®2> A representative transfor-
mation of this type is illustrated below, in which treatment of
bis-epoxide 30 with BF5-OEt, affords 2,5-cis-disubstituted
tetrahydrofuran 31 (Eq. 12).%°® Initial nucleophilic attack
of one epoxide onto the other leads to generation of an
epoxonium ion intermediate that is subsequently trapped
by water upon quenching.

BocO OBoc
Me Me_ BF3+OFEt,
20 0 T a5% (12)
H™ H
30

In recent work, Floreancig has demonstrated that transfor-
mations involving intermediate epoxonium ions can be

5-endo Product

induces ring-opening via elimination to generate an interme-
diate zinc alkoxide, which undergoes 5-exo-cyclization onto
the pendant epoxide to afford 38 in 94% yield with complete

preservation of diastereomeric purity (Eq. 14).28
Zn
Me, o} EtOH OH
| O Me 94% S OH (1 4)
37 oH >90:104dr H O Me
>90:10 dr 38

Acetonides have also been utilized as nucleophiles in tetrahy-
drofuran-forming reactions. For example, Still described the
construction of a tetrahydrofuran ring via intramolecular al-
kylation of an acetonide oxygen atom with a tethered alkyl
iodide in the context of a total synthesis of monensin.? In
recent studies Parsons has noted that treatment of 39 with tri-
methylaluminum effects ring-opening of the epoxide with
the tethered acetonide to generate oxonium ion 40, which un-
dergoes subsequent methylation to provide tetrahydrofuran
41 (Eq. 15).%°
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~o
AlMe;
40

Acetonides have also been employed as nucleophiles in Sy1
reactions of 4-methoxyphenyl substituted allylic alcohols.
For example, treatment of 42 with camphorsulfonic acid af-
forded a 95% yield of 44 with 99:1 diastereoselectivity via
intermediate allyl cation 43 (Eq. 16).3! These cyclizations
can also be effected with Lewis acids, although use of Bron-
stead acids provides superior results.

42 43 44
Ar = 4-methoxyphenyl

Ring-formation via intramolecular ether alkylation plays akey
role in a Lewis-acid mediated synthesis of substituted tetrahy-
drofurans from a-diazoesters and B-benzyloxy carbonyl com-
pounds developed by Angle.>? As shown below, treatment of
aldehyde 45 with ethyl diazoacetate and 0.5 equiv of SnCl,
provided tetrahydrofuran 48 in 75% yield and 10:1 dr (Eq.
17).322 This reaction is believed to proceed via nucleophilic
addition of the diazoester to the aldehyde followed by intra-
molecular alkylation of the resulting ether 46 and subsequent
debenzylation of oxonium ion 47. These transformations are
also effective with B-silyloxy ketone and epoxide starting
materials,*® and aryldiazomethanes and tosyldiazomethanes

can be used in place of the a-diazoester component.>*

o 0.5 equiv SnCly _ i
[ J\I( ¥ O:g { Xco Et
Ar 45 O o v

5°/ 10:1dr

Ar = p-MeOCeH, . 48
-, 0OS8SnCl, f,Z—S\Sncln ( 17)
JOJ—K}Z"'COZEt ~CO,Et
46

OEt

0
A

" a7

The synthesis of tetrahydrofurans via enolate O-alkylation
has also been achieved. For example, dianions derived
from 1,3-dicarbonyl compounds can be converted to 2-alkyl-
idenetetrahydrofurans upon treatment with epibromohydrin
derivatives or dihaloethanes.?>¢ As illustrated below (Eq.
18),%% generation of dianion 49 from ethyl acetoacetate fol-
lowed by addition of epibromohydrin results in C-alkylation
to provide enolate 50. This intermediate then undergoes a Li-
ClOy4-promoted intramolecular O-alkylation reaction with
the tethered epoxide to afford tetrahydrofuran 51 as a single
olefin isomer. Substitution on the B-ketoester component is
tolerated, although the diastereoselectivities in these reac-
tions are modest (ca. 1-2:1). The synthesis of tetrahydro-
furans via alkylation of dicarbonyl dienolates with simple
epoxides followed by acid-mediated carbonyl O-alkylation
with the resulting alcohol has also been described.?’

NaH
0 o nBuli OLi OLi B, R
/UVU\OEt = OFEt
49
o Li O._ OEt (18)
o LiCIO
o0 : iClO, HO o _
NNORt| 74%, >98:2 ZE
50 51

A similar transformation has been effected through Lewis-
acid mediated reactions of 1,3-bis(trimethylsiloxy)-1,3-
butadiene (52) with epoxides.*® For example, treatment of 52
with 1,2-epoxypropane and TiCl, stereoselectively provided
(E)-2-alkylidenetetrahydrofuran 55.3% This reaction is be-
lieved to proceed via initial epoxide opening by enolsilane
52 to afford 53, which can undergo ring-closure to provide
54. Elimination of TMSOH from 54 generates the observed
product 55 in 70% yield (Eq. 19). Highly substituted prod-
ucts can be prepared in moderate to excellent diastereoselec-
tivity through the use of 1,2-disubstituted epoxides or
substituted enolsilane derivatives. This transformation is
complementary to the related reactions of lithium dienolate
49 described above, as the opposite alkene stereoisomers are
formed and halogen atoms are retained. For example, treat-
ment of 52 with epibromohydrin in the presence of TiCly
afforded brominated tetrahydrofuran 56 in 48% yield.*3®

0 £ Ti
™MSO OTMS TMSO q'T'C"‘
MOEt BT R N0Et
X .
52 oticl, .,

R__O. gTms OTiCl O OE
A i ™
- Y
54 55 R = CHj3: 70%, >98:2 Z:E
56 R = CH,Br: 48%, >98:2 Z.E

3. Nucleophilic capture of oxonium ions

3.1. Intramolecular addition of nucleophilic alkenes to
oxonium ions

A number of approaches to the stereoselective construction
of tetrahydrofurans involve generation of reactive oxonium
ion intermediates that undergo intramolecular capture by
a tethered nucleophilic alkene.’**° For example, Loh has
described the In(OTf);-mediated coupling of alcohol 57
and aldehyde 58 to generate tetrahydrofuran 60 in 77% yield
with 87:13 dr via intermediate oxonium ion 59 (Eq. 20).402
The observed stereoselectivity is attributed to pseudoequato-
rial orientation of the substituents in the transition state for
cyclization. Overman has developed very elegant methods
for the construction of tetrahydrofurans that are also initiated

HO.__Cy 0

. i In(OTf), CV\Q’CV
(et T
I\

57 58 87:13 dr 60 (20)

2

59
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by the intramolecular cyclization of a nucleophilic alkene
with an oxonium ion, but are terminated by a pinacol rear-
rangement.*! For example, treatment of 61 with SnCl,
affords 64 in 98% yield with 98:2 dr (Eq. 21).** As shown be-
low, the transformation is initiated by Prins cyclization of
oxonium ion 62 to generate carbocation 63, which undergoes
pinacol rearrangement to 64. These reactions provide access
to a wide array of 3-acyl tetrahydrofuran derivatives.

Me
3 -Me
Me” O Me 98% Me A X

O p
61 98:2 dr 64
Me Me (21)
Cu&% Cl4SnO*—F
Me-/L-Q- -Ph| —— | Me~/-0{Ph
Me Me
62 63

Petasis has described the conversion of substituted 1,3-diox-
olan-4-ones to tetrahydrofuran products via methylenation
and Lewis-acid mediated rearrangement.*> For example,
treatment of 65 with dimethyltitanocene followed by triiso-
butylaluminum affords disubstituted tetrahydrofuran 67 in
67% yield with modest stereoselectivity (Eq. 22). The reac-
tion proceeds via rearrangement of oxonium ion 66 followed
by in situ reduction of the resulting trialkylaluminum—
ketone complex. Higher diastereoselectivities are obtained in
transformations of substrates bearing a substituent adjacent
to the carbonyl or disubstitution at the acetal carbon.

1. Cp,TiMe, HO
Oy-0 i
T \_&n 2. i-BugAl 21
0] 67% (2 Steps) o~ Bn
65 61% diastereoselectivity | 67
_ _ . (22)
R3Alo\f l ReAI-Q
4/—Bn| ——
O+ O Bn
66

Takano has developed a Lewis-acid mediated ring contrac-
tion strategy for the synthesis of 2,3,4-trisubstituted tetra-
hydrofurans from 4,5-dihydro-1,3-dioxepin 68.** Use of
(i-PrO),TiCl, as the Lewis-acid generated stereoisomer 69
in 53% yield with 30:1 dr (Eq. 23), whereas use of TBSOTf
afforded a different diastereomer (70) in 85% yield and 13:1
dr (Eq. 24).**2 Chelation is believed to play a significant role
in controlling the stereochemical outcome of the titanium-
mediated process.

CsH14

el
CsHy4 . (23)

o O
A\ (i-PrO),TiCl,/NaBH, 69
Y / 53%, 30:1 dr R

0._0

TBSOT/NaBH, @ o 24)
0 o) 70

o/ 85%, 13:1 dr
68 -0

Allylsilanes and allylstannanes have frequently been em-
ployed as the nucleophilic alkene component in oxonium

ion addition reactions that afford tetrahydrofuran products.
For example, allylsilane tethered o-stannylethers have
been transformed to substituted tetrahydrofuran products
under oxidative conditions.*> As shown below, treatment of
Z-allylsilane derivative 71 with Ce(NBuy),(NO3)s generates
intermediate oxonium ion 72, which undergoes intramolec-
ular reaction with the pendant allylsilane to afford 2,3-cis-
disubstituted tetrahydrofuran 73 as a single diastereomer
(Eq. 25).

T™MS
T™MS
l Ce(NB NO p
€(NBu4)2(NO3)s Jen (25)
\ 83% B
o] O=CH o~ BN
7 * H 73
Bn™ "SnBuj 72

Sarkar has developed an alternative strategy for the genera-
tion of intermediates analogous to 72 that involves treatment
of aldehydes with 1-silylmethyl allylic silane 74. For exam-
ple, tetrahydrofuran 77 was prepared from aldehyde 75 and
allylsilane 74 in 68% yield as a single diastereomer via inter-
mediate 76 (Eq. 26).%¢

PhMe,Si \
0—(  BFsOEt, _
PhMezs' :3 68% BnO OBn
BnO (0]
74 75 (2 equiv) 77
. (26)
PhMe,Si
//—0OBn

oty

BnO * H

76

Yamamoto has described the formation of 2-vinyl-3-hydrox-
ytetrahydrofurans from +y-alkoxyallylstannanes bearing
tethered aldehydes.*’ Either product stereoisomer can be ob-
tained with good selectivity using the appropriate reaction
conditions. For example, the BF;-OEt,-catalyzed reaction
of 78 provided 2,3-trans-disubstituted tetrahydrofuran 81,
which is believed to derive from a transition state in which
the Lewis acid is oriented anti to the allylmetal reagent
(79), in >95% yield with >90:10 dr (Eq. 27).4’® In contrast,
78 is converted to 2,3-cis-disubstituted tetrahydrofuran 82 in
>95% yield with 98:2 dr under thermal conditions (Eq. 28).
The latter transformation is believed to proceed via a
cis-decalin-like transition state 80, in which the aldehyde
is activated by intramolecular coordination with the stannyl
moiety. A variant of this methodology has been developed
that provides access to the analogous 2-vinyl-3-aminotetra-
hydrofurans.*®

H SnBus
74 i

OH
s BF;+OFEt, Z—L LA 595% yield &/ 27
3 S — Z
? 78 °C 90:10dr O
81

SnBu3 OH
g \. Benzene >95% yield (28)
oo o %

O7HBC 100 °C h 2:98 dr
80 82
Marsden*® and Cossy>® have independently developed

methodology for the construction of tetrahydrofurans via
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a Lewis-acid mediated condensation of aldehydes with
substituted 1-oxa-2-silacyclohept-4-enes. For example,
treatment of oxasilacycloheptene 83 with benzaldehyde in
the presence of BF;-OEt, at —78 °C affords tetrahydrofuran
product 84ain 78 % yield with 89:11 dr (Eq. 29). This product
stereoisomer is believed to derive from a transition state in
which the aldehyde substituent is oriented in a pseudoequato-
rial position (86).*°% In contrast, reactions of electron-rich
aldehydes fail to proceed at —78 °C, but upon warming
generate a different tetrahydrofuran stereoisomer (85b).
Marsden suggests that the latter reactions proceed via initial
formation of 84b, which then undergoes reversible ring-
opening upon warming to generate the thermodynamically
favored isomer 85b. Use of the more reactive TMSOTT as
Lewis acid promotes the reactions of electron-rich aldehydes
at lower temperatures to generate the kinetic product 84b
with high diastereoselectivity. Enantioselective variants of
this transformation have also been described,”! along with
a number of interesting applications.>?

Ar AI'\ Ar,

\
K(j + RCHO Lewis Acid % . /b
o-Si— -78°C R™o R0
| 83 84a-b 85a-b
Ar = 3,4-(OCH,0)Ph
84-85a: R = Ph
FMe,Si H 84-85b: R = 3,4-(OCH,0)Ph
~ Ar
RS (29)
e
H 86
Lewis Acid R Major Product Yield (dr)
BF;O0Et, Ph 84a 78% (89:11)
BF;OEt, 3,4-(OCH,0)Ph 85b 58% (8:92)
TMSOTf 3,4-(OCH,0)Ph 84b 73% (90:10)

3.2. Nucleophilic addition to cyclic oxonium ions derived
from vy-lactols

Addition of nucleophiles such as Grignard reagents,>* orga-
nozinc reagents,”* and titanium enolates> to oxocarbenium
ions (e.g., 88) derived from <y-lactol derivatives have been
broadly employed in the stereoselective construction of
tetrahydrofurans.>*->¢ In a representative example, acetoxy-
tetrahydrofuran 87 was converted to substituted tetrahydro-
furan 89 in 72% yield as a 75:25 mixture of diastereomers
via treatment with BF;-OEt, and butylmagnesium bromide
(Eq. 30).>3

H9C4 HQC4
~OTBS HqCy «~OTBS
'H C,HoMgB OTBS ¢ H
o) LalloMabr (H e} (30)
BF3*OEt, O+ 72% H
OAc 75:25dr C4Hg
87 88 89

Many recent studies have led to the development of models
to explain and predict the stereochemical outcome of nucle-
ophilic additions to oxocarbenium ions. As shown below,
Reifig and co-workers have developed a transition state
model that accounts for the stereochemical outcome of the
addition of allylsilanes and silyl enol ethers to substituted
v-lactols (90a—c).>”-® Interestingly, in a series of transfor-
mations involving addition of allyltrimethylsilane to phenyl

substituted lactols, the conversion of the 4-phenyllactol
substrate 90b to 2.4-trans-disubstituted tetrahydrofuran 92
proceeds with the highest diastereoselectivity (95:5)
(Scheme 1). The major product is believed to derive via
reaction through transition state 95 (Scheme 2), in which
developing 1,3-diaxial interactions between the nucleophile
and the lactol ring substituent in the transition state are min-
imized. In this case the kinetic selectivity is complemented
by the thermodynamic preference for pseudoequatorial ori-
entation of the substituent in the ground state (94a>94b).
A similar analysis has been used to account for the observed
selectivities in reactions of lactols bearing substituents at
the 3- or 5-positions.’” Diastereoselectivities in these trans-
formations are believed to be low due to the competing
influence of kinetic and thermodynamic preferences for
addition.

91% 502
63:37 dr 4m

Ph
KOTZOH BF;:OEt, | 80% O
s _~_ SiMe;| 95:5dr m
Ph"
90a: 3-Ph o
90b: 4-Ph | 80% phw
90c: 5-Ph 53:47 dr 93
Scheme 1.

*%---Ph *é}---Ph

Hi —
r94a HH HH “Nu| PR 92

pseudoequatorial Ph - Major

O
i
Ph— O Ph—"0 O s
L 0 — o — 7 g
—H —H \ 97
Ph
94b HH Nuc 96 Minor
pseudoaxial Ph -

.
|
3

Scheme 2.

Woerpel has developed a complementary model for nucleo-
philic addition to 5-membered cyclic oxocarbenium ions
that suggests addition preferentially occurs from the con-
cave face of oxocarbenium ion 98, which is postulated to
react from an envelope conformation (Scheme 3).>° The
preference for ‘inside attack’ from the concave face is be-
lieved to result from a stereoelectronic effect. As shown be-
low, if the allylations proceed through a late transition state,
inside attack would result in a more stable staggered

Nuc |+ Nuc
Inside Attack A N
Inside Attack H§/¢o Hﬂ\o
Nuc H | H 101
EO* 99 Staggered
RN ol 0
Nue Outside Attack H f H HWH
98 H Nuc H Nuc
100 102
Eclipsed
Scheme 3.
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relationship between the partially formed C2-nucleophile
bond and the C3-H bond (99 —101). In contrast, outside
attack would lead to a higher energy eclipsed relationship
between the C2-nucleophile and the C3-H bond (100 —
102).5%

The size of the C2-substituent has a large impact on the
diastereoselectivity of allylsilane additions to oxonium ions
derived from 2,2 4-trisubstituted lactols. For example, treat-
ment of 103a with allyltrimethylsilane and SnBr, generates
a 36:64 mixture of 104a and 105a; the selectivity is con-
trolled by the C4-substituent when the axial C2-substituent
is small. However, reaction of the related substrate 103b
bearing a second isopropyl group proceeds with 95:5 dia-
stereoselectivity favoring the formation of 104b. Developing
1,3-diaxial interactions in the transition state where R'=i-Pr
further disfavor attack from the convex face of the envelope
conformation, which results in improved selectivity
(Eq. 31).°

RWOAC SnBr, Rﬁ/\/ . RGOy
R /\/SiMES R RIU

Me Me Me
103a-b 104a-b 105a-b

= j-Pr, R'= H: 36:64 dr
b R R’ -/-Pr 95:5 dr
Mt};
;Nu)

(1)

Woerpel has also observed that reactions of lactols bearing
oxygen functionality at C4 proceed with unusual stereo-
chemical outcomes. For example, the addition of allyltrime-
thylsilane to 106a bearing a C4 benzyl ether substituent
generated stereoisomer 107a, whereas the analogous addi-
tion of allyltrimethylsilane to 106b bearing a C4-methyl
group afforded diastereomer 108b (Eq. 32).5°° These results
have also been explained through the use of the inside attack
model.

BnO BnO “ BnO Z
K@IOAC SnBr, %7( o
— .

S SiMe: . .
R P 3 R R (32)
106a-b 107a-b 108a-b

a, R = OBn: 94%, >99:1 dr
b, R = Me: 93%, 5:95 dr

Woerpel suggests that the lower-energy oxonium ion enve-
lope conformation (110) bears the C4-alkoxy group in
a pseudoaxial orientation. This conformation is favored
with an ether substituent, as the electron-rich oxygen atom
is placed in relatively close proximity to the electron-poor
cationic carbon atom. However, this stabilizing effect is
not present with a C4 alkyl substituent, thus the lower-
energy conformation (111) bears the alkyl group in a pseudo-
equatorial position to minimize nonbonding interactions.
Inside attack of allyltrimethylsilane on alkoxy substituted
intermediate 110 leads to stereoisomer 107a, whereas inside
attack on 4-alkyl intermediate 111 provides tetrahydrofuran
108b (Scheme 4).

BnO + | BnO- Nuc s
% = Q Me

OBn
110 Nuc 112 Nuc
108a 107a 108b 107b
Favored Favored

Scheme 4.

3.3. Nucleophilic addition to cyclic oxonium ions
generated from acyclic precursors

Although the most common reactions for tetrahydrofuran
synthesis via nucleophilic addition to cyclic oxonium ions
involve generation of the reactive carbocation intermediate
from a cyclic precursor, several interesting and useful trans-
formations are initiated with acyclic substrates that are sub-
sequently transformed to cyclic oxonium ions. For example,
an asymmetric synthesis of 2,5-disubstituted tetrahydrofu-
rans has recently been described that involves reduction of
a lactol that is generated in situ from a y-hydroxyketone
bearing a chiral sulfoxide auxiliary.®’ As shown below,
113 is converted to 2,5-cis-disubstituted tetrahydrofuran
114 with 86:14 dr (Eq. 33).%!'? The starting material is gener-
ated as a single enantiomer via addition of the lithium anion
derived from [(S)-R]-methyl-p-tolylsulfoxide to succinic an-
hydride followed by conversion of the resulting carboxylic
acid to a ketone.

EtsSiH
-Tol 3
Ph)‘vv\ PO Tusor L
s o PhTO " (33)
OH O - 1% $on-Tol
86:14 dr p-To
113 114

A stereoselective synthesis of substituted tetrahydrofurans
via [4+3] annulation reactions between enol ethers derived
from B-ketoesters and oxonium ions generated in situ from
1,4-dicarbonyl compounds has also been described.®®> As
shown below, treatment of 115 and 116 with a catalytic
amount of TMSOTT provided bicyclic tetrahydrofuran 117
in 55% yield (Eq. 34).°%® These transformations proceed
via initial generation of a cyclic oxonium ion (118), which
undergoes intermolecular capture by the nucleophilic diene
to provide 119. A second ionization followed by intramolec-
ular trapping of the resulting cation 120 affords the observed
heterocycle 117. The bicyclic products of these annulation
reactions can be converted to highly substituted monocyclic
tetrahydrofurans with further manipulation.

o
\n/\/lLH v SN OMe cat TMSOTS
TMSO OTMS 55% CO,Me

o}

1115 116 O 117
+ (34)

OTMS
0,,0TMs Oy
0" y coMe — / CO,Me
OTMS OTMS
118 119 120
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4. [3+2] Cycloaddition and annulation reactions

A very powerful strategy for the construction of tetrahydro-
furans involves the use of [3+2] cycloaddition or annulation
reactions. These transformations typically generate two to
three bonds, two stereocenters, and a ring in a single step,
thus providing a convergent and efficient route to highly
substituted products. Many different methods have been de-
veloped that utilize various two- and three-atom components
including epoxides, cyclopropanes, carbonyl ylides, and al-
kenes, although these strategies are often limited to certain
classes of activated substrates.

4.1. [3+2] Cycloadditions of carbonyl ylides

One common approach to the synthesis of tetrahydrofurans
via [3+2] cycloaddition involves Rh-catalyzed reactions of
diazo compounds with aldehydes and activated alkenes.®
For example, the Rh,(OAc),-catalyzed reaction of B-nitro-
4-chlorostyrene with dimethyl diazomalonate and 4-methyl-
benzaldehyde generated tetrahydrofuran 121 in 76% yield as
a single diastereomer (Eq. 35).5%¢

CHO
OZNI . + MeOZCYCOZMe Rhy(OAc),

O
Nz 76%
Ar Ar
Me0,C CO,Me

Ar = p-CgH4Cl 121 (35)

]

MeO,C 9

O,N

122

These transformations proceed via Rh-catalyzed generation
of a carbonyl ylide (e.g., 122) from the diazo compound and
the aldehyde, which then undergoes a [3+2] dipolar cycload-
dition with the alkene.®* In general these transformations are
only effective with electron-poor alkenes. However, Jamison
has recently reported that use of aldehydes bearing cobalt
carbonyl clusters leads to a broader range of reactivity in
these transformations. As shown below, the coupling of alde-
hyde 123 (generated from 2-octynal and Co,(CO)g) with di-
azo compound 124 and styrene generates tetrahydrofuran
125 in 46% yield with 82:18 regioselectivity and >20:1 dia-
stereoselectivity (Eq. 36).5%¢

(CO,)Co=20(CO)
0C)5Co% 9O(C(cjlziao T™S ph Ph Cafin
(0C)s °V\ P T Rhaorgy P A (36)

CsHy4 N2 46%
123 124  82:18 regioselectivity T™S
>20:1 dr 125

Intramolecular generation of carbonyl ylides from a-diazo
ketones bearing tethered carbonyl groups followed by inter-
molecular [3+2] cycloaddition has also been described.®> As
shown below, 126 was converted to 128 in 77% yield upon
treatment with allene in the presence of a Rh,(OAc), catalyst
via carbonyl ylide 127 (Eq. 37).%%*

N —
W Rny(OAC)s \ =
— 04| 770, o} (37)

(¢} (e}
126 127 128

Padwa has developed tetrahydrofuran-forming reactions in
which both generation and trapping of the carbonyl ylide
are intramolecular events.®* For example, treatment of 129
with a Rh,(OAc), catalyst generated 131 in 75% yield via in-
termediate 130 (Eq. 38).°® These transformations have also
been conducted asymmetrically using chiral rhodium com-
plexes,®” and have been utilized in the construction of a vari-
ety of interesting natural products.®*

| e o Rh(OAc) /8_ o H, o
i %@j 7% (38)

129 130 131

An alternative approach to the generation of carbonyl ylides
that avoids use of diazo compounds involves treatment of
bis(chloromethyl)ether derivatives with Sml, (generated in
situ from Sm(0) and I,) or Mn(0)/PbCl,.%® For example,
the Sm-mediated reaction of 132 with 133 generated 134
in 92% yield as a single diastereomer (Eq. 39).5%% Reactions
of substituted bis(chloromethyl ethers) also proceed in ex-
cellent yield, although diastereoselectivities with these sub-
strates are modest.

Sm MeO OMe
ol +MeOUOMe /?_{\

I2
92% 0

132 \ 133 134 (39)

133

[XQSm/\O/\CI] — [xzsmA&
7

A related three-component synthesis of tetrahydrofurans via
[3+2] cycloadditions of carbonyl ylides generated from o-
iodo silylethers (e.g., 135) in the presence of Sml, has also
been described.®” As shown below, this method is highly ef-
fective with unactivated alkene dipolarophiles such as 136,
affording product 137 in 65% yield and >95:5 dr (Eq. 40).
However, the method is limited to the generation of tetrahy-
drofurans bearing identical substituents at C2 and CS5, and
the mechanism of this reaction is not well understood. A
similar transformation using a combination of Mn/PbCl, in
place of Sml, has also been reported.”®

Sml
OTES JJOMe THE-TMU MeO}(OMe
+ — B ———
B MeO 65% o (40)

Et Et
136 >95:5dr
135 137

4.2. [3+2] Annulations involving strained-ring
substrates

Several interesting [3+2] annulation strategies for the synthe-
sis of tetrahydrofurans involve the use of strained-ring
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substrates. For example, 2-vinylepoxides have been em-
ployed as starting materials in Pd-catalyzed [3+2] annulation
reactions with activated alkenes’' or enols derived from
malonates.”> As shown below, treatment of 138 with 139 in
the presence of a Pd(0) catalyst afforded 140 with ~2:1 dia-
stereoselectivity (Eq. 41). This transformation proceeds via
oxidative addition of the epoxide to Pd(0) to generate 141.
Conjugate addition of the pendant alkoxide to the alkylidene
malonate followed by intramolecular capture of the resulting
allylpalladium complex 142 affords the observed product.

o}
NC._CN
\/18 v cat. Pd(PPh3), NP
\ ———————eee
Me 9 66% Me CN
0 68:32 dr \ CN
138 139 140

e

T@J
Me

Me Kr :CSN

141 Pd* 4
Epoxides have also been employed in transition metal medi-
ated radical [3+2] annulation reactions.”> As shown below
(Eq. 42), treatment of 143 with Cp,TiCl,/Zn generates bicy-
clic product 144 in 60% yield with 4:1 dr via initial homoly-
tic substitution of the C2—O bond with the Ti(III) complex to
generate a radical that undergoes cyclization.”** Intermolec-
ular reactions of alkenes with epoxides that proceed via rad-
ical intermediates have also been described.”* Although the
diastereoselectivities in many of these reactions are modest,
the concept is attractive due to the broad availability of
substituted epoxides, and further work in this area may
lead to significant improvements.

Cp,TiCl, H

O A
BOL L i e Lo (42)
EtO,C = 60%, 4:1 dr EtO,C H A

143 144

Cyclopropanes have also been employed as three-atom com-
ponents in [3+2] annulation reactions that afford tetrahydro-
furan products.”” For example, treatment of 145 with
benzaldehyde in the presence of a Sn(OTf), catalyst pro-
vides tetrahydrofuran 146 in 97% yield with 20:1 diastereo-
selectivity (Eq. 43).7°* These reactions are believed to
proceed via Lewis-acid mediated cyclopropane opening to
generate a stabilized carbocation, that is, trapped by the al-
dehyde. Thus, these transformations are typically limited
to activated cyclopropanes bearing aryl substituents.

g S

= . )(i cat. sn(0Th), ¢~ O~-Ph
CO,M
2Me Ph H 97% CO.Me (43)
CO,Me 20:1dr MeO,C 2
145 146

4.3. [3+2] Annulations involving allylsilane nucleophiles

[3+2] Annulation reactions between allylsilanes and alde-
hydes or other carbonyl derivatives, initially developed by
Panek in 1991,7° have been widely employed for the

synthesis of tetrahydrofurans.”” For example, in recent
work Woerpel has effected the annulation of functionalized
allylsilane 147 with a-ketoester 148 to provide tetrahydrofu-
ran 149 in 85% yield as a single diastereomer (Eq. 44).”
These reactions proceed through nucleophilic addition of
the alkene to the Lewis-acid activated carbonyl group to
generate a stabilized siliranium ion (150). This intermediate
is then captured by the pendant alkoxide to afford the ob-
served product.

PhMe,Si ¢

SiMe,Ph o
B . )K SnCly
7 oRe COEt 85% - CO,Et
147 148 149
' (44)
PhMe,Si., [ | COzEt
VQ:\OSHCM_
OAc

150

Roush has recently reported a multicomponent synthesis of
tetrahydrofurans that is based on allylsilane [3+2] annula-
tions.”® This method effects the three-step coupling of two
aldehydes with (E)-y-(dimethylphenylsilyl)allylboronate
151. As shown below, the reaction of 151 with hydrocinna-
maldehyde followed by protection of the resulting alcohol
product as a TBS-ether generates intermediate 152 in 81%
yield.”®® The subsequent reaction of 152 with o-benzyloxy
acetaldehyde in the presence of BF;-OEt, affords tetrahy-
drofuran 153 in 78% yield (63% yield over three steps) and
>20:1 diastereoselectivity (Eq. 45). Ketones bearing a-car-
bonyl groups (e.g., 2,3-butanedione) can be used in place
of aldehydes in the second step to provide more highly
substituted products,’”’® and a,B-epoxyethers have also
been employed as the electrophilic component in these

transformations.8°
! ' SiMe,Ph \
o 3 PhMe,Si
. B a) Toluene, -78 °C . OTBS
00 b) TBSCI, Et;N, DMAP
Ph ;{ 81%
Pro,C CO,i-Pr ’ PH
151 152
OBn (45)
o}
H)K/oan
BF3*OEt,
78%
>20:1 dr

In most Lewis-acid mediated [3+2] annulation reactions be-
tween allylsilanes and carbonyl derivatives the carbocation
generated via addition to the carbonyl derivative is ulti-
mately captured by the resulting Lewis-acid complexed alk-
oxide. However, in a few instances allylsilanes have been
employed in [3+2] annulation reactions in which the carbo-
cation intermediate is trapped by another pendant nucleo-
phile to provide the tetrahydrofuran product. For example,
Angle has reported that treatment of crotylsilane 155 with



J. P. Wolfe, M. B. Hay / Tetrahedron 63 (2007) 261-290 271

a-silyloxy aldehyde 154 affords tetrasubstituted tetrahydro-
furan 156 in 68% yield and 4:1 diastereoselectivity (Eq.
46).8! Similar transformations have been reported that in-
volve aldehyde substrates bearing tethered acetonides,3?
and allylsilane nucleophiles that contain tethered silyl
ethers.®

PhMe,Si

oh HO
Lo BRS0B ) Siveeh
TESO” “CHO N " pBwmP Ph="0 2 (46)
68%
154 155 41dr 156

5. Metal-catalyzed addition or insertion reactions
of diazo compounds

In addition to their utility in [3+2] cycloaddition reactions as
described above, transition metal carbenoids generated from
metal-catalyzed decomposition of diazo compounds have
also been employed in C-H bond insertion processes that
afford tetrahydrofuran products. For example, Taber has
described the Rh,(OAc)4-catalyzed synthesis of 2,3,5-trisub-
stituted tetrahydrofurans from y-alkoxy-o-diazoesters.®* As
shown below, treatment of 157a with a catalytic amount of
Rh,(OAc), affords tetrahydrofuran 160a in 92% yield and
3:1dr (Eq. 47).84° Taber suggests that the prominent reaction
mechanistic pathway for these transformations involves in-
sertion of the carbenoid into the C—H bond via a late, cyclic
‘chair-like’ transition state (158) in which the substituents
are placed in pseudoequatorial positions. In contrast, the mi-
nor diastereomers are believed to derive from a boat-like
transition state that occurs earlier on the reaction coordinate
(Eq. 48, 159). Stereoselectivities are observed to increase if
an inductively electron withdrawing group is located adja-
cent to the site of C—H insertion, which decreases the reactiv-
ity of the C—H bond and leads to a more developed late
transition state. For example, the oxygenated substrate
157b was converted to 160b in 89% yield and 11.4:1 dr.
This methodology has been applied to the total synthesis
of (—)-trans-cembranolide®® and angularly substituted
hydrindenes.®¢

| COzMe
Pho\/w;ijh
COzMe R
PhO™ " Rhy(OAG), 158"Chair"
O N
< Rh
57a-b Pho_ o
a,R=Ph:92% 3:1dr oM
b, R = CH,OPh: 89%, 11.4:1 dr 159"5 "
oa

Transition metal carbenoids generated from a-diazocarbonyl
compounds are also known to react with ethers to generate
oxonium ylides that are useful intermediates in the construc-
tion of tetrahydrofurans. For example, [2,3]-sigmatropic
rearrangements of oxonium ylides (e.g., 163) generated in
this manner have been employed for the construction of
tetrahydrofuran-3-ones.3”-%%  Asymmetric variants of this
method have recently been developed that provide enan-
tioenriched tetrahydrofuran-3-one products with modest

selectivity.®® As shown below, treatment of 162 with catalytic
Cu(MeCN),4PF¢ and chiral diimine ligand 165 provided 164
in 62% yield and 57% ee (Eq. 49).8%

N, Cu(MeCN),PFg Y
\ Ligand
Ve
o) 0 2% o )
57% ee

Ligand=

165 N N=
=

Ar/_ Ar
Ar= 2,6-Cl,CqHs

Oxonium ylides generated via intermolecular Cu-catalyzed
reactions of o-diazoesters with oxetanes (e.g., 168) have
been shown to undergo ring expansion to afford tetrahydro-
furan products. Early studies in this area were conducted by
Nozaki and Noyori, who demonstrated that 2-phenyloxetane
is converted to 2-carbomethoxy-3-phenyltetrahydrofuran
upon treatment with methyl diazoacetate and a copper cata-
lyst.”® In more recent years several highly selective chiral
catalysts have been developed that effect the ring expansion
of a broad range of oxetanes in good yield with high dia-
stereoselectivity and enantioselectivity.”! For example,
treatment of 166 with diazoester 167 in the presence of a cop-
per catalyst and chiral ligand 170 afforded tetrahydrofuran
169 in 74% yield with 95:5 diastereoselectivity and 98%
ee (Eq. 50).°'° Although high selectivities are obtained,
this transformation is currently limited to oxetanes bearing
a cation-stabilizing substituent.

OCMeCy, Cu(OTf, o/ OCMECVZ

Ph
?j . O:g ngand
N/z 95:5dr, 98% ee dr, 98% ee O\/:r
166 167 74%/ 169
CYZMeCOTO
- Ph
Sl {f

168 Ligand =
170 Fe-

(50)

O__R
PRO™NTY 47)

Major COMe

160a-b

o
PhO R (48)

Minor CO,Me
161a-b

6. Conjugate addition/anion capture

Several different methods for the stereoselective construc-
tion of tetrahydrofurans have been developed that involve
tandem conjugate addition of an allylic or propargylic alco-
hol to a Michael acceptor followed by capture of the result-
ing anionic intermediate.'#3%°2 Nitroalkenes have frequently
been employed as the acceptor component in these transfor-
mations,” with subsequent trapping via a second conjugate
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addition,”* radical cyclization,” or dipolar cycloaddition.”®
For example, treatment of nitroalkene 171 with propargylic
alcohol 172 in the presence of KO#-Bu generated tetrahydro-
furan 173 in quantitative yield as a mixture of E/Z alkene
isomers (Eq. 51).°*° Double Michael addition reactions of
v-hydroxyenones that afford tetrahydrofuran products have
also been described.”’

CO,Me O.N CO,Me
NO, I KOtBu Ll
O/ * +BuOH S (51)
HO 100% N
171 172 173

Dulcere has utilized a two-step protocol for the construction
of tetrahydrofurans via oxy-Michael addition of propargyl
alcohols to nitroalkenes followed by Sy2' ring-closure.
This process is not stereospecific, but is highly diastereo-
selective.”**%8 For example, 174 is converted to 176 in
68% yield as a single diastereomer upon treatment with
KOz-Bu and (E)-2-nitro-2-butene (Eq. 52).°® The major dia-
stereomer is believed to derive from transition state 175, in
which AY¥_strain is minimized.

1. KOt-Bu .
H,C CH CHs
HO 3G CHa
2. >_< HAC 0 S+ O HsC
H NO, SN ON-
I 68% AN H-, (52)
° X H,C ©O
c 176
175 ¢
174

Alkylidene malonates have also been employed as Michael
acceptors in tandem conjugate addition/anion capture
reactions that are catalyzed by palladium®®'%° or zinc!'?!
complexes. For example, Balme has noted that the palla-
dium-catalyzed reaction of propargyl alcohol 178 with
alkylidene malonate derivative 177 generates 3-methylene
tetrahydrofuran 179 in 92% yield with modest diastereo-
selectivity (Eq. 53).°° Balme has also described a related
three-component synthesis of highly substituted tetrahydro-
furans from alkylidene malonates, allylic alcohols, and aryl
halides.'%?

Pd(OAC),/PPh;
EtO,C._CO,Et Il n-Buli COLEt
I + — CO,Et (53)
92% .
Ph ,
Ph HO™ "Ph 2.1 dr o~ “Ph
177 178 179

As shown below, treatment of alkylidene malonate 177 with
iodobenzene and allyl alcohol in the presence of KH and
a catalytic amount of Pd(dppe) affords tetrahydrofuran 180
in 60% isolated yield and 85:15 diastereoselectivity (Eq.
54). A number of aryl iodide coupling partners can be em-
ployed in these reactions, although the scope is limited to
primary allylic alcohol nucleophiles. Related transforma-
tions involving propargylic alcohols have also been de-
scribed in which both secondary and primary alcohols are
effectively coupled, albeit with modest diastereoselectivi-
ty.'9?® A similar method involving the use of allyl chloride

in place of the aryl bromide has also been recently reported
by Lu.!%?

| Pd(dppe)

EtO,C.__CO,Et OH
O IO e el e
Ph | 60% CO,Et
|
177 85:15dr o Ph
180

The Pd-catalyzed reaction of allylic alcohols bearing allylic
carbonate functionality at C-4 with alkylidene malonate
derivatives has been employed by Yamamoto for the con-
struction of highly substituted 3-vinyltetrahydrofuran deriv-
atives in good yield with moderate levels of stereocontrol.!%*
For example, treatment of allylic alcohol 181 with 182 in the
presence of a Pd/dppe catalyst provided 183 in 72% yield
and 4:1 dr (Eq. 55). Use of catalysts bearing chiral phosphine
ligands provides the 3-vinyltetrahydrofuran products in up
to 92% ee.

OH
§ NCICN Pdy(dba)ydppe NG feHap-OMe
+ o i Nc)d
O%o CeHap-OMe ﬁgr N (55)
OiPr 182 183
181

7. Oxidation of alkenes, dienes and polyenes

The oxidative cyclization of 1,5-dienes to hydroxylated tet-
rahydrofuran derivatives was initially reported over 40 years
ago'® and has been widely employed in the synthesis of
complex molecules.?><1% Many of these transformations
are limited by the need for stoichiometric amounts of oxi-
dants such as KMnO, or OsO,. However, recent efforts
have been directed toward the development of catalytic ver-
sions of these reactions.!?” For example, Donohoe has ef-
fected the conversion of 184 to 185 in 84% yield as
a single stereoisomer by treatment with catalytic OsO,4 and
excess trimethylamine N-oxide under acidic conditions
(Eq. 56).1972

OBn 5 mol % OsO, BnO,  OBn
4 equiv Me3sNO \
NNF —_ (56)
f)Bn 6 equiv CSA (0]
0 OH OH
184 84% 185

Many early studies in oxidative diene cyclizations were fo-
cused on transformations that generate a single heterocyclic
ring. However, more recent work has allowed for the stereo-
selective construction of bis-, tris-, and pentatetrahydrofur-
ans from polyenes.'”® For example, RuO,-catalyzed
oxidation of squalene (186) afforded 50% of pentatetrahy-
drofuran 187 (Eq. 57).19%% This impressive transformation
generates 12 bonds and 10 stereocenters in one step. The
oxidative cyclization of 1,4-dienes to 2,3,5-trisubstituted
tetrahydrofurans has also been recently reported to occur
with modest yields and regioselectivities.'?”
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0.2 equiv RuO,+2 H,O

8 equiv NalO,
50%

Oxidative cyclization reactions of y-hydroxyalkenes and
polyenes have also been broadly employed for the synthesis
of tetrahydrofurans.®> For example, McDonald has de-
scribed the Re-catalyzed oxidative cyclization of 188 to
189, which proceeds in 84% yield to give a single product
diastereomer (Eq. 58).!'° A number of other oxidants includ-
ing Ti,''! Cr,!190-112 ] 113 and V!!4-based systems have been
used for these transformations, and electrochemical oxida-
tions of enol ethers bearing tethered hydroxyl groups have
also been applied to the synthesis of tetrahydrofurans.'!>

\ cat. (F3CCO,)Re0;
2,6-lutidine
OH 84%

188 189

The oxidative cyclization of cyclohexene diol 190 was ac-
complished using a different strategy for oxidative cycli-
zation. As shown below, use of modified Schreiber
ozonolysis''® conditions led to the efficient conversion of
190 to 191 in 75% yield and 4:1 dr (Eq. 59).'!” This com-
pound was converted to a trisubstituted tetrahydrofuran via
subsequent allylation and reduction.

03, Ac,0 H
HO Et,N, DMAP 0
SRR L o OAc 59
HO™ 75% o} ) ( )
190 4:1dr

191

8. Oxidative cyclization of unsaturated alcohols

The palladium-catalyzed oxidative cyclization of unsatu-
rated alcohols to 2-vinyltetrahydrofuran derivatives was ini-
tially described by Hosokawa et al. in 1976.!'® As shown
below, treatment of 192 with a catalytic amount of Pd(OAc),
in the presence of stoichiometric Cu(OAc), under an oxygen
atmosphere afforded 194 in modest yield but with excellent
diastereoselectivity (Eq. 60). These transformations are be-
lieved to proceed via oxypalladation of the alkene to generate
193. This intermediate undergoes B-hydride elimination to
provide tetrahydrofuran 194, and the resulting Pd(H)(OAc)
complex is reduced to Pd(0) with liberation of acetic acid.

The stoichiometric copper additive serves to reoxidize
Pd(0) to the catalytically active Pd(II) species. Historically
the oxypalladation step has been postulated to occur via
anti-addition of the oxygen atom and the metal across the
double bond. However, recent mechanistic studies suggest
that a syn-oxypalladation manifold is also accessible.!!”

cat. Pd(OAc),
OH Pd(OAc)
CU(OAC)z, 02 Ph 0. ,.\'K

A~ e 40%

192 100:0 dr 193 (60)
PIs®)\ + HP(OAS) Pd(0)
194

Recent studies in this area have been directed toward the
development of catalysts and reaction conditions that do
not require the use of added copper, which simplifies reac-
tion workup and decreases the amount of waste generated
in these transformations. One approach has been to utilize
molecular oxygen in DMSO solvent to effect the Pd(0)-
Pd(IT) oxidation.'?® As shown below, these conditions
effected the conversion of 195 to 196 in 90% yield and
>20:1 diastereoselectivity.'?®® As an alternative strategy,
Stoltz has developed an oxidative cyclization of y-hydroxy-
alkenes that employs a Pd(TFA),/pyridine catalyst in the
presence of atmospheric oxygen; use of DMSO as solvent
is not required.!1%%°

Pd(OAc), ‘
DMSO/O, @ }
—_ 61
O 0 o (61)
195 >20:1 dr 196

This transformation has afforded a variety of spirocyclic or
fused bicyclic tetrahydrofuran products in 60-93% yield.!!®
For example, these conditions effected the conversion of al-
cohol 197 to tetrahydrofuran 198 in 60% yield and >20:1 dr
(Eq. 62).'"°° A number of groups have also been involved
in the development of related enantioselective oxidative
cyclization reactions that provide benzofuran derivatives,
although these transformations are currently limited in
scope. 119121
air
Pd(TFA),
Pyridine, Na,CO3

©/\ MS 3A
OH 60%

197 >20:1 dr

& (62)
o

198

9. Alkene hydroetherification
9.1. Hydroetherification via oxygen radical cyclizations

The hydroetherification of alkenes via cyclization of oxygen-
centered radicals is a useful method for the formation of
tetrahydrofuran subunits. The oxygen radicals are typically
generated through homolysis of a weak oxygen—heteroatom
bond, and undergo rapid 5-exo-cyclization to afford tetra-
hydrofuran products.!?> For example, as shown in Eq. 63,
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Hartung has described the conversion of N-alkoxypiperidine-
thione 199 to tetrahydrofuran 200 in 69% yield with moder-
ate diastereoselectivity (69:31).!23 This methodology has
been extended to the synthesis of 1’-bromo- and 1’-iodotetra-
hydrofurans through addition of a halogen source to the reac-
tion mixture.'?* As shown below, photolysis of 201 in the
presence of C4Fol provided 202 in 80% yield and 71:29 dr
(Eq. 64).

S A hv
N~ BuszSnH
o _BuSnH (63)
Z 69% (]
s X hv
N~ C4Fol
O -
S T Aot 649
Ph 71:29.dr '
201 202

A recent study has demonstrated that substituted tetrahydro-
furans can also be formed from 5-exo-cyclization reactions
of alkoxy radicals generated via hydrogen atom abstrac-
tion.'?® For example, treatment of 203 with Bu;SnH and
AIBN provided 206 in 64% yield and 3.3:1 dr (Eq. 65).
This transformation proceeds via generation of vinyl radical
204 followed by hydrogen atom abstraction from the alcohol
group to provide 205, which undergoes 5-exo-cyclization to
generate the tetrahydrofuran product. This reaction is funda-
mentally interesting, as hydrogen atom abstraction from
alcohols by carbon-centered radicals is rare. However, the
scope is limited to substrates bearing gem-disubstitution in
the tether between the reactive sites, and the relative stereo-
chemistry of the products was not established.

AcO OAc

BusSnH
cat. AIBN AcO
HO 64% o)

Br 3.3:1dr
203 206

AcO OAc Ai0>ﬁO\Ac

HO & +0 N
204 205

(65)

9.2. Hydroetherification via carbocation generation and
capture

The acid-mediated intramolecular addition of O—H groups to
unactivated alkenes is a straightforward approach to the syn-
thesis of tetrahydrofurans. However, these transformations
often are limited in scope. A related, alternative strategy
has been developed by Hosomi that involves Bronstead or
Lewis-acid mediated cyclization reactions of y-hydroxy-
vinylsilanes.'?® For example, treatment of 207 with TiCl,
affords 2,5-trans-disubstituted tetrahydrofuran 210 in 89%
yield with 90:10 dr (Eq. 66).'>” These reactions are believed
to proceed through initial protonation or Lewis-acid activa-
tion of the alcohol to generate 208, which then effects

intramolecular protonation of the vinylsilane moiety. The re-
sulting B-silyl cation (209) is then captured by the tethered
oxygen nucleophile to afford the cyclized product. Deute-
rium labeling studies indicate that the addition occurs with
syn-selectivity, and these reactions are also effective for
the construction of 2,5-trans-, 2,4-cis-, and 2,3-trans-disub-

stituted tetrahydrofurans from Z-vinylsilane substrates.'?’
OH  SiMePh g
4 e
NN e~ PhMesi” (1 Ph
207 90:10 dr 210
| . (66)
+_ SiMe,Ph
PhLor . S)\—H 2
[ H siMe,Ph Ph2-0 |
ClTi cl,Ti—
208 209

The Bronstead acid catalyzed annulation of 3-silyl-bisho-
moallylic alcohols has also been employed for the stereo-
selective construction of tetrahydrofurans.'?® For example,
treatment of 211 with a catalytic amount of p-TsOH pro-
vided tetrahydrofuran 213 in 77% yield as a single diastereo-
mer (Eq. 67).!282 The silicon group plays a dual role in these
reactions as it serves to stabilize the intermediate carboca-
tion (212) via o— conjugation, and also facilitates torquo-
selective nucleophilic attack on the carbocation to generate
a single product stereoisomer.

PhMe,Si  OH cat, p-TSOH o
| 77% /,
21 'SiMe,Ph
. 213
SiR3 (67)
H CH; 4‘
H
OH
212

10. Alkene haloetherification, mercurioetherification,
and selenoetherification

Haloetherification, mercurioetherification, and selenoetheri-
fication are among the most commonly employed methods
for the construction of tetrahydrofurans, and are broadly em-
ployed in the synthesis of natural products. For example,
a key step in Fujioka and Kita’s synthesis of rubreanolide in-
volved the double iodoetherification of acetal 214, which
generated bicyclic tetrahydrofuran 215 in 80% yield with
3.5:1 diastereoselectivity (Eq. 68).'>° Further elaboration
of 215 afforded the natural product (216). Due to the broad
utility of these transformations, this area has been exten-
sively reviewed, and will not be discussed in detail > 130-131
However, a few recent developments of interest are de-
scribed below.

I /
: (
Ph  Ph NIS y
— H,0 0 o
0_ 0 —— H H —
80% o) 68
AIA 351 dr . 0 (68)
= X I O‘X ‘Ph OH
214 I Ph OH
215 216
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10.1. Reagent-based control of chemoselectivity/regio-
selectivity

Several recent studies have been focused on the issue
of chemoselectivity or regioselectivity in electrophilic
etherification reactions of substrates containing multiple
nucleophilic groups.'*!3* For example, Castillon has
demonstrated that the electrophilic cycloetherification of
4-penten-1,2,3-triol derivatives 217a-b can be executed in
either a 5-exo- or 5-endo manner with the appropriate choice
of electrophile and primary alcohol protecting group.'?* As
shown below (Scheme 5), 5-exo-cyclization is favored with
a substrate bearing an unprotected primary alcohol (217a)
under iodoetherification and selenoetherification conditions
(NPSP=N-phenylselenophthalimide) to afford 218 and
219, respectively. Cyclization of the dibenzyl ether substrate
217b proceeded via 5-exo-cyclization under iodoetherifica-
tion conditions to afford 221, but the product of 5-endo-cycli-
zation (220) was obtained upon treatment with NPSP.
Related issues of endo- versus exo-cyclization manifolds
have also been addressed computationally.'3*

10.2. Asymmetric seleno- and haloetherifications

In recent years a considerable amount of effort has been de-
voted to the development of enantioselective seleno- and
haloetherification reactions.'3> A number of different nonra-
cemic selenium reagents have been prepared that derive their
chirality from ferrocene derivatives,'*® C,-symmetric aro-
matic groups,'3” chiral benzyl ethers or thioethers,'*® and
camphor based moieties.!** Reagents bearing chiral amines
also effect asymmetric selenoetherifications with reasonably
good generality and high enantioselectivity.'“® For example,
treatment of 222 with a chiral arylselenyl hexafluorophos-
phate derived from the reaction of diselenide 223 with Br,
and AgPFg provided tetrahydrofuran 224 in 86% yield
with >98% de (Eq. 69).!40°

Ph
O

via iodoetherifications conducted in the presence of a chiral
Co(III)-salen catalyst (227) or a chiral BINOL-derived tita-
nium catalyst.'"*! For example, the Co(IlI)-catalyzed iodo-
etherifications of (Z)-4-pentenol derivatives (225) afford
tetrahydrofuran products 226 in 83-94% yield with 64—
90% ee (Eq. 70).'*12 Similar yields and enantioselectivities
have been obtained in asymmetric mercuriocyclizations cat-

alyzed by chiral Hg(I)-bisoxazoline complexes.!*?
NCS, | l
= OH 2 0.
L\ O
225 \ 226
=N, _N= 83-94% (70)
Co_ 67-90% ee
t-Bu ol o t+-Bu
< § cl §:>
t-Bu t-Bu
227

11. Alkene carboetherification

As described in the preceding sections, a number of methods
for tetrahydrofuran synthesis involve cyclization reactions of
unsaturated alcohols or ethers that generate a carbon-hetero-
atom bond concomitant with the formation of the tetrahydro-
furan C2-O bond. However, analogous reactions that
generate both a carbon—oxygen bond and a carbon—carbon
bond are much less common. Semmelhack has developed
one strategy to effect this transformation that involves Pd-
catalyzed Wacker-type carbonylation reactions of unsatu-
rated alcohols.'*® For example, treatment of 228a with a
catalytic amount of PdCl, in the presence of excess CuCl,
under a CO atmosphere in methanol affords a 9:1 mixture
of 229a and 230a in 90% yield (Eq. 71).'43® As shown below,
these reactions lead to ring closure and installation of ester
functionality at the C1’-position in one step via activation
of the alkene by Pd(II) to provide 231 followed by nucleo-
philic attack of the tethered alcohol to generate 232. This
alkylpalladium complex then undergoes CO insertion, and

o reductive elimination to provide the tetrahydrofuran product.
N 223
% ot (69)
e
NFNOH ~ ° O _Et cat. PdCl, &
Bry, AgPFg g HO _2equiv CuCl, _
222 86% ‘SeAr* | R TCO,MeOH
>98% de 224 228a-b COzMe CO,Me
l 229a-b 230a-b (71)
s R = Me: 90%. 9
Although many reagents have been developed to effect asym- Ho! - oM - B R e e o0 ar
metric selenoetherification, asymmetric iodoetherification K
reactions remain quite rare. In recent studies Kang has de- PdCl, P4CI
scribed the synthesis of enantioenriched tetrahydrofurans 231 232
R'=Bn R'=H
N NPSP I, NaHCOj, N
55%, 50:50 dr o 91%, 86:14 dr
BnO  SePh 5-endo 5-ex0 BnO OH
220 RIO_A_~L 218
R'=Bn OBn R'=H o
N I, NaHCO5 217a:R'=H NPSP Phse” "
86%, 77:23 dr 217b:R' = 99%, 70:30 dr
BnO OH 5-exo 5-exo BnO OH

221

Scheme 5.

219
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Diastereoselectivities and regioselectivities are typically de-
pendent on substituent size and the degree of substitution.
For example, the reaction of 228b, which bears a bulky
phenyl substituent, provides a 76% yield of 229b as a single
diastereomer.'** Substrates lacking a substituent in the
allylic position cyclize with much lower selectivity.!43d This
method has been employed for the synthesis of a broad range
of substituted tetrahydrofurans including fused bicyclic
products.'** Similar transformations of alkynyl and allenyl
alcohols that afford 2-alkylidene- or 2-vinyltetrahydrofurans
have also been described.'* The capture of intermediates re-
lated to 232 with alkenes has also been reported. For exam-
ple, the Pd-catalyzed reaction of 233 with methyl acrylate
affords 234 in 89% yield, albeit as a 1:1 mixture of diastereo-
mers (Eq. 72). However, this transformation is limited to
alcohol substrates bearing 1,1-disubstituted alkenes due to
the tendency of intermediates such as 232 to undergo com-
peting B-hydride elimination side reactions.'#®

__C(O)Me

cat. PdOAc,
i-Bu 1 equiv CuCl,

0,, DMF

72
I._Bu/q\/\/C(O)Me ( )
89%

233 11dr 234

We have recently described palladium-catalyzed carboether-
ifications of alkenes with aryl bromides that afford 2-benzyl-
tetrahydrofurans.'#’” For example, the Pd-catalyzed reaction
of 235a with 1-bromo-4-tert-butylbenzene provides 236a in
68% yield with >20:1 diastereoselectivity (Eq. 73).'4® Sub-
strates bearing acyclic internal alkenes are transformed with
moderate to good diastereoselectivity. As shown below, the
Pd-catalyzed reaction of 235b with 4-bromobiphenyl pro-
vided 236b in 73% yield with 5:1 dr.'*7® In contrast to the
Wacker-type carbonylation reactions described above, these
transformations proceed via very rare mechanistic pathways
involving syn-insertion of an alkene into the Pd—O bond of
intermediate 237, which provides 238.147° This intermediate
undergoes C—C bond-forming reductive elimination to pro-
vide the tetrahydrofuran products.

Pdy(dba),
ri-L \— DPE-Phos or P(o-tol); [\\’ Ar
°,OH 3 R'7 ol
R2 R NaOtBu rR2YH R
235a-b ArBr 236a-b
R A H R
Ar\Pd ,o,H Pd, O (73 )
R37 R2 R%/ R2
237 H 238
Substrate R! RZ R® Ar Yield dr
235a CH,OTBS H H 4-(tBu)CsHsa  68% >20:1
235b Me Me Me  4-(Ph)CgH, 73% 5:1

The construction of tetrahydrofurans bearing attached car-
bocyclic rings via intramolecular versions of this transfor-
mation has also been described.!*® Interestingly, either
product diastereomer can be selectively accessed from the
same starting material with the appropriate choice of

phosphine ligand. For example, treatment of 239 with cata-
lytic Pd/PCy; provided 240 in 51% yield and >20:1 dr
(Eq. 74), whereas use of catalytic Pd/dpp-benzene generated
241 in 56% yield and 15:1 dr (Eq. 75). The reversed dia-
stereoselectivity is believed to be due to a change in reaction
mechanism that is induced by variation of the catalyst struc-
ture. Palladium-catalyzed carboetherification reactions of
allenes and alkynes with aryl bromides that afford
2-vinyltetrahydrofurans have also been reported. 43149

H
HO cat. Pdy(dba)s/P(Cy)s —©

NaOtBu H
\ 51%, 20:1 dr 240

B H
' cat Pd,(dba)s/dpp-benzene O (75)
NaOBu H
56%, 15:1 dr 241

239

(74)

A Prins-cyclization strategy for carboetherification has been
developed by Mikami that generates up to three stereocen-
ters in a single step.'>° As shown below, treatment of bisho-
moallylic silyl ether 242 with methyl glyoxalate and SnCl,
afforded tetrahydrofuran 243 in 67% yield with >91%
stereoselectivity (Eq. 76). This method is currently limited
to activated aldehyde substrates.

MeO,CCHO

4\3 snCl,
i-PrMe,SiO 67% yield

MeO,C.__~ (7 6)
91% diastereoselective

242 243

12. Olefin metathesis

In recent years olefin metathesis has become one of the most
broadly employed reactions in organic synthesis.!>! This
powerful transformation has provided a new strategic discon-
nection that allows for the construction of carbocycles and
heterocycles through formation of bonds that would be diffi-
cult to construct with other methods. Not surprisingly, this
technology has been applied to the stereoselective synthesis
of tetrahydrofurans via two-pot procedures in which dihydro-
furans are prepared via alkene metathesis and then converted
to tetrahydrofurans via hydrogenation.'>! For example, in
Jacobsen’s synthesis of muconin the diallyl ether derivative
244 was treated with the Schrock metathesis catalyst to afford
245, which was then hydrogenated to afford 246 (Eq. 77).'>?
Other recent examples of this approach to tetrahydrofuran-
containing natural products include Evans’ synthesis of
guar acid,'>* and Crimmins synthesis of mucocin.!>*

i-Pr;
PBBO F4C_CFs NQ
>0 “0 i-Pr
SN
yo
F3C CFy Ph
99%

\ [e]
\ ‘s
0
/\S
"OTBS
H12C2s
244

(77)




J. P. Wolfe, M. B. Hay / Tetrahedron 63 (2007) 261-290 277

In recent studies Grubbs has demonstrated that ring closing
olefin metathesis can be coupled with catalytic hydrogena-
tion to afford tetrahydrofuran products in a one-pot pro-
cess.!”> As shown below, triene 247 was treated with
Grubbs’ first-generation metathesis catalyst (Cl,(PCys),-
RuCHPh) to effect a ring-opening/ring-closing metathesis
cascade that generated intermediate bis(dihydrofuran) 248.
Once complete conversion of 247 to 248 was achieved, the
reaction vessel was charged with an atmosphere of H to ef-
fect the reduction of the less sterically hindered double bond
and provide 249 (Eq. 78). Under these conditions the olefin
metathesis catalyst is converted to RuHCI(H,)(PCys3),,
which catalyzes the hydrogenation step.

PCy3
o“\( ol =P o 1 o |

cr F"Cy H
— o (78)
90%
O\J o | 0
247

248 249

One popular alkene metathesis strategy for the synthesis of
tetrahydrofurans developed by Blechert involves ring-open-
ing of a strained alkene, such as a 7-oxanorbornene, followed
by intermolecular cross metathesis with a second alkene.!>¢
This process is commonly referred to as ring-opening cross
metathesis (ROCM).">7158 In a representative example,
7-oxanorbornene 250 was treated with ruthenium carbene
catalyst 251 in the presence of propene.'>** Opening of the
strained ring affords an intermediate carbene that undergoes
cross metathesis with propene to afford bicyclic product 252
in 98% yield as a 3.5:1 mixture of olefin stereoisomers
(Eq. 79). Competing ring-opening metathesis polymeriza-
tion (ROMP) is minimized by carrying out the reaction under
high dilution conditions. Although most of these transforma-
tions lead to incorporation of 2 equiv of the alkene coupling
partner, Blechert has reported that the Ru-catalyzed reaction
of a sterically bulky 7-oxanorbornene with a slight excess of
the terminal alkene component afforded a tetrahydrofuran
product that incorporates only one unit of the terminal alkene

substrate. !>
PCy3 Ph
o8, | WD Sl o e
o + l PCy3 251 (79)
Bt oo
98%, 3.5:1 E,E.EE,Z
0~ b P oMo
250 252
Ry
PO gy L
Cl< jPh 4

Q o-RY 257 Y
ﬂbx PCys favored
256 ¥ o)
ra L ox

259 Y
disfavored

Scheme 6.

R o
[ Ul/ﬂbx
Iy

Ru]\/\b:

Ozawa has also noted that highly selective ROCM of norbor-
nene derivatives can be effected using phenyl vinyl selenide
as the acyclic olefin in the presence of selenoruthenium car-
bene 254.'%° High yields were observed for the Ozawa pro-
cess although E/Z isomer ratios were modest (55:45 to
84:16). For example, treatment of 253 with phenyl vinyl sel-
enide in the presence of catalyst 254 provided 255 in near
quantitative yield as an 84:16 mixture of olefin stereoiso-
mers (Eq. 80).

clh PCV3 Y3 sePh

X

. X+ SePh
0 SePh ClI7 PCy 254 = O oy
3
e (80)

99%
MeO-C b e 8416 Ez MeO,C COMe

253 255

Arjona and Plumet have demonstrated that ROCM of
2-substituted 7-oxanorbornenes provide substituted tetrahy-
drofuran products with good levels of regioselectivity when
substrates bearing a bulky C2-endo-substituent are used.'®°
As shown below (Scheme 6), treatment of 256 with allyl ace-
tate in the presence of Grubbs’ first-generation catalyst af-
forded an 81:19 ratio of 258:260 in 75% yield. The
regioselectivity in this transformation is believed to arise
from steric effects that favor formation of metallacycle
257 over 259. In contrast, the analogous 2-hydroxy or 2-
oxo substrates provided 1:1 mixtures of regioisomers.
Rainer has also noted that regioselective ROCM reactions
of 2-tosyl-7-oxanorbornenes proceed with high levels of re-
gioselectivity provided the endo-tosyl isomer is used.'®' As
shown below, endo-tosyl norbornene 261 was converted to
262 in 61% yield as a single regioisomer (Eq. 81), whereas
exo-tosyl norbornene 263 was transformed to tetrahydro-
furan 264 in 80% yield with 9:1 regioselectivity (Eq. 82).

PCy;
Cl. | JPh

CI’er \\

o MesN” ~NMes \
Aj OAc - ‘Co (81)
+ ﬁ 61%, 1:1 E:Z L

Ts 261 Single Regioisomer {/262
OAc
cl. :Cy3Ph
R \
MesN~ "NMes N
o, oEt J )30 (82)
Ts\Lb W 80%, 0.9:1 E:Z I
263 9:1 Regioselectivity {/ 264
OAc

Y
1. 7 OAc xzj maior
2. Hy, PdIC 8o ~one
258
X
/\OAC i—!Y minor
2 H2 Pd/C N o) /"’/\OAC
260

X =H,Y =0Ac: 75% yield, 81:19 regioselectivity
XY = C=0: 75% yield, 1:1 regioselectivity
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Snapper has demonstrated that ROCM reactions of highly
strained tetrahydrofuranyl cyclobutenes provide 1,5-dienes
that undergo [3,3]-sigmatropic rearrangement to give
medium-ring products.'®> As shown below, treatment of
265 with alkene 266 in the presence of the Grubbs catalyst
provides 267, which is converted to 268 in 90% yield upon
thermolysis (Eq. 83). The cyclobutene precursors are
prepared via intramolecular [2+2] cycloaddition reactions
of iron—cyclobutadiene complexes.

pr, H TBSO NN 266 p. M
” ---H Cly(CysP),Ru=CHPh ’
A= 2% o ~ OTBS
o0 “Me 8:1 Regioselectivity o “Me )2
265 267

ROCM has been combined with other metathesis processes
to provide facile access into more complex molecular archi-
tectures.'®® For example, the Ru-catalyzed reaction of 269
with allyl acetate provides bicyclic product 270, which
arises from a tandem ROCM/ring closing metathesis process
(Eq. 84).

0
Cly(PCys),Ru=CHPh ( o .
7 H 2 3)2 \
;bo ~one R S8
Y 80% 270 ¢

Ring-opening/ring-closing metathesis reactions have also
been applied to the synthesis of complex tetrahydrofuran
structures.'® For example, Winkler has demonstrated the
conversion of 271 to 272 in the presence of the second-gen-

eration Grubbs metathesis catalyst (Eq. 85).!642
ol P
MesNJ\NMes
Y = > (Y e
O/\\ 50°/
O Boc
271 212

13. Ring-closure via allyl transition metal intermediates
13.1. Cyclizations that form C-O bonds

A number of stereoselective tetrahydrofuran syntheses em-
ploy a strategy that involves nucleophilic capture of interme-
diate allyl transition metal complexes. In general these
reactions are highly diastereoselective, and enantioselective
variants of these transformations have been achieved
through the use of chiral transition metal catalysts.'® In
a representative example, Rein has described the

construction of tetrahydrofuran 275 in 76% yield as a single
diastereomer via the Pd-catalyzed intramolecular allylic al-
kylation of 273, which proceeds through intermediate allyl-
palladium complex 274 (Eq. 86).'°° In contrast to Sn2
allylation reactions, the Pd-catalyzed allylations occur
with overall retention of stereochemistry, as both the gener-
ation and trapping of the allylpalladium complex proceed
with inversion of configuration. In some cases use of
stannylethers in place of alcohol nucleophiles leads to supe-
rior results in these reactions, as the stannylethers are more
nucleophilic toward the intermediate allylpalladium species
than alcohols, and free alcohols are also prone to competing
transesterification.'®” For example, treatment of 276 with
Me;SnCl and a Pd-catalyst provides 277, which results
from nucleophilic attack at the more substituted position,
in 77% yield as an 8:1 mixture of diastereomers (Eq.
87).168 Low yields (40-50%) were obtained under condi-
tions in which significant amounts of the free alcohol were
present in solution.

OPiv OPiv /OPV
HO
Pds(dba)s HO
neocuproine [0}
PivO 6% < (86)
) Pd— N
RO,C
CO,R P|vO CO,R 2
273 274 - 275
Ph P;
HO Pd(OAC),/PPhs 8
NaH, Me,SnCl H
. A O
7% H= (87)
OBz 8:1dr
276 ?
OTBDPS OTBDPS

Burke has employed a desymmetrization strategy using Pd-
catalyzed allylation reactions for the conversions of meso- or
C,-symmetric diols to highly substituted tetrahydrofuran
products.'®® For example, treatment of diol 278 with a cata-
lytic amount of Pd,(dba); and the chiral Trost ligand DPPBA
(280) generated trisubstituted tetrahydrofuran 279, a precur-
sor to the F-ring of halichondrin B, in 87% yield as a single
diastereomer (Eq. 88).'%°% This strategy has also been em-
ployed for the construction of members of the annonaceous

acetogenin family of natural products.'6°®
HO OAc
_~_OAc Pd,(dba)s N Mol
(R.R)-DPPBA 7
X
OAc 87%

HO HO 279

278
DPPBA = (88)
280 O “{ O

Clom 0
PPha  PhoP
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Trost has recently described an asymmetric synthesis of
tetrahydrofuran 284 from alcohol 282 and alkene 281 that
involves a one-pot sequence of two metal-catalyzed reac-
tions.!” As shown below, the Ru-catalyzed ene—yne
coupling of 281 and 282 generates intermediate 283, which
is then converted to tetrahydrofuran 284 in 84% overall yield
and 76% ee via an asymmetric allylpalladium cyclization
reaction (Eq. 89).1702

\ SR, HO— SR
|| IcPRuMeCN)PF,
4
O,NCgH,4O HO
281 282 OCeHINO2 ] (89)
283
(allylPdCl) .
DPPBA - R3S'%}
__DPPBA H
84%, 76% ee o =
284

In most Pd-catalyzed allylation reactions the intermediate
allylpalladium complex is generated through oxidative
addition of an allylic acetate or related compound. However,
the synthesis of tetrahydrofurans via allylpalladium interme-
diates that are generated through formal transmetalation
reactions has also been achieved. For example, Szabo and
co-workers have effected the Pd-catalyzed conversion of hy-
droxy-substituted allylsilane 285 to tetrahydrofuran 286 in
69% yield, albeit with poor (1:1) diastereoselectivity (Eq.
90).!"" These reactions require the use of stoichiometric
amounts of Cu(Il) salts, which serve to reoxidize Pd(0) to
Pd(II) after the cyclization (formally a reductive elimination
process), and provide an alternate strategy to access 2-vinyl-
tetrahydrofurans.

Li,PdCI
OH 2 4
CuCl
)\/\/\/ SiMe3 # \/@*»Ph
Ph 69%, 1:1dr
285 286
' (90)
OH

Ph)\/\/rlx\

PdCI

Although most reactions that afford tetrahydrofuran prod-
ucts via allylmetal intermediates employ palladium cata-
lysts, a variety of other metals including Fe!”? and Mo'”3
have been used to promote these transformations. For exam-
ple, diastereomerically pure allylmolybdenum complex 287
has been transformed to tetrahydrofuran 288 with no loss of
stereochemical purity (Eq. 91).

OH 1. NaOBF, HO,  OH
M\OH 2. NayCO, <—§
| : 49%, >98:2 d 91
TpMo(CO), OH % 2982dr "o (o1)
288

287

13.2. Cyclizations that form C-C bonds

Most syntheses of tetrahydrofurans that involve allylpalla-
dium intermediates effect C—O bond formation to generate

the heterocyclic ring. However, several examples of tetra-
hydrofuran formation via C—C bond construction have also
been described that involve insertion of an unsaturated group
into a Pd-allyl complex.'”* For example, treatment of ethe-
real 1,2,7-triene 289 with phenylboronic acid and a catalytic
amount of Pd(PPh3), generated 291 in 59% yield as a single
diastereomer (Eq. 92).'7° This reaction proceeds via allyl-
palladium formation followed by allene insertion to provide
vinylpalladium intermediate 290. This species can undergo
transmetalation with the arylboronic acid followed by C-C
bond-forming reductive elimination to give the observed
product.

Pd(PPh3), H  Ph
K3PO, _ —
J/w _PhBOH),
B o
291
W PdBr (92)
L
o)
290

Takacs has developed a method for the conversion of bis-1,3-
dienes to tetrahydrofuran products via palladium-catalyzed
oxidative cyclization/nucleophilic trapping with excellent
stereoselectivity.176 As shown below, treatment of 292
with a Pd(0) catalyst and N-hydroxyphthalimide affords

293 in 67% yield as a single diastereomer (Eq. 93).!7°

n-CsHyq
Pd,(dba)s PhtNO
A4 (o-biphenyl)P(t-Bu),
N-hydroxyphthalimide
\W 7% (93)
Bn o Bn'"'
292

14. Metal-catalyzed cycloisomerization reactions
14.1. Enantioselective cycloisomerization reactions

Transition metal-catalyzed cycloisomerization has been
widely employed as a convenient method for the formation
of substituted tetrahydrofurans, as products are generally ob-
tained in good yields and the allyl propargyl ether substrates
are easily prepared. Considerable emphasis has been placed
on the development of asymmetric versions of these reac-
tions, and the details of this chemistry have been described
in several reviews.!”” In a representative example, the cyclo-
isomerization of 294 to 295 in quantitative yield and 94% ee
was achieved by Mikami with a Pd/BINAP catalyst system
(Eq. 94).178 Zhang has reported several Rh-catalyst systems
that effect these transformations with high levels of

CO,Me

Pd(TFA), | - —coMe
<~ |l (R)-BINAP : /7
>99%, 94% ee (94>
(0]
O
294 295
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enantioselectivity (>99% ee),'” and has also recently
described a highly efficient kinetic resolution of racemic
1,6-enynes bearing alkyl substituents at both the allylic po-
sitions. As shown below, treatment of (£)-296 with a catalyst
comprised of [Rh(COD)CI],/BINAP provided a 49% iso-
lated yield of tetrahydrofuran 297 in >99% ee along with
a 48% isolated yield of enyne 298 in >99% ee (Eq. 95).'%°

HO o) HO
C( [Rh(COD)CI], \f
\ (S)-BINAP “ \

7 o
296 297 298
0% ee 49% yield 48% yield
>99% ee >99% ee

Krische has recently reported a simple, enantioselective re-
ductive cyclization of 1,6-enynes that employs molecular
hydrogen as the reducing agent. For example, treatment of
299 with a chiral rhodium catalyst under an atmosphere of
hydrogen afforded 301 in 77% yield and 98% ee.'®! Mech-
anistic studies suggest that these reactions proceed via initial
oxidative cyclization to generate intermediate 300, which
then undergoes hydrogenolysis to afford the observed prod-
uct (Eq. 96).

Rh(COD),OTf
BnO (R)-BINAP

Il e

M
M N ©
~ 77%

9 0
0~ 299 98% ee 301

(96)

O
300

14.2. Cycloisomerization with concomitant generation
of a C-O bond

As described above, carbon—carbon bond-forming cycloiso-
merization reactions have been thoroughly explored and
documented in the literature.!”” However, related processes
that generate a carbon—heteroatom bond during the cycloiso-
merization are relatively rare. In recent studies Lu has devel-
oped a cycloisomerization-type reaction of 1,6-enynes that
effects acetoxylation of the alkyne to generate heterocycles
bearing enol acetate functionality. For example, treatment of
302 with Pd(OAc), and 2,2'-bipyridine (bpy) affords 303 in
84% yield as a single alkene stereoisomer (Eq. 97).'%?

CsHy1 CsH
CHO Pd(OAC),/bpy s
/- HOAC AcO N\ CHO (97)
84%
o o
302 303

Genet has developed a cycloisomerization-type reaction
of allyl propargyl ethers that leads to the incorporation
of a hydroxyl group.'®? As shown below, the Pd-catalyzed
cyclization of 304 under biphasic conditions generates

tetrahydrofuran product 305, which results from formal
syn-carbohydroxylation, in 63% yield as a single diastereo-
mer (Eq. 98).!83° Mechanistic studies suggest that this trans-
formation proceeds via alkyne complexation to give 306,
followed by alkene cyclization to afford a cyclopropyl palla-
dium carbene (307). This intermediate then undergoes ring-
opening with water to afford 308, followed by protonolysis
to generate the observed product.!®* An enantioselective
version of this reaction that proceeds in up to 85% ee has
also been described. '8’

s OH
7 cat PdCI,/TPPTS H s
Dioxane/H,O o | P
O 30 63%
= 305
| "
S ‘ y 4 OH (98)
AN J H,0 S
5 — |0 I o} |
= D S N
Pd(ll) ClzPd PdCl,”
306 307 308

Electrophilic gold catalysts have been employed in reactions
of alcohol tethered 1,5-enynes that generate spirocyclic or
fused bicyclic tetrahydrofuran products via cycloisomeriza-
tion with intramolecular C—O bond formation.'®¢ For exam-
ple, treatment of 309 with a catalytic amount of AuCly
provides bicyclic tetrahydrofuran 310 in 90% yield as a sin-
gle diastereomer (Eq. 99). The authors suggest this transfor-
mation likely occurs via alkyne activation followed by
concerted cyclization with subsequent proton transfer to
afford the product.

| Cat. AuCls
I 90%

Ph Ph
| 1 (99)
+HO Me
HO~
Kjgj)f : AuCly~
ph A Cls H oy

15. Radical C-C bond formation

Numerous methods for the generation of tetrahydrofurans
involve ring-closure via radical-mediated C—C bond forma-
tion. These methods have been reviewed previously,'®” al-
though this section will provide a brief overview of recent
developments in this area.

15.1. Cyclizations that form one bond

The stereochemical outcome of many tetrahydrofuran-form-
ing radical cyclizations is often highly dependent on reaction
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conditions. For example, Lewis-acid additives have a pro-
found effect on the diastereoselectivity of these transforma-
tions.'®® As shown below, treatment of 311 with AIBN/
Bu;SnH afforded 2,4-trans-disubstituted tetrahydrofuran
313 in 60% yield with 4.5:1 dr (Eq. 100).!88 The stereo-
chemistry of the major product can be rationalized with
the Beckwith transition state model, which suggests that
the radical cyclization step proceeds via a chair-like transi-
tion state (312).'%° However, use of an AlEt; additive led
to the generation of the 2,4-cis-disubstituted product 316
in 74% yield and 7.4:1 dr (Eq. 101). This effect is believed
to derive from an unfavorable steric interaction between
the Lewis acid and the adjacent pseudoequatorial R group
in transition state 315 that can be relieved by relegating
the substituent to an axial position (transition state 314).

AIBN H ¥ Bu._O
Bu;SnH RJ\' / — (100)
fw l o/\/l U
313
60%, 4.5:1 dr

H (101)
e Q

(7N

Bu
o SePh
H AI(E)s

\_ AIBN [LA_O\\/l

Bu;SnH
hv

314 315 o
favored disfavored 2%, 7 4 Tdr

Radical cyclizations of haloacetal substrates are an efficient
means of preparing 2-alkoxytetrahydrofurans with high dia-
stereoselectivity.'”’ For example, treatment of 317 with
Et;B/O, and Bu3SnH provides tetrahydrofuran 319 in 65%
yield with >98:2 dr (Eq. 102).'°%° These reactions are be-
lieved to proceed through a chair-like transition state in
which the alkoxy substituent is placed in a pseudoaxial ori-
entation to maximize anomeric stabilization (318).'°°* Anal-
ogous cyclizations involving propargyl ether substrates have
also been described.!”!

EtO, EtO,

Y EtyB/O, OEt
O Br _BusSnH H~ /| —— =~ 0O
\ OZ\/ 65% \ (102)
\ \ >98:2 dr N
317 318 319

Burke has developed a method for the formation of 2,3-
trans-disubstituted tetrahydrofurans via radical cyclizations
of a-thioesters bearing tethered vinylsilane groups.'? For
example, treatment of 320 with AIBN and Ph;SnH afforded
321 in 95% yield and 2:1 dr (Eq. 103). This reaction is be-
lieved to proceed via transition state 322, which avoids
eclipsing interactions between the fert-butyl ester group
and the vinylsilane moiety.

PhsSnH

_ iPh AIBN ">SiMe,Ph
PhMeSis 0" co,t8u 95% 0" >CO,t-Bu
320 2:1dr 321
41EZ ( 1()3)
CO,t-Bu
[ 2 /E\/SlMezPhl
322

Radical cyclization reactions of enantiomerically pure
B-alkoxyvinyl sulfoxides provide 2,5-cis-disubstituted tetra-
hydrofuran products in high yield and diastereoselectivity
regardless of the substrate olefin geometry.'”* As shown be-
low, treatment of iodide 323 with Bu3SnH and Et;B generates
324 in 95% yield with 94:6 dr (Eq. 104).!93? A related cycli-
zation of vinyl sulfones has been employed by Evans for the
construction of 2,5-cis-disubstituted tetrahydrofurans. For
example, 325 was converted to 326 in excellent yield and

diastereoselectivity (Eq. 105).'94
[ BusSnH
«{ Tol B(Et), vﬂv\ Tol
BnO. /"O/\/S\O 95% nO t o 1 S\O (104)
94:6 dr
323 324
Br.
J_>: (TMS)3SiH
B(EDs SO,Ph
4 SO,Ph 2 105
o 99% HOH (105)
>19:
325 219:1 dr 126

Radical-mediated cyclizations of B-bromoalkyl propargyl
ether substrates have also been employed for the construc-
tion of tetrahydrofurans.'®> In contrast to the examples de-
scribed above, these transformations lead to generation of
a stereocenter at the radical-bearing carbon atom. For exam-
ple, the conversion of 327 to 328 in the presence of AIBN
and EPHP (1-ethylpiperidine hypophosphite) was achieved
in 78% yield with >20:1 dr (Eq. 106).'°5* These conditions
avoid the use of toxic tin hydride reagents and simplify prod-
uct purification.

MeO MeO

MeO EtO EPHP Meo@
AIBN / EtQ
o — o) (106)
78%
0 Br >20:1dr 0]
\{

327 328

Radical-mediated hydrogen atom abstraction/cyclization
processes have also been employed for the construction of
tetrahydrofurans.'®® For example, treatment of vinyl iodide
329 with a catalytic amount of Bu3;SnCl and stoichiometric
NaBH;CN afforded an 86:14 mixture of 330:331 (Eq. 107).
Although mixtures of diastereomers are obtained, this
method appears to have potential utility as the substrates
for these transformations are simple to prepare.

Bu,SnCl
(¢ NaBHCN 0
T e6%
84:16 (107)
329 330 331

exo:endo = 3.7:1

One electron reductions of epoxides mediated by Ti(IIT)
have been used as an entry to carbon- centered radicals
that can undergo cyclization to provide tetrahydrofuran
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products.'?”19% As shown below, treatment of 332 with tita-
nocene(IIl) chloride (generated in situ from commercially
available titanocene(IV) chloride) provides 334 with
>20:1 dr via intermediate radical 333 (Eq. 108).!98

HO

o OTiCp,Cl
B (N e

76% ""Naph

O” "Naph 0O~ “Naph >20:1 dr o P
332 333 334

(108)

Radical-mediated cyclizations have also been employed for
the stereoselective construction of bis(tetrahydrofurans)
from acyclic precursors. For example, treatment of 335
with AIBN/BusSnH generates 336 in 81% yield as a single
diastereomer (Eq. 109).!%°

cat. AIBN
BuzSnH

81% (109)

15.2. Cyclizations that form two bonds

Many radical cyclization reactions are terminated via cap-
ture of the final radical intermediate with a hydrogen atom
that is donated by Bu3SnH or a related reagent. However,
use of other trapping agents allows for the formation of
two bonds in a single process and facilitates the synthesis
of more elaborate structures.'®” For example, Evans has
reported that treatment of E-vinyl sulfone 337 with allyltri-
butyltin, Et;B, and air affords tetrahydrofuran product 338 in
91% yield as a 1.4:1 mixture of diastereomers (Eq. 110).2%°
Excellent stereocontrol is observed for the formation of the
2,5-cis-disubstituted tetrahydrofuran, although modest
stereoselectivity is obtained in the allylation step.

Br /\/Sf]BUS
BEt,, Air M
/ﬁ\ SO,Ph —— o 110
O/\/ 2 91% SO,Ph ( )
337 1.4:1dr 338

Knochel has developed a tandem radical cyclization—alkyl-
ation reaction that employs radical/polar crossover pathways
for functionalization after the initial radical cyclization.?"!
As shown below, treatment of haloallyl ether 339 with cata-
Iytic Ni(acac), in the presence of Et,Zn effects cyclization
and generation of an alkylzinc reagent. The resulting inter-
mediate (340) is converted to an organocuprate that is sus-
ceptible to electrophilic capture by an allylic bromide to
provide 341 in 69% yield as a 9:1 mixture of diastereomers
that are epimeric at C2 (Eq. 111).2°1@ The observed product
stereochemistry is in accordance with the Beckwith transi-
tion state model.'®?

CO,E
Ph Znl Ph
Ph
\/<O Ni(acac), cuone2icl
7~ EtyZn o CO,Et (111)
OBu oBul| Br OBu
339 340 69% 341

9:1dr

Another crossover process has been developed by Murphy
and co-workers for the synthesis of bis-tetrahydrofuran or
spirocyclic tetrahydrofuran products with C—O bond forma-
tion occurring after radical cyclization.?®> For example,
treatment of aniline derivative 342 with NOBF, leads to
the formation of radical 344 through an intermediate diazo
derivative. 5-exo-Cyclization followed by one electron oxi-
dation and trapping with tetrathiafulvalene (TTF) affords
alkylsulfonium salt 345, which undergoes intramolecular
Sn1 substitution with the pendant alcohol to generate the
tetrahydrofuran product 343 in 42% yield as a single diaste-
reomer; the relative stereochemistry was not determined
(Eq. 112).

o
0\:\10} NOBF,, TTF 0
@NHZ 42%
342 343
| (112)
HO HO / s
w . S+ /)
o o) o S
©° OH
344 345

The installation of halogen atoms after cyclization has been
effected using atom-transfer radical cyclizations.!'®7-2%3 For
example, Hiemstra and Speckamp have reported an atom-
transfer radical cyclization reaction of a-chloro esters that
affords 2,3-disubstituted tetrahydrofurans containing a C3-
chloroalkyl substituent.?* As shown below, 346 was con-
verted to 347 through the use of a copper-bipyridine reagent
(Eq. 113). Chemical yields for these reactions are generally
good, although highest diastereoselectivities are observed in
reactions of substrates bearing internal cyclic olefins. Speck-
amp has also described a similar transformation involving

xanthate group transfer.?%
o~
T _cuopyar | ©
Z 7707 "COo,Me 75% 0~ “CO,Me

E46 64:36 dr J 347 (113)
H H "Cle”
s - [5

07 co,Me 07 >co,Me

An interesting synthesis of fused bicyclic tetrahydrofuran
349 from ether 348 has been achieved using tandem a radi-
cal cyclization reaction that forms a carbon—carbon and a
carbon-silicon bond (Eq. 114).2°¢ As shown below, homoly-
sis of the C—Se bond in 348 with catalytic AIBN/HSnBu;
followed by S5-exo-dig cyclization affords vinyl radical
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350. An intramolecular hydrogen atom transfer generates
silicon radical 351, which undergoes 5-endo-trig cyclization
and reduction to afford the fused bicyclic product 349 in
85% yield as a single diastereomer.

tBu. SBY tBu_ tBu
SH_pn Si_pn
S~ cat ABNBUSH_ Q
o 85% = H
0" SePh O 349
348
(114)
t-Bu t-Bu
t u. Jt-Bu
t-Bu. S|H , FBU- S|H tBu-Sie Ph
T Ff - ”g
350 351

Most radical cyclization reactions are effected using sub-
strates bearing functional groups such as halides, sulfides,
or selenides that are employed as radical precursors. How-
ever, several other strategies initiate radical formation via
addition to or oxidation of a double bond.2°” For example,
Sibi has developed tandem radical addition—cyclization re-
actions for the stereoselective synthesis of 2,4-trans-disub-
stituted tetrahydrofurans from alkyl halides and alkylidene
malonates that effect the formation of two C—C bonds.?®
As shown below, treatment of 352 with isopropyl iodide in
the presence of Bu3SnH, a radical initiator (Et3B/O,), and
a Lewis acid [Yb(OTf);] affords tetrahydrofuran 353 in
70% yield with >50:1 dr (Eq. 115). This transformation is
believed to proceed through chemoselective conjugate addi-
tion of the isopropyl radical to the alkylidene malonate fol-
lowed by 5-exo-cyclization and hydrogen atom abstraction
to afford the tetrahydrofuran product. Formation of the
2,4-trans-disubstituted tetrahydrofuran can be rationalized
by applying the Beckwith transition state model as described
above; the stereoselectivities of these reactions range from 1
to 50:1 and are dependent on alkene substitution.

i-Prl,Yb(OTH),

O O BusSnH Me,OC
Meok[%m B8O Meo,Cy (115)
70% .

4 |
o >50:1 dr o
352 353

The construction of substituted tetrahydrofurans from diallyl
ether derivatives has been accomplished via addition of arad-
ical species to a C—C double bond followed by 5-exo-cycli-
zation and trapping of the resulting intermediates. For
example, treatment of diallyl ether (354) with Mn,(CO);q
and MeSO,Cl under photolytic conditions provides tetra-
hydrofuran 355 in 59% yield as a 6:1 mixture of diastereo-
mers (Eq. 116).2°° Similar transformations have been
effected using alternate initiators and traps.>'°

Mn,(CO)49

MeO,S —cl

j f MeSO,Cl 2 }—) (116)
o 59% o
6:1dr 355

Oxidative cyclization has also been employed as a means of
generating heterocyclic compounds from diallyl ethers.?!!

For example, Nair has reported that treatment of 356 with
CAN under an oxygen atmosphere affords 3.4-trans-di-
substituted tetrahydrofuran 357 as a single diastereomer
(Eq. 117).2'93 This reaction presumably proceeds via gener-
ation of a radical cation (358), which undergoes 5-exo-cycli-
zation to afford 359. Further oxidation of 359 leads to the
observed product.

OMe
MeO. OMe
Ph Ph
CAN, Dry MeOH O OCH
\ -y 3
0,
0~ 356 56% 0 357
| (117)
OMe OMe
MeO OMe MeO. OMe
Ph Ph
R MeOH 1o ~ocH,
0,
Y o]
358 359

16. Miscellaneous strategies

Several approaches to the stereoselective construction of
substituted tetrahydrofurans involve functionalization of tet-
rahydrofuran through the use of transformations that form
a C—C bond and generate one or more stereocenters with
control of absolute or relative stereochemistry. One such
strategy involves the activation/functionalization of a C—H
bond adjacent to the tetrahydrofuran oxygen atom using ei-
ther radical®'? or carbenoid?'® methods. For example, Da-
vies has developed an asymmetric Rh-catalyzed C—H bond
functionalization reaction that generates a C—C bond and
two stereocenters in one step. As shown below, treatment
of tetrahydrofuran with diazoester 360 in the presence of
a chiral rhodium catalyst provides 361 in 74% yield with
2.4:1 dr and 98% ee (Eq. 118).2!*

o :<002Me Rh(SDOSP) o, SOMe
» b-ClPh  74% Oy o (118)
360 2.4:1dr 361

98% ee

Generation of tetrahydrofuranyl radicals followed by addi-
tion to carbonyl compounds has also been employed for
the stereoselective construction of tetrahydrofurans.>'> For
example, treatment of tetrahydrofuran with Et;B/--BuOOH
in the presence of benzaldehyde affords 362 in 82% yield
with 86:14 dr (Eq. 119).2'58 The stereoselective trapping of
tetrahydrofuranyl radicals with imines or activated alkenes
has also been described.?!217

o o o0 OH

. Et,B, +-BuOOH
O Ph  H 82% <_/—LPh (119)
86:14 dr 362

An interesting route for the stereoselective construction
of highly substituted tetrahydrofurans that employs
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pyrone—alkene cycloaddition reactions to effect [5+2] annu-
lation has recently been described. For example, 363 was
converted to 364 in a two-step sequence involving thermal
cycloaddition followed by desulfurization with Raney nickel
(Eq. 120).2'® The bicyclic products can be converted to
highly substituted monocyclic tetrahydrofurans with further
manipulation.

TBSO S TBSO,
o —O% 1) Toluene, 175 °C o
— \ 2)RaneyNi (120)
50%

363 364

17. Conclusion

Despite the myriad of transformations that have been em-
ployed in the construction of the tetrahydrofuran moiety,
many possibilities remain for the development of new or im-
proved reactions that provide stereoselective access to these
important molecules. Methods that facilitate construction of
two or more bonds and stereocenters in a single step will
likely play an important role in future developments in this
area, as will processes that lead to improved diastereoselec-
tivity, enantioselectivity, or chemoselectivity.
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