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List of acronyms

ACDC  asymmetric counteranion-directed catalysis
AIBN azobisisobutyronitrile

CAN cerium ammonium nitrate

CBS Corey—Bakshi—Shibata

CoD cyclooctadiene

Cp cyclopentadienyl

CSA camphorsulfonic acid

DCE dichloroethane

DCM dichloromethane

DFT density functional theory

DIPA diisopropylamine

DIPEA  diisopropylethylamine

DME dimethylether

DPE 2-(diphenylphoshinoyl)ethylidene

esp a,0,0/,0/-tetramethyl-1,3-benzenediproponoate
EWG electron withdrawing

HAT hydrogen atom transfer

LA Lewis acid

MOM  methoxymethyl

NBS N-bromosuccinimide
nmp N-methyl-2-pyrrolidone
Nu nucleophile

PIDA phenyliodine(Ill) diacetate

PMB para-methoxybenzyl

PMP para-methoxyphenyl

PPTS pyridinium para-toluenesulfonate
PTSA para-toluenesulfonic acid

PyBOX pyridine bis(oxazoline)

SEM [2-(trimethylsilyl)ethoxy]methyl acetal
TBAF tetra n-butyl ammonium fluoride

TBAI tetrabutyl ammonium iodide

TBCO tetrabromocyclohexadienone
TBDPS tert-butyldiphenylsilyl
TBHP tert-butylhydroperoxide

TBS tert-butyldimethylsilyl
THF tetrahydrofuran

TIPS triisopropylsilyl

TMS trimethylsilyl

Ts tosyl

1. Introduction

Many natural products incorporate tetrahydrofuran (THF) moi-
eties, including macrolides,' polyether ionophores,” acetogenins>
or oxidized lipids,* with a wide array of bioactivities (Fig. 1).
Those bioactive compounds contain cis or trans tetrahydrofurans, as
well as substituents (one to four) on the ring. Natural products have
been the mainstay of research in organic chemistry and encouraged
the development of new synthetic methods. In this sense, the lit-
erature overflows with stereoselective synthetic procedures for

Chagosensine

OMe

Cationomycin

obtaining substituted THF as well as polycyclic structures (e.g.,
spiro-structures). The copious quantity of literature reports in this
area may confuse chemists that want to easily find the most ap-
propriate method and the best conditions and/or substrates. In
2007, Wolfe and Hay provided an overview of the THF preparation
processes.” Since their work, further advances and improvements
have been made and new methods were reported.

The present review intends to present the recent progress in the
preparation of THF and THF-containing polycyclic structures since
2007. Above all, this review aims to give data for organic chemists

0}

Bullatacin

CO,H

10-epi-17(R, S)-SC-A"%-11-dihomo-IsoF

Fig. 1. Structures of Chagosensine, Bullatacin, Cationomycin, and 10-epi-17(RS)-A'>-11-dihomo-IsoF, representative of the families of macrolides, acetogenins, polyether ionophores,

and oxidized lipids.
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involved in the synthesis of THF-containing natural products and
answer questions about enantio-, diastereo-, and chemo-selectiv-
ities or functional group tolerance. The recent total/formal syn-
thesis of bioactive molecules has been covered.

The manuscript is organized in three sections. The first one fo-
cuses on the preparation of THF through C—O bonds formation. The
second section concentrates on C—C bond formation. The third
section presents simultaneous C—O and C—C bond formation for
the synthesis or preparation of THF.

In all these three sections, some mechanistic information is
given. cis or trans relationship, enantio-, diastereo-, and chemo-
selectivities are highlighted. In addition, the application of methods
for the synthesis of natural product is provided at the end of each
section focusing on the description of the THF formation step. In-
formation such as functional group tolerance, side reactions or
different assays realized by the authors is also reported. Only the
direct syntheses of THF will be presented herein, excluding
methods that form lactones or lactols. Dihydrofurans and benzo-
furans were also put aside. For simplicity, the substitution pattern
of the THF will be described using atom numbering around the
cycle, starting with 1 on the oxygen (Fig. 2).

Fig. 2. Atom numbering of the THF.
Although we tried to be as exhaustive as possible, as this area of
organic chemistry is wide, we mostly wanted this review to be
comprehensive and useful.

2. THF synthesis by C—0 bond formation
2.1. Epoxide opening

Nucleophile opening of epoxide(s) is a method of choice for the
formation of tetrahydrofuran cycles. First described in 1978 by the
group of Kishi,® it remained highly used in the synthesis of THF-
containing compounds. One main advantage is that the epoxide
can be easily prepared in an enantioselective fashion thanks to the
methods developed by Sharpless,” Jacobsen® or Shi.”

Recent advances in this field are mainly related to cascade ep-
oxide opening. Indeed, since Cane—Celmer—Westley’s mechanistic
proposal for the biosynthesis of polyether ionophores,'® epoxide
opening cascades have become increasingly studied in synthetic
organic chemistry as an elegant way to access poly-THF
structures.'!

For example, Marshall et al. reported a zinc-mediated cascade
cyclization of a triepoxide, allowing the access to bis-THF in mod-
erate to good yields (Scheme 1).!>!3 This process allows control of
all the stereocenters upstream set by Sharpless and Shi epoxidation
reactions and was successfully applied to the synthesis of C17—C32
fragment of lonomycin.

r

Zn, TBAI
MeOH

62%

B
m SN

Another recent cascade epoxide opening was developed by
Florence and Cadou. The reaction was initiated by the addition of an
organolithium to an epoxide, activated by the Lewis acid BFs-Et;0.
The residual lithium alkoxide triggers a cyclization onto a second
epoxide, which permits the desymmetrization of the starting bis-
epoxide (Scheme 2)."* Once again, the stereochemical outcome of
the reaction depends on the configuration of the starting oxiranes.
Remarkably, this method allows the formation of bis-THF starting
from tris-epoxides, in moderate to good yield depending on the
nucleophile. A similar strategy has been reported by Veidenberg
et al, with an amine as the nucleophile and catalyzed by Co"-
salen.'” This latest method is presented as both a desymmetrization
and a racemic resolution. Although, the yield of this transformation
is quite low and only water and Boc-amide are described as nu-
cleophiles, the products are obtained in excellent enantio- and
diastereo-selectivies. Under enzymatic catalysis conditions, the
epoxide opening cascade can also be triggered by epoxide hydro-
lases, followed by a spontaneous cyclization without any cyclase, as
described by Faber and co-workers in the desymmetrization of
meso bis-epoxides.'® Finally, Hu et al. recently revealed that the
cascade epoxide opening could also be triggered by the intra-
molecular attack of a hydroperoxide under basic conditions.!”

Except for cascade reactions, recent advances in the field of THF
synthesis by epoxide opening are scarce. Blanc and Toste recently
developed a homoallylic alcohol resolution method, based on
vanadium-catalyzed epoxidation followed by a cyclization induced
by CSA (Scheme 3).!® This strategy allows easy access to enantio-
enriched oxolanes, in moderate yields since this process involves
a resolution.

The epoxide opening reaction is largely used in total synthesis
for the preparation of tetrahydrofuran units. It actually permits
control of the stereogenic centers in advance thanks to asymmetric
epoxidation reactions, and only needs acid or basic conditions,
usually at room temperature, to induce the cyclization step. Thus,
the literature is rich in acid catalyzed epoxide opening cyclizations,
using either Brgnsted acids such as PPTS' or CSA, or Lewis acids as
the standard BF3-Et,0. Nevertheless, some unusual acids were also
studied, as well as basic media, and all these efforts will be pre-
sented herein.

CSA is one of the most common acids used in total synthesis. As
an example, in the course of the synthesis of the C14—C22 fragment
of Amphidinolides X and Y, Dai and co-workers described an effi-
cient 5-endo-tet cyclization thanks to the activation of the epoxide
by a vinyl group and CSA, starting from —40 °C to room temperature
(Scheme 4).2°

In another example, Morimoto et al.?’

used only CSA in

dichloromethane, at room temperature, to perform cyclization in
cascades, from one tertiary hydroxyl group onto a bis-epoxide, to
produce two new tetrahydrofurans (Scheme 5).

Similar strategies were employed by several organic chemists
for the total synthesis of Synparvolide C,>> Heronapyrrole C23
Hezgonapyrrole D,>* and the fragments of the (—)-Lytophilippine
A.

OTBS

_ dr =10:1 (inseparable)

Scheme 1. Zn-mediated cascade epoxide opening.
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o

R-Li
BF, Et,0
o O -78°C to -40°C 0"
90min BF3”
CeH1z S §
R =
n—Bu—% TBSO/\/\/LHZ'

Scheme 2. Bis-epoxide desymmetrization by addition of an organolithium and cascade cyclization.

VO(OiPr), L*

fo) O,, acetone
Etow\
OH then TBHP, DCM
then CSA

38%

t-Bu

3, .0
o CF C?
OH t-Bu

dr= 95:5, ee= 93%

Scheme 3. Homoallylic alcohol resolution and cyclization.

| CSA H
', H .
(/oc DCM \\@\
O —_—
SN~ -40°Ctort, 6h :
H 85% HO™ 4,

%J

Amphldmol/de X

Amphidinolide Y

Scheme 4. Toward the synthesis of Amphidinolides X and Y.

(+)-Enshuol

OH

Scheme 5. Opening epoxide cascade for the synthesis of (+)-Enshuol.

In addition to the above-mentioned CSA procedure, mild acid
conditions were used by the team of Paton and Burton toward the
syntheses of Laurefurenynes A and B. The authors actually observed
during the Sharpless dihydroxylation process, the formation of
small amount of the cyclization product. Thus, Amberlyst-15
resin was used to complete the cyclization step (Scheme 6).%

Amberlyst-15

OH OBn
o} T3 CDCl, BnO. H 0 OH
|>\/\/\/\<] —_—
H t HO
OBn OH o T O H OBn

Scheme 6. Amberlyst-15 promoted cyclization for the synthesis of model 2,2’-
bifuranyls.

Interestingly, Martin and Martin wanted to take advantage of the
formation of a hexacarbonyldicobalt stabilized propargylic cation in
acidic conditions to induce the cyclization step (Scheme 7).%” To-
ward this end, several acids were tested: BF3-Et,0 resulted in the
degradation of the starting compound and gentle Montmorillonite
K-10 acid remained inefficient. Finally, the authors observed the
desired cyclized product after purification on silica and could
therefore carry out the cyclization step using SiO, in dichloro-
methane, followed by deprotection using CAN, which allowed them
to complete the synthesis of Teurilene.

In these mild acidic media several protecting groups remained
stable such as ethers (TBS, TBDPS, SEM, PMB, Bn), carbonate (Boc),
acetonide group or sulfonate (Mesyl).
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TMS.__[Co,(CO)s]

XA

OBoc

1. SiOy, DCM

-
2. CAN, acetone
75%

Teurilene

Scheme 7. Mild acidic condition for the synthesis of the 2,5-disubstituted tetrahydrofuran moieties of Teurilene.

Epoxide opening cyclizations were also carried out using basic
conditions and in recent syntheses two groups have used hydrox-
ydes (LiOH, NaOH, and KOH) for this purpose. The teams of Mor-
imoto and Galano—Oger performed a Payne rearrangement which
induced a 5-exo-tet cyclization for the synthesis (+)-Intricate-
traol,”® (+)-Omaezakianol,”® and Phytofuran (Scheme 8).°

dr=4:1

H
KOH, H,0 HO, ““oH
o, o
80°C, 2h ~
65% H Y ©OH

S-exo-tet
cyclization

2.2. Haloetherifications and halogen substitutions

The first reports of an enantioselective haloetherification were
made by the team of Kang, using Co'-salen, Ti-BINOL or Cr''-salen
catalysts.>® 38 Haloetherifications allow the cyclization of a diho-
moallylic alcohol to produce a THF substituted by a halide. This

CO,H

ent-16-(RS)-13-epi-ST-A'*-9-phytofuran

Scheme 8. Payne rearrangement followed by 5-exo-tet cyclization for the synthesis of ent-16(RS)-13-epi-ST-A'4-9-phytofuran.

In addition, toward the synthesis of isofurans, the team of Taber
used potassium carbonate in order to induce the cyclization.>' =3

Few functional groups were present on the substrates in those
syntheses, such as ethers (Bn, Tr) and acetals. It is thus difficult to
conclude on the tolerance of functional groups under those basic
conditions.

Finally, some epoxide opening reactions proceeded without the
need of further catalysis, after the epoxidation step. For instance,
a tandem epoxidation/cyclization reaction using VO(acac),catalyst
and tert-butylhydroperoxide (TBHP) or cumene hydroperoxide
(CHP) was nicely reported by the groups of Carreira®* (Scheme 9)
and Pihko,? respectively.

HO, Me
1) HCI 1M/THF
2) VO(acac), M
Me t-BuOOH
75% (2 steps)

process is particularly interesting as it allows further post-
functionalizations. However, enantioselective processes are
scarce, as the stereochemical information is often lost during
halonium transfers, which are kinetically competitive with the
cyclization.>® While these quick halonium transfers usually prevent
enantioselective processes, they allow diastereospecific haloether-
ifications. Thus, Ramos et al. recently reported an iodocyclization
method to get trans-THF (Scheme 10).%° In this case, the iodonium
transfer sets equilibrium between the two diastereomers of the
iodonium, which is displaced towards the most stable
diastereomer.

Indoxamycin B

Scheme 9. Total synthesis of (rac)-Indoxamycin B.
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the bromonium transfer (Scheme 12). Another approach to make

(':(gog)ﬁﬂos an enantioselective haloetherification was described by Hennecke

R =0 s 991 H ol on et al. in 2011.** This method is a desymmetrization based on the

\/\IOK f(f\ formation of a meso-halonium intermediate. The presence of the
-R = -CO,Me, -CH,OH I R

sodium salt of a chiral phosphoric acid, associated to the halonium
salt, makes the irreversible cyclization step the stereo-determining
step, ensuring decent enantioselectivities (ee up to 71%). Although
the scope of this reaction is somewhat limited, the method allows
both bromo- and iodo-etherification in good yields.

-CH,OTBS, -CH,0Bn

O O
R R
o o Hoof! on
) — WO — ACH
|
! [ R

Unfavored
1 : cis
o o 2,4,6-(i-Pr)3CeHy
W/G R Y+ R H o F' on OO o o
& - 7 - lﬁQk\é H-Y" = o " oH
H l H trans OO )
. o - 2,4,6-(i-Pr)3CeHs
Scheme 10. Diastereospecific iodocyclization to form trans-THF.
Another diastereospecific iodocyclization was recently de- H-Y*
veloped by Fujioka et al., yielding cis-THF derivatives.*! This PhsP=S
method is based on a TMS transfer, triggered by trimethylsilox- Arm , U Ar
ycyclohexene, to generate a steric bulk that will allow the cis-se- OH NBS o
lectivity (Scheme 11). In this case, the cis-THF products are obtained Toluene Br
in very good yields and good diastereoselectivies (dr up to 15:1).
More recently, an enantioselective bromoetherification reaction [ l X T N
was described by Huang et al., catalyzed by a chiral phosphoric acid M
in the presence of NBS.*> This method gave the corresponding 2- ol\ PhP=S---Br + Y~
substituted THF in excellent yields and, in some cases, good Ph3PS-~~Br—N§,j . “ . Rm
enantioselectivities (58—81% ee). A few months later, a similar B OH
method was presented by Denmark et al. with for the first time o PhP=S + BrY* A
a rationalization of the enantioselectivity.*> In this work, the au-

thors explain that the loss of enantioselectivity due to the bromo-
nium transfer is overcome by associating a chiral counter-ion to the
chiral bromonium, in order to keep the enantioselectivity during

Scheme 12. Rationalization of the enantioselectivity in the chiral phosphoric acid-
catalyzed bromoetherification.

TMSO
NIS O,
n-HeXY\/\ DCM ”'Hex\\\_'//\
X |
OH
dr up to 15:1 (%)
n-Hex |

n-Hex

Unfavored

Scheme 11. cis-Selectivi

n-Hex

';'MS

-Hex—_ O
\Coh\;I ! ex\_7/\'

e iodocyclization.
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The latest advance in the field of enantioselective haloether-
ifications was presented by Tay et al., who performed the desym-
metrization of a diene-diol by a double bromoetherification.*> The
process works in two steps: a first bromoetherification catalyzed by
a quinidine derivative allows the desymmetrization, and then
a second bromoetherification occurs, with the stereoselectivity
controlled by the stereogenic centers formed during the first step
(Scheme 13).

configuration of the substituents in positions 2 and 3 is determined
by the configuration of the alkene in the substrate.

Simpler halide substitutions were widely developed for the syn-
thesis of THF. Recently, the group of Britton studied the formation of
oxolanes starting from chloropolyols. Thus, an enantiospecific aldol-
reduction-cyclization sequence was published in 2009, allowing an
access to various diastereomers of a hydroxyl-bearing THF, all in very
good yields and diastereoselectivities (Scheme 14).*” Two diaster-

] NBS
n-Bu SPPh,
HO N-bromophtalimide DCM
OH
Molecular sieves 4A 96%
DCM/hexane (4:7)
90%
dr=95:5 dr=94:6
er=96:4
Scheme 13. Diene diol desymmetrization by bromoetherification.
1. KOH
EtOH OH
2. BF3.Et,0
DCM Ph” No” N
92%
epoxide
OH OH intermediate
anti reduction on : AgOTf, Ag,0
z THF OH
¢ 83%
Me4NBH(OACc); direct °
AcOH, MeCN, -40°C substitution Ph o)
96%, dr=14:1
LDA
O O OH
o -78°C
Ph)J\ " H)W ” Ph)J\/'\:/\/ 1. KOH
C 96%, dr> 20:1 C : H
Cl o Cl EtOH O
HBCat 2. BF3.Et,0O ] )
THF, -78°C DCM_» PR 07 N
88%, dr=20:1 96% .
epoxide
OH OH intermediate
syn reduction Ph - AgOTY, Ag;0

Cl

THE OH
‘ N‘O%
direct
substitution PR o

Scheme 14. Chloropolyol cyclization into THF.

Cinchona alkaloids were also used for chloroetherification by
Zeng et al. in a diastereospecific and enantioselective process.*®
Remarkably, this method allows a 5-endo-tet cyclization to syn-
thesize 2,3-disubstituted THF, bearing a chloro-substituent in po-
sition 3 and an aromatic substituent in position 2, in good yields
and excellent enantioselectivities (ee up to 96%). The relative

eodivergent cyclization processes were described, one through the
formation of an epoxide intermediate opened in a 5-endo-tet cycli-
zation and leading to a global retention of configuration, and the other
through a direct substitution of the chloride, leading to Walden-type
inversion of configuration. Later, the same team reported a cyclization
of chloropolyol in water, allowing a mild formation of THF.*8
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The work of Britton and co-workers was successfully applied to
the synthesis of Laurefurenynes A and B*° and Ascospiroketal A.>°
The first synthesis was performed in 2013 where they applied the
AgOTf/Ag,0 system to obtain two tetrahydrofuranol moieties in
good yields (67% and 52%) (Scheme 15).

OH OH AgOTf, Ag,0

j/\)\Aﬂ, \QQH\

Cl 67%

3Z: Laurefurenynes A
3E: Laurefurenynes B

THF
52%

Although protecting group compatibility with these conditions
has not been formally evaluated during those NBS or TBCO-
mediated cyclizations, ester (Piv), ethers (TBDPS, Bn), and acetal
groups were all tolerated.

OH OH - Si(Me)s

AgOTf, Ag,0

Si(Me)s

Scheme 15. Total synthesis Laurefurenynes A and B by Britton.

For the synthesis of Ascospiroketal A, the above-mentioned
conditions proceed smoothly to give the desired intermediate.
Nevertheless, the change of the triflate (OTf™) counteranion by
tetrafluoroborate (BFz) improved the yield of the reaction (Scheme
16).

TMS

THF
T™S = 7
Cl

82%

20°C to 50°C

Following a similar mechanism, selenoetherification and
mercuroetherification were also used for the synthesis of nat-
ural products. N-(Phenylselenyl)phthalimide was used for the
synthesis of the 11-epi-mandelalide A, by the group of
Fiirstner,”> while phenylselenylchloride was used by the group

Ascospiroketal A

Scheme 16. Total synthesis of Ascospiroketal A by cyclization cascade using AgBF4/Ag,0.

As far as we know, the two syntheses described above are the
only ones using the recent halogen substitution methodologies.
Although, several syntheses were realized thanks to bromoether-
ification reactions, using NBS®' >3 or the tetrabromocyclohex-
adienone (TBCO).>*

Thus, the formal synthesis of Obstusallenes II and IV proceeded
using TBCO,”* and the total syntheses of Gambieric Acid A,°? the
unnatural Omaezallene,”® and Laureatin®' were attempted using
NBS.

The group of Howell was interested in the synthesis of Lau-
reatin®! and was surprised not to observe the desired eight member
ring product but a 2,3,5-trisubstituted furan. Indeed, the cyclization
did not proceed directly from the free hydroxyl group onto the
olefin, but through the opening of the oxetane (Scheme 17). The
epoxy-THF was isolated in 51% yield as a single diastereomer. The
assignment of stereochemical relationship of the epoxy-THF was
realized by further derivatization and X-ray analysis.

Br
Hof 2

‘OTBDPS

of Ma for the synthesis of Leucosceptroids A and B.>® One recent
example of a synthesis using mercuroetherification was also
achieved by Mohapatra and co-workers, using mercury (II)
acetate.”’

2.3. Allylic and propargylic alkylations

Since their discovery in 1977 by Trost,”® allylic alkylations
have stood out as a powerful method in organic synthesis.>® This
approach also suits to the synthesis of THF. Thus, the team of
Spilling recently developed a palladium catalyzed method to
form oxolanes from phosphono-allylic carbonates (Scheme 18).°
This method also permits the formation of larger cycles, up to
eight membered rings.

The allylic alkylation was also applied by Olszewska et al. to
form tetrahydrofurans by desymmetrization of 1,3-diols.’’ Al-
though this reaction usually shows good yields (80—99%), the

OBn

Scheme 17. Unexpected cyclization toward the synthesis of Laureatin.
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oo ) Pd(PPhg), MeO ﬁp?

eO- DIPEA, THF >

MeO’PMOH MeO /(j
0OCO,Me 79%

Scheme 18. Palladium catalyzed synthesis of THF from phosphono-allylic carbonates.

diastereomeric and enantiomeric ratios are moderate with all li-
gands tested (Josiphos, Trost’s ligands, phosphoramidites, and
chiral phosphines).

More recently, Roulland realized the synthesis of (+)-Oocydin A
and demonstrated that the principle of asymmetric counteranion-
directed catalysis (ACDC) could be applied to the synthesis of tet-
rahydrofurans.®? Later, Gandon and Roulland studied this reaction
by DFT calculations.®® The authors concluded that during the for-
mation of a THF from a diol, the unreactive hydroxyl function
controlled the stereochemical outcome of the reaction by com-
plexing the palladium through the acetyl counteranion (Scheme
19). Therefore, this method allows to form 2,3,5-trisubstituted
THF with very good diastereoselectivities (dr up to 96:4), but only
when the substituent in position 3 is a free hydroxyl function.

Pdy(dba)s
P(p-MeOCgH,)3

COH “[Pd]
(\/\/\/OPMP
OAc OH

Then, Zanoni and co-workers accomplished the synthesis of two
tetrahydrofurans needed for the synthesis of neurofurane thanks to
Trost allylic alkylation. Starting from a meso-diol, the authors per-
formed a desymmetrization reaction followed by the consecutive
formation of the tetrahydrofurans in good yields as well as di-
astereomeric and enantiomeric ratios (Scheme 21).7°

Trost also successfully applied this reaction to the synthesis of
C13—C29 fragment of Amphidinolide N which permits access to the
desired trans-THF with 4.6:1 dr and 82% yield (Scheme 22).”!

Finally, the group of Liu obtained the tetrahydrofuran motif for
the total synthesis of Leucosceptroid B,”> by a one-pot rearrange-
ment-deprotection cascade. The author proposed a mechanism
involving the activation of tertiary allylic hydroxyl group with
a Lewis acid leading to an intramolecular oxa-Michael addition,
prior to the cleavage of the MOM and TBS protecting groups
(Scheme 23).

2.4. Other nucleophilic substitutions

Oxolanes can be synthesized by nucleophilic substitutions of
other leaving groups. For example, Minuti et al. recently reported

Scheme 19. Stereoselective formation of oxolanes by ACDC.

In addition, Brovetto et al. reported in 2008 a method to syn-
thesize THF from an allylic acetate, by one-pot acetonide
deprotection-cyclization-acyl transfer through a dioxonium in-
termediate under acidic conditions.?* This approach allows the
formation of highly substituted THF patterns, in decent yield and
with good stereocontrol.

Except for the reaction developed by Roulland, which was ex-
tended to the synthesis of the (+)-Oocydin A%? all the recent
syntheses reporting allylic alkylation reactions used Trost condi-
tions. In this way, the formal synthesis of fragment C18—C34 of
Amphidinolide C and C18—C29 of Amphidinolide F was achieved by
Roy et al. in 2010 using Pd(0) catalyzed cyclization for the obtention
of the tetrahydrofuran,®® as well as oxylipids isolated from Aus-
tralian algae Notheiaanomala.?® Besides, the group of McErlean
reported the formation of 2,5-disubsituted-3-oxygenated tetrahy-
drofuran, a useful building block for the synthesis of (+)-kuma-
suallene,®’ using Pd-catalyzed alkoxy-carbonylation conditions
developed by Semmelhack®® (Scheme 20). The same procedure was
recently applied by Gracza for the formal synthesis of (+)-Pyr-
enolide D (Scheme 20).%°

PdCl,, CuCl,
OH OH

NaOAc, AcOH, CO O, O
o) o

Ry Ry © R, ©

Team of McErlean: Ry = H, R, = OBn
Team of Gracza: R1 = OH, R, = H

Scheme 20. Palladium catalyzed allylic alkylation to formation of THF core.

a simple synthetic sequence to obtain 2-substituted THF by sub-
stitution of a selenone moiety.”* The enantioselectivity is obtained
by a Corey—Bakshi—Shibata reduction to form the alcohol, and no

H
HO,/’ X
Pd,(dba);.CHCl3 — O
% OAc
(S,S)-L4, Cs,CO4 a
HQ
<"/\iIOAc 86%, dr= 80:20, ee= 96%
TN "Nopc
HO .
Si
,,/OH H
H HO, BN
Pd,(dba);.CHCl3 . o
(R,R)-L,, Cs,CO4 L~ OAc
g

OAc

o} Q o)
L= NH  HN L=
PPh, Ph,P

Scheme 21. Desymmetrization followed by cyclization using Pd(0).
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82% H dr: 4.6:1
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A OH
PPh, Ph,P HO OTBDPS  Fragment C13-C29
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Scheme 22. Pd-catalyzed asymmetric allylic alkylation for the synthesis of C13—C29 fragment of Amphidinolide N.

Leucosceptroid B

Scheme 23. Synthesis of Leucosceptroid B by one-pot rearrangement-deprotection cascade activated by Lewis acid.

erosion of the enantiomeric excess is observed during the cycliza-
tion (Scheme 24).

BH;.Me,S
(S)-Me-CBS 1. m-CPBA, THF
O  THF,0°C OH  K,HPO, RT, 2h o r
2. KOH, RT
R = Alk, Ar 77 -90% 76 - 95%
ee=16-92% ee =16 -92%

(complete conservation of ee)

Scheme 24. CBS reduction—selenone substitution sequence.

Similarly to epoxides, oxetanes can be opened by hydroxyl
groups. Thus, a Co'“salen catalyzed desymmetrization was pro-
posed by the group of Jacobsen, to synthesize, among other struc-
tures, THF in excellent yields (up to 98%) and ee (up to 99%).”* This
kind of reactivity was recently observed by Keshipeddy et al. while
trying to synthesize the oxetane-containing eight-membered ring
of Laureatin (previously described, see Scheme 17).°>! An undesired
cyclization by opening of the oxetane during a bromocyclization led
the authors to a substituted THF through a 3-exo-tet/5-exo-tet
cascade cyclization.

Romo and co-workers developed a strategy allowing access to
THF by assembling three building blocks,”” either in two steps or
using a one-pot process.’®’” This strategy is based on the formation
of a B-lactone by a Mukaiyama-aldol-lactonization sequence, fol-
lowed by a reductive cyclization through the energetically favored
ring opening of the B-lactone, to form an oxonium intermediate
which is trapped in situ by a nucleophile (Scheme 25).

Y H
OBn

)

ZnCl,

oTIPs DCM
. \7<
SPy

Analogous to epoxides, orthoesters used as electrophiles, can
also lead to THF. This was developed by the group of Borhan, pro-
moting a Lewis acid-catalyzed cyclization of 1,2,n-triols with the
stereoselectivity controlled in advance by Sharpless asymmetric
dihydroxylation.”® Notably, this method allowed the formation of
THF bearing an acetate in position 3 by 5-endo-tet cyclizations,
unfavored according to Baldwin’s rules.

Borhan used the Lewis acid catalyzed cyclization developed by
his group for the synthesis of Mucoxin.”®

Later, the group of She used Borhan cyclization procedure for the
total synthesis of (+)-monocerin.®’ More recently, the group of
Galano—Oger applied it for the syntheses of dihomo-isofurans and
neurofuran (Scheme 26),28? in a divergent strategy using 5-exo-tet
and 5-endo-tet cyclizations.

Few protecting groups have been carried through the cyclization
conditions using Lewis acid. Those that have include PMB or benzyl
ethers, ethyl ester, and benzoyl group. It should be noted that TBS
can undergo partial deprotection and/or migration and that PMB
was partially cleaved.

Orthoesters, oxetanes and epoxides are not the only groups to
allow the formation of THF. Other leaving groups such as azir-
idines,® carbonates,®* sulfonates,®> %7 thioethers,®® PMB ether,®’
carbamate”® were studied and recently applied in total synthesis.
The sulfonate groups (Ms or Ts) were used by the groups of Barker,
Ghosh, and Zhao for the synthesis of Fragransin A,%> Mandelalide
A.%7 and Amphidinolide T3,% respectively. The team of Martinkova
used a carbamate during the synthesis of the chloride salt of
pachastrissamine.” Less common, the PMB ether was a good
protecting and leaving group during the acid-promoted synthesis

OTIPS

oH :
C5H13\<_77/VOH CoHizaOG OTIPS
42%, dr= 19:1 -~ m
0Bn

)

Scheme 25. THF formation by reductive cyclization.
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Scheme 26. 5-exo and 5-endo-tet cyclizations using Borhan conditions for the synthesis of dihomo-isofuran and neurofuran.

of spiroketal units of pectenotoxin proposed by Pihko et al.® Un-
fortunately, no matter which the acid tested a mixture of kinetic
and thermodynamic spiroketals is observed, with as a best result
chloroacetic acid (49% yield with 5% of the epimer).

Finally, an Sy1-type reaction was proposed by the team of
Pandey where the Evans aldol reaction using TiCl4 resulted in the
cleavage of the TBS group followed by an intramolecular sub-
stitution on the benzylic position (Scheme 27). Piperonal and p-
anisaldehyde were used as aromatic aldehydes, and the latter
afforded the synthesis of (+)-Magnolone.”!

o o = 0 o

iCly, |

OJ\NJ\/Q TiCl,, DIPA O)J\N)/,’
ArCHO

\—$ OTBS

(+)-Magnolone

=

] TiO® “Ar o
Ph

However, most of the recent innovations are related to gold-
catalyzed allene hydroalkoxylations. This process was developed
by the group of Widenhoefer and takes advantage of the relative
fragility of allenes -bonds to form THF bearing an alkenyl function
(Scheme 29).%49° This strategy was also employed by Alcaide et al.
in a regiodivergent cyclization leading to THF structures and
oxepanes.”®

Scheme 27. Evans aldol reaction followed by intramolecular Sy1 for the synthesis of THFE.

2.5. Hydroalkoxylations

Hydroalkoxylation is a direct and atom-economic reaction to
form THF derivatives. The addition usually takes place in a 5-exo-
trig mode, according to Baldwin’s experimental rules.’? A recent
method developed by Lambert and co-workers allows a nucleo-
philic addition on an aldehyde followed by a hydroalkoxylation of
the resulting alcoholate (Scheme 28).°> Both processes are cata-
lyzed by Bi(OTf)3 in one-pot, and the resulting trans-THF are formed
in excellent yield (up to 94%) and good diastereomeric ratio (up to

6.8:1).
NuSiR3
Bi(OTf)3
O\ ol = sl
o DCE 68-84%

-78°Cor0°C dr= from 2.2:1 to 10.7:1
OTMS oTMS
, Eto)\ EO7 N
NuSIiR; =
TMS N TMsCN

Scheme 28. Tandem addition/hydroalkoxylation reactions.

[P(t-Bu),0-biphenyl]AuCl

OH AgOTs o /
Toluene
Ph X
PH X 24°C, 3 min. Ph

91% Ph

Scheme 29. THF formation by allene hydroalkoxylation.

Following on from his work on allylic alkylations, Trost reported
in 2009 primary and secondary propargylic alcohol isomerizations
followed by an intramolecular addition of alcohol, for the prepa-
ration of tetrahydropyrans and tetrahydrofurans, using
[InRu(PPh3),Cl] catalyst.”” The reaction conditions are compatible
with ynol esters and silyl groups such as TIPS or TBDPS. Although
this methodology gives good yields and diastereoselectivities for
the preparation of tetrahydropyrans (dr up to 40:1), poor dr (1:1)
were obtained for the furans (Scheme 30).

As was previously mentioned, the same diastereoselectivity
(1:1) was obtained when the conditions were applied to the syn-
thesis of C13—C29 fragment of Amphidinolide N.”! Thus, the
strategy was revised to access to an olefin using the Pd-catalyzed
asymmetric allylic alkylation previously developed (see Scheme
22).
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Scheme 30. Isomerization—conjugate addition for the formation of tetrahydrofurans.

It is worth noting that the above methodologies have not yet
been applied to total synthesis. This may be rationalized by their
recent development. Nevertheless, hydroalkoxylations are used in
total synthesis in many ways.

TBAF was employed by the groups of Arya and Fiirstner for the
synthesis of Eribulin fragment® and Amphidinolide C and F, re-
spectively,’>!%° to deprotect and mediate the cyclization step. In
addition, a cobalt catalyzed cyclization process was studied by the
team of Forsyth in 2013.1°" They realized the synthesis of the
C15—C25 fragment of Amphidinolide C using Hartung’s cobalt
catalyst (Scheme 31).

CO,Me

M Hartung's Co-complex

,/-terplnene air
OTBS 73%, dr>20:1

)
#\ CO,Me o 0
Co,
o o

/'Ky\Q/CFG

2.6. Cross-coupling

Some palladium-catalyzed processes also involve an alkox-
ylation step between a hydroxyl group and an alkene. This alkox-
ylation is usually in tandem with an intermolecular coupling of an
aryl bromide, as reported by Ward et al.,,'% or an acetylenic bro-
mide as presented by the group of Waser (Scheme 33).!°6197 This
kind of method usually displays excellent yield and diastereomeric
ratio. In a similar way, a palladium-catalyzed coupling of 3,5-
dihydroxyalkenes followed by a carbonylation allows the access

F3C “

OTBS
CF;
Hartung's Co-complex

Scheme 31. Cobalt-catalyzed modified Mukaiyama alkenol cyclization for the synthesis of the C15—C25 fragment of Amphidinolide C.

Few examples were reported in total synthesis using basic
hydroalkoxylations. The first one was achieved using Triton B
(benzyltrimethylammonium hydroxide) in methanol, by the group
of Kigoshi for the synthesis of Haterumalide NA.!? The second one,
was realized by the team of Ding during the total synthesis of
(—)-Indoxamycins A and F'°> A tandem oxa-Michael addition/
methylenation promoted by a Grignard reagent was thus achieved
in good yield and enantiomeric excess (Scheme 32). Finally, for the
synthesis of ent-Heliespirones A and C, Bai et al. reported the use of
Cs,CO3 in DCM to achieve a spirocyclization.'*

80%

to THF-lactone bicycles, which are interesting building blocks for
the synthesis of natural products.®’

It is worth noting that to our knowledge, there is no recent use
of cross coupling reaction for the formation of THF derivatives in
total synthesis.

2.7. Oxidative cyclizations
Oxidative cyclization was serendipitously discovered in 1965 by

Klein and Rojahn,'°® followed by Baldwin’s mechanistic pro-
posal.'% It has become a method of choice for the synthesis of cis-

(-)-Indoxamycin F

Scheme 32. 1,2-Addition/oxa-Michael/methylenation reaction.
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Scheme 33. Palladium-catalyzed coupling for the synthesis of THF.

2,5-substituted THE.''®!"! Many advances in Os-mediated oxidative
cyclization have been proposed and reviewed by the team of
Donohoe.''> Among other methods recently published, we high-
light the one proposed by Takenaka et al. where the oxidative cy-
clization of homoallylic alcohols is achieved by palladium, using
PhI(OAc); as a reoxidant (Scheme 34).""® In this case, good enan-
tiomeric excess is obtained thanks to a spirobis-oxazoline ligand
but no indications are given regarding the major enantiomer. A
similar method had previously been published by the team of
Sanford, also based on a Pd"/Pd" system, to allow the formation of
THF with a phthalimide substituent in position 3 instead of the
acetate, although with no enantiocontrol.''

H ~, _LoH
L*= i-Pr ‘ 0 i-Pr
i-Pr o-N N-g

PdCl,(MeCN),
L*
TfOH

Ph Ph
H Phi(OAc), o
Ph\ O Phﬁ
P
AcOH/DME OAc

92% ee=90%

Scheme 34. Palladium-catalyzed oxidative cyclization.

The work of Donohoe was successfully applied by his group for
the total synthesis of (+)-Sylvaticin and (+)-cis-Sylvaticin,'"® Neo-
dysiherbaine A,''® and for the synthesis of Pectenotoxin-4 ABC
spiroketal ring.''” The catalytic system employed for the three
syntheses was: K5[0sO,(OH)4] with pyridine N-oxide and copper or
zinc triflates. The last synthesis realized is a nice example of the
osmium-mediated cyclization in cascade (Scheme 35).

BnO —

Ky,0sO0,(0OH),
PNO
Zn(OTf),
citric acid
—_—

MeCN/H,0
80°C

Other oxidants were also employed to induce cyclization such as
manganese (KMnO4, NaMnO4 or MnO;). To our knowledge, four
syntheses were performed by using those oxidants. In 2008, the
team of Brown used potassium permanganate to achieve the tet-
rahydrofuran synthesis of cis-Sylvaticin and Membrarollin.!'®!1°
Later on, the same team changed for the corresponding sodium
counterion for the synthesis of trans-(+)-Linalool oxide.'?’ Man-
ganese oxide was more recently used by the group of Vanderwal for
the synthesis of Kalihinol B.'*! Finally, oxone was also employed as
oxidant by the group of Kang for the synthesis of
(—)-Dysiherbaine.'??

The use of these oxidants was compatible with several other
groups, such as esters (Ac, Piv), ethers (Bn, PMB), carbonate (Boc),
silyl ether (TBS, TBDPS), and acetonide.

Another nice example of the many options offered for the
preparation of THF was presented by Fiirstner and co-workers for
the synthesis of Amphidinolide C and F°%!1%0 Actually, the au-
thors used a TBAF-mediated hydroalkoxylation for the synthesis
of the fragment C16—C24, and for the synthesis of C1—C9 frag-
ment, a cobalt catalyzed oxidative cyclization using (Co(nmp);)
catalyst (Scheme 36). Finally, the same catalytic system was
employed by the team of Dias for the synthesis of
(—)-Goniotrionin.'*?

2.8. Miscellaneous

Some recent strategies for the synthesis of oxolane structures
involve a radical mechanism, such as the recent report by Fries
et al,, in which the THF is formed by a Co-catalyzed radical cycli-
zation of a dihomo-allylic alcohol with a radical-trapping partner
such as an a,B-unsaturated ketone, ester or cyanide (Scheme 37).124
This method allows the formation of di- and tri-substituted THF
with excellent trans-2,5-selectivity, and even bis-tetrahydrofurans,
although in poor yield.

Recently, a carboetherification method was reported by the
group of Chemler, leading to the formation of tricycle including
a THF ring in good to excellent yield, probably through a radical
intermediate.'”> The reaction is catalyzed by copper and a bis-
oxazoline ligand, and also needs 1 equiv of base and 3 equiv of
MnO- as an oxidant. Although initial results of enantioselectivity
are described, the level of enantiocontrol remains moderate for
now.

C—H functionalization strategies can also be employed to
synthesize THF rings. Recently, the group of Dong developed a THF
synthesis, by oxime-directed C—H activation of a methyl group,

BnO

HO"-
H

HeS
HO

Hid
HO

“OPMB

69%

Scheme 35. Oxidative cyclization in cascade catalyzed by osmium.
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Scheme 37. Synthesis of functionalized THF by aerobic oxidation-radical cascade.

3

and further cyclization involving a primary, secondary or tertiary
alcohol (Scheme 38).!%° The process is catalyzed by Pd(OAc),, and
used PhI(OAc); as an oxidant. The oxime directing group can then
be removed to get the interesting 3-hydroxy-THF motif in good
yield.

7H 0. :H
- K

H o ;H
/W on
16

TBAF.3H,0
82-87%

o
pr—li

(nmp),Co Amphidinolide F
t-BUOOH, O,
84%
OH
P

triethylsilane.'”® The key isomerization was notably mediated by
ruthenium-catalysis.

Finally, the team of Lumb accomplished the synthesis of
(£)-Tanegool and (4)-Pinoresinol, two lignan natural products,
with the furanic core formation based on an oxidative opening of
diarylcyclobutan diols as the key step.'*® (+)-Tanegool was syn-
thesized in the presence of phenyliodine(Ill) diacetate (PIDA) in
40% yield as a single diastereomer (Scheme 39). Phenol oxidation
by PIDA generated an oxonium ion, which induced a fragmenta-
tion of the cyclobutane followed by 5-exo-trig cyclization giving
the furanic core. The use of FeCl3-6H,0 as alternative one-
electron oxidant afforded the desired product in 59% yield
along with the epimer in position 2 in 14% yield. The authors
employed this second method to perform the synthesis of
(£)-Pinoresinol.

OMe OMe
OH
OMe lN\ Pd(OAc), MeO /
0 PhI(OAC), N, Zn
H , o) . R
R AcOH, 100°C, 3h ﬁ THF/H,O/ACOH, 60°C R~ O
R
R~ OH e

R, R'=H, Alk, Ar

19 - 86%

Scheme 38. THF synthesis by C—H activation.

THF moieties can also be obtained by allylic alcohol trans-
position followed by oxonium trapping with a nucleophile, as de-
scribed by the team of Floreancig.'”’” However, only the formation
of tetrahydropyranes leads to good diastereoselectivity using this
approach.

Additionally, Fehr et al. described a method for the formation of
trans-THF based on the isomerization of 2-butene-1,4-diols, to
form a lactol intermediate which is then reduced by

3. THF synthesis by C—C bond formation
3.1. Cycloisomerization reactions

Cycloisomerization reactions are known to allow the formation
of 3,4-substituted THF structures from acyclic ethers.">° Recently,
Evans et al. developed a rhodium-catalyzed cycloisomerization
reaction of alkenylidene cyclopropanes, leading to 1,5-diene
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Scheme 39. Synthesis of (+)-Tanegool by oxidative ring opening.

structures, contrary to most cycloisomerization reactions that lead
to 1,4-diene structures.”>' Furthermore, this process shows very
good cis-3,4-diastereoselectivity on the THF (Scheme 40).
/\/A
o}

o]
N 80%, dr=19:1 (:é

Scheme 40. Rh-catalyzed cycloisomerization of alkylidene cyclopropanes.

[Rh(COD)ClI],
P(OTol)3
Toluene, 100°C

Apart from this methodology, recent advances in
cycloisomerization-mediated formation of THF deal mainly with
cycloisomerization sequences in tandem with other reactions, such
as Wittig'*? or Pd-catalyzed couplings.*?

To the best of our knowledge, there is to date no use of this
method in total synthesis.

3.2. Radical processes

The ability of titanium(IIl) to induce radical processes has been
recently applied by the groups of Roy and Huang to the synthesis of
THF structures.'>#'3> The method of Huang and co-workers is based
on the reductive opening of an epoxide, followed by cyclization of
the radical onto an allene. This method gives good yield but mod-
erate diastereoselectivity. On the other hand, the method of Roy
and co-workers allows synthesis of 2,3,4-trisubstituted THF bearing
an electron-withdrawing group and a homobenzylic substituent in
position 3, with complete diastereoselectivity (Scheme 41). The
group of Medeiros described a similar radical cyclization, in which
the radical is generated from a halide by the action of an electro-
generated Ni(I)-tetramethylcyclam.'®® Alkyl zinc reagents can also
be used to realize the same kind of cascade cyclization, as showed
by the group of Pérez-Luna."’

(0]
OMe
“onc )
5-exo-trig
l cyclization
/—HO\‘ — S
H,O O
- H
THF NG OMe
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MeO
Ar
/\o g CpTiCl THF

A /HT EWG + r RT EWG
2
Ar A o

Scheme 41. Ti(lll)-triggered radical cyclization into THF.

A radical cyclization into THF can also be achieved starting
from a hydrogen atom transfer (HAT), as described by the group
of Norton.'® The 2,3-disubstituted THF are formed by treatment
of a vinyl ether with vanadium-hydride to form the stabilized
radical that will cyclize onto a remote olefin. Interestingly, using
different metal-hydride species, the HAT can be achieved selec-
tively on the remote olefin, to reduce it without affecting the
vinyl ether. Another HAT-mediated THF synthesis was also de-
scribed, in which the radical cascade is initiated by the radical
cleavage of an N-alkoxyphthalimide, followed by a 1,5-HAT to
form the stabilized radical that will cyclize on a remote olefin.'*°
This last reaction gives THF with n-propanol substituent in po-
sition 2 and a radical-stabilizing group in position 3, in moderate
to good yield.

Radical cyclization processes are regularly applied in total syn-
thesis. Since 2006, four syntheses were employing radical cycliza-
tion in order to prepare tetrahydrofuran. Various radical systems
were used such as BuszSnH or (TMS)3SiH with AIBN or Et3B as
radical initiators.

In 2006, Lee and co-workers described the total synthesis of
(—)-Amphidinolide E.'“C The cis-2,5-disubstituted furan ring of
Amphidinolide E was obtained by an intramolecular radical cycli-
zation between an iodide moiety and an o,B-unsaturated ester in
92% yield, thanks to (TMS)3;SiH/Et3B system at —20 °C. The same
radical initiator (Et3B) was used in combination with BusSnH by the
group of Lee for the total synthesis of cis-tetrahydrofuran skeleton
of Amphidinolide,*! where the radical process proceeds through
a reaction between a terminal alkyne and an o,B-unsaturated ester.
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Triethylborane initiator was tested by the group of Landais
during the synthesis of furan core of gymnodimine, albeit with
a poor conversion.'*? Et3B was then replaced by AIBN and the re-
action between bromide and the terminal olefin proceeded
smoothly, in good yields (63% and 83%) and diastereomeric ratio
(98:2) depending on the substrate (Scheme 42).

BUMEQB

—_—

"R, Bu3SnH, AIBN
3 benzene

Ry Ry

3.3. Miscellaneous

The synthesis of oxolanes from acyclic ethers can be extended to
most of the classic C—C bond formation strategies. Among them, we
can highlight the Hosomi—Sakurai reaction, recently applied by Cox
and co-workers to the synthesis of 2,3,4-trisubstituted THF with

Ri =H, R, = CHz Ry = OTBDMS, 83%, dr= 98:2
Ry = CHy, R, = H, Ry = CH,0Bn, 63%, dr= 98:2

Scheme 42. Radical cyclization for the synthesis of gymnodimine THF ring.

Additionally, Bu3SnH/AIBN system was used by Donner for the
formal syntheses of (+)-Secosyrin and Longianone.'** The intra-
molecular radical reaction proceeded between the aldehyde and an
olefin bearing an ester group to form the furan rings. It should be
mentioned that two substituted furans were observed in modest
yields, and that only the furan where the hydroxyl and the methyl
ester are syn, completed a lactonization reaction (Scheme 43).

moderate to good diastereoselectivities.'** Still starting from an
acyclic ether, the C—C bond can also be formed by a domino
Heck—Suzuki reaction, as shown by Braun et al.,'*> by reaction of
a carbene with a benzylic ether,'*® following an indium-catalyzed
hydrative cyclization of diyne.'*’

Another strategy developed by Rovis and co-workers involves
a cyclic acetal, which is activated by a Lewis acid to perform a ring

Ot

(0]
R=H /W( Longianone

CO,Me
L BuzSnH R OH CO,Me
OHC OPMB  AIBN
Y\O
R PhH, reflux

A

R=H, A:38%, B:34%
R=0TBS, A:39%, B:19%

’ R & \f
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o o \—opmB

0.0

(+)-Secosyrin

Scheme 43. Furan ring formation of Longianone and (+)-Secosyrin.

Also of a note is that some protecting groups were tolerated
during the radical process, such as benzyl, TBS, TIPS or TPDPS, PMB,
and MOM groups.

contraction by Mukaiyama-aldol reaction leading to 2,3,4-
trisubstituted THF.'*® Notably, the choice of the Lewis acid can
lead to two different diastereoselectivities. A similar approach has
also been exploited by Friestad and co-workers, but with an ex-

ternal nucleophile (Scheme 44).'4°
Nucleophile
o Ticl, ?H
ﬂb DCM, -78°C @,R
_—
60-84%
dr=78:22 to 95:5
OTBS OTMS
OTBS
’ _-~_-SnBuz
Nucleophile = OMe OMe o TMSCN
(0]
(0]
£ A A i A
R N MOMG OMe Mph CN

Scheme 44. THF synthesis by acetal reduction.
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Finally, the THF ring can be formed by a two-component re-
action, either by a [4+2] cycloaddition-ring opening metathesis
sequence always with a cis-2,5-diastereoselectivity,”>'>! or by
a SN2 alkylation-Michael addition sequence, using an activated
methylene group as a partner of the functionalized ether.'>?

From all the recent methodologies presented above, there is to
date no recent application in total synthesis. Nonetheless, several
examples of cycloaddition were reported in the literature.

The team of Ding worked on the synthesis of (rac)-Steenkrotin
A>3 where the tetrahydrofuran was synthesized starting from an
aldehyde and an olefin, in an intramolecular fashion using HF
pyridine reagent.

The work of Pu toward the synthesis of Mangicol A, is also
a recent example using a domino Pauson—Khand/Diels—Alder cy-
cloaddition process, catalyzed by [RhCI(CO);],, under carbon
monoxide pressure.”>* The work reported in this article was es-
sentially to develop the cycloaddition processes for future appli-
cation in total synthesis, and tetrahydrofuran rings were obtained
by cycloisomerization in moderate to good yields (44—71%) and
good enantiomeric excess (72—94%). Additionally, some examples
report the creation of four cycles and three or four stereogenic
centers (Scheme 45).

[RhCI(CO),l,
(10 mol%)

EE——

CO (1 atm), DCE
reflux

Ry =R, =Ry = H, 60%, 94% ee
Ry =Ry = H, Ry = Et, 47%, 91% ee

Ry =R, = H, Ry = Pent, 45 %, 72% ee
Ry =Ry =Me, Ry=H,54%, 91% ee

Scheme 45. Domino Pauson—Khand/Diels—Alder cycloaddition for the formation of
pentacyclic molecules.

Then, two other recent examples of cycloadditions were re-
ported, in 2012 and 2014 by the groups of Coquerel/Rodriguez'>>
and Gong/Yang,”®'’ respectively. A regioselective (5+2) cycload-
dition process was used for the formation of polyether furanic cores
starting from terminal alkenes and the 3-oxido-pyrilium betaine
prepared in situ. Four olefins were studied, bearing a phenyl group
or ether groups (OEt, OBn) in 31%—67% yield to obtain cis-2,3,5-
trisubstituted furans (Scheme 46).'>

o’ o) R1 = OCH,CH=CH,, 47%
‘ \ R = OEt, 59%
P = R;=OBn, 31%

R, = Ph, 67%
Ry
Scheme 46. Regioselective (5+2) cycloadditions.

The team of Gong and Yang worked on the total synthesis of
maoecrystal V and succeeded to produce the cis-furan ring using
a rhodium" catalyzed C—O insertion followed by an intramolecular
Diel—Alder reaction.'® A mixture of endo and exo-compounds were
obtained in addition with another regioisomer of the exo-product
coming from previous step.

/—0 Ny,
0 Rh,(OAG)
co,Me 2( s

O/X\OPMB DCM, 23°C

74 %, dr=10:1

(1 mol %)

Additionally, one example of C—H insertion was reported by the
group of Zakarian for the obtention of the furan ring of Maoecrystal
V8 where the furan was obtained by a rhodium catalyzed reaction
on an o-diazoester (Scheme 47).

4. THF synthesis by simultaneous C—0 and C—C bond
formations

4.1. Cycloadditions

4.1.1. (3+2) Cycloadditions involving a cyclopropane. Polysubstituted
THF structures can be synthesized in a diastereoselective fashion by
cycloaddition between an aldehyde and a 1,3-dipole.®® Recently,
a plethora of methods have been developed allowing the use of
cyclopropane as 1,3-dipole equivalent. To allow the reactivity, the
cyclopropane must be substituted by an electron-withdrawing
group and/or an electron donating group. In most of the cases, the
electron-withdrawing group comes from a malonate, while the
electron-donating group can be a vinyl or an aryl,'° an amine'®! or
even a diene-iron complex.'®? This reactivity is allowed by a Lewis
acid activation, or by palladium catalysis.'®>'®* The oxolanes ob-
tained usually display a good cis-2,5-stereochemistry. An enantio-
selective version of this transformation was proposed by the group
of Johnson, by means of deracemization of the starting aryl or vinyl
cyclopropane through a dynamic kinetic asymmetric trans-
formation.'®® In this case, the Lewis acid catalyst, helped by a chiral
PyBOX ligand, promotes the cycloaddition of only one enantiomer of
the cyclopropane, while the other one is racemized (Scheme 48). The
cis-2,5-THF are obtained in good enantioselectivity and excellent
diastereoselectivity. In the case of phthalimide-substituted cyclo-
propanes, the reaction can also be enantiospecific,'®® and recently
another dynamic kinetic asymmetric transformation was described
by De Nanteuil et al. using these substrates and catalyzed by copper
bisoxazoline salts.'®” This last method led to the formation of various
2,3,5-trisubstituted THF in good to excellent yield (up to 97%) and
enantioselectivity (ee up to 92%).

D<C02Et CO,Et
2
o TCOoEt o CO,Et
" B
Ph H O Ph
74% MeO
MeO
Mgl
L* er=96:4
CClI
COyEt 4 CO,Et
COLEt (0] CO,Et
2 ! ’\
* Ph)J\H —K /@ o
MeO cl
| A
L* = Z (0]

Scheme 48. Enantioselective synthesis of THF by deracemizing (3+2) cycloaddition.

CO,Me 0

OPMB — >
— o
o = Lmd

Maoecrystal V

Scheme 47. C—H insertion using rhodium acetate.
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(3+2) Cycloadditions between cyclopropanes and aldehydes
can also lead to trans-2,5-THF, as shown by Yang and co-workers.'®®
In their study, the authors show that in the case of 1,1,2,3-
tetrasubstituted cyclopropanes with a cis-2,3 configuration, the
oxolanes obtained by cycloaddition display a cis-2,3 and trans-2,5
relative stereochemistry, when an electron-rich aldehyde is used
(Scheme 49). Interestingly, the authors showed that when cyclo-
propanes with trans-2,3 configuration are used, the THF obtained
display a mixture of trans-2,3 and cis-2,5 relative
stereochemistry.'®°

AICI

o [e]
DCM Ph CO,Et
Ph H  30°C CO,Et
COEt
MeO Ph

7 TCO,Et . o” "
PR OMe 8% trans OMe
OMe
o AlCly 0o
on O DCM Ph CO,Et
COLEt H 30°C COEt
2 + —— e B
CO,Et MeO o1 PR NG
Ph OMe ° ) OMe
CcIS
OMe

Scheme 49. THF synthesis from 1,1,2,3-tetrasubstituted cyclopropanes.

The reactivity of cyclopropanes can still be observed without the
electron-withdrawing groups if there is a silane substituent as an
electron-donating group.”? In this case, the resulting oxolanes dis-
play a trans-2,5 relative stereochemistry, and can be further func-
tionalized, as valuable building blocks.”! Vinylidene cyclopropanes
can also be used as a 1,3-dipole equivalent to synthesize THF, by cy-
cloaddition with an aldehyde bearing an ester function in o position,
as demonstrated by the work of Shi and co-workers.”? This method
was later extended to other aldehydes by Huang and co-workers,'”?
to give an array of oxolanes that can be further modified.'”*

Despite the growing interest in cycloaddition reactions, there is
to date no recent report of cycloadditions involving cyclopropanes
in total or formal synthesis of natural products.

4.1.2. Other cycloadditions. Other cycloaddition methods can lead
to oxolane structures. For example, (3+2) cycloaddition between
allylic or propargylic alcohols and electron-deficient olefins have
been extensively studied in the past years."”> Recent methods allow
this kind of reactivity by Lewis acid'’®!”” or Lewis base catalysis,'’®
by Brensted base activation,'”? or by photoredox catalysis (Scheme
50).!8° These methods use only simple starting materials (allylic or
propargylic alcohol and olefins), however the diastereoselectivities
are usually moderate.

Lewis acid, Lewis base,

R Bronsted base or

: | EWG. EWG Photochemical activation RN EVI!&VG

- \[ ) R
R (0]

HO

Scheme 50. General scheme of (3+2) cycloaddition of allylic or propargylic alcohols
with olefins.

Lewis base activation of allenoates is a well-known method to
trigger cycloadditions, extensively studied since the first reports by
the group of Lu.'®! This reactivity could be transposed using various
electrophiles, but in the case of aldehydes, the variety of different
reactive pathways made the synthesis of THF tricky. Recently, Xu
et al. developed a phosphine-catalyzed synthesis of oxolanes by
activation of the y-methyl group of the allenoate (Scheme 51). This
reaction is limited to electron-poor aromatic aldehydes.'®?

o) P(p-FCgHa)3

Cl
Xylene
r weo e

i ~_ CO,Et
(6]
) | Cl 94%, E/Z ratio= 4:1

Scheme 51. (3+2) cycloaddition of allenoates with aromatic aldehydes.

CO,Et

Allylsilanes are also good partners of aldehydes for (3+2) cy-
cloadditions. Thus, Angle et al. recently reported a cycloaddition of
allylsilanes with o-hydroxy aldehydes, leading to 2,3,5-
trisubstituted oxolanes in moderate yield and diaster-
eoselectivity.”®> This kind of Lewis acid-catalyzed transformation
can also lead to a 1,2-silyl shift, along with the cyclo-
addition.'®*'®>Allyl-boranes can also react in a similar fashion with
aldehydes, with the possibility of enantiocontrol using allyldiiso-
pinocamphenylborane.'®® The one-pot, three-step procedure in-
volves an allylboration of the aldehyde, followed by
a hydroboration and iodination to trigger the cyclization (Scheme
52). The corresponding 2,3-disubstituted THF are obtained in
good yield and excellent enantioselectivity.

The synthesis of THF can also be achieved by rhodium-catalyzed
(4+1) cycloaddition between a homoallylic or homopropargylic
alcohol and a diazo compound. Xu et al. employed this strategy in
a two-step one-pot process, where the rhodium carbene first
makes an ether intermediate, further cyclized through a base-
promoted Michael addition.’®” In this case, fully substituted THF
are synthesized in good yield and excellent diastereoselectivities.
However, the necessity of having aromatic substituents in positions
2 and 5, a phenyl in position 3 and a phenone in position 4 narrows
the scope of the reaction. In an extension of this work, the same
group described a similar reaction yielding 2,2,3,3,5-
pentasubstituted-3-hydroxy-THF with a wider scope and in
a one-pot process.'®® In this last case, the partner of the diazo
compound contains a ketone instead of the Michael olefin. Re-
cently, a more direct method was developed by Urabe et al.
(Scheme 53).'89 In this case the ether formation is directly followed
by a Lewis acid-catalyzed cyclization, yielding 2-methylene THF in
very good yield, but moderate diastereoselectivity. The group of
Mascarenas/Lopez also described a cascade cycloaddition leading
to various sizes of oxa-bridged carbocycles, among which some THF
were synthesized. This last method relies on the activation of
allenamides by gold, which can then react with a carbonyl-tethered
alkene.'°

Finally, epoxides can also be partners for cycloaddition leading
to oxolanes.'?19 However, the methods are scarce and limited to
a narrow family of substrates.

Despite the recent studies above-mentioned using cycloaddi-
tion reactions for the synthesis of tetrahydrofurans, to the best of
our knowledge, there is no recent use of these methods in total
synthesis. However, three examples of (3+2) cycloaddition re-
actions were reported for the obtention of furan moiety of natural
products. The teams of Sugimura and Panek performed (3+2) cy-
cloaddition reactions between aldehydes and olefins using Lewis
acid (BF3-Et;0)'?> or Brensted acid (PTSA)'®* and produced cis-
tetrahydrofurans of Plakortone L and (+)-Isatisine A, respectively.
The group of Roush obtained a trans-tetrahydrofuran by using SnCly
toward the synthesis of C1—-C9 fragment of Amphidinolide C
(Scheme 54).!%% All tetrahydrofurans were obtained with good
stereoselectivities (dr>20/1).

During those annulations under acid conditions, several func-
tional groups remained stable such as silyl ethers (TBS, TBDP),
CHSiMe,Ph, ethyl ester, and acetonide.

4.2. Reactions involving an oxonium intermediate

THF structures can be formed in an intermolecular fashion by
Prins reactions and related methods. In this case, the starting
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Et,0

; o -100°C OB(lIpc) (CgH11)BH OB(Ipc)
R 5 min. PC)2 | rt, 5min. 2
+ B(CgH
(Ipc) B/\/LR2 R R3J\/\ RS (Coltoe
2 R1R2 R'R2
R', R? = H, Me, OMe I,, NaOMe
R® = Alk, Ar MeOH
2h
0
3 A
R RVR?
56-81%
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Scheme 52. Enantioselective THF synthesis by one-pot allylboration, hydroboration, and iodation.

Rha(esp),
R ZnC|2
R-\-OH EWG
+ N2:<
R X EWG
R
R =H, Ak

EWG = COPh, CO,Me

o EWG

et

E-1Hew %

Scheme 53. THF formation by (4+1) cycloaddition between a rhodium-carbene and a homopropargylic alcohol.

oTBS o 57’;39'6‘

W Jj\ - TBSO
N T co,E
2 PhMe,Si
SiMe,Ph

82%, dr> 20:1

H
O 2 COEt oBSPH  H
D ——d N
. — K9 CO,R
- OTBS !

Scheme 54. Synthesis of trans-tetrahydrofuran of C1—C9 fragment of Amphidinolide C with SnCly.

materials are a homoallylic or homopropargylic alcohol and an al-
dehyde. This kind of reaction needs Lewis acid activation to form
the oxonium intermediate (Scheme 55). The m-system that will
attack the oxonium intermediate can be an allylic stannane, as
described by Kim et al.,'®> or an alkyne, in which case the vinyl
cation can be trapped by a triflate counteranion, as described by
Chavre et al.'%° In both cases the reaction tolerates secondary al-
cohols and aryl as well as aliphatic aldehydes, in good yield and
good cis-2,5 selectivity. A similar method was proposed by the
group of Spivey when the nucleophile was a benzylic olefin, and the
benzylic cation intermediate was trapped either by bromine or by
an internal nucleophile such as a phenol.'’ In this last case, fused
THF-benzopyranes are obtained. Another possible nucleophile can
be an enethiol-ether, as described by Reddy and co-workers.'”® The
thionium intermediate is then trapped by a second thiolate coming
from a sacrificial equivalent of starting material. However, these
last reactions are only described with primary alcohols.

Lewis acid

)

R = Ar, Alk
R' = Me, Ph (alkyne),
CH,SnMe3 (alkene)

R" = Ar, Alk

o ;
. | N
NG Jolr

Another strategy to prepare oxolanes via oxonium in-
termediates involves the formation of a rhodium-carbene from
a diazo compound. Coupling with an aldehyde leads to a 1,3-dipole
intermediate that can react with a polarized olefin in a three-
component reaction yielding 2,3,5-trisubstituted THE'®® The
scope of this reaction is limited to aromatic aldehydes, therefore
the oxolanes obtained using this method have an aromatic sub-
stituent in position 2, and an electron-withdrawing group in posi-
tions 3 and 5 (Scheme 56). Further, diastereocontrol can be
obtained using a chiral oxazolidinone auxiliary as the electron
withdrawing group.?®°

Finally, Hosomi—Sakurai reaction of bis-allylsilanes using
2 equiv of aldehyde was described by Roux et al. to yield 2,3,5-
trisubsituted THF in good yields, in which substituent 2 and 5 are
identical and coming from the same aldehyde.’’! A two-step pro-
cess using unsymmetrical bis-allylsilanes was developed by Malkov
et al. to allow access to 2,3,5-trisubstituted THF in which

R" R
o\ N o R
+
R R X

Scheme 55. General scheme of THF synthesis approach by Prins or related reactions.
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CO,R'

. Ar\70+
EWG RhzPivy Y Ar. 0O CO,R'

R Tk
EWG
EWG X

Scheme 56. THF synthesis by a three-component reaction involving a diazo compound.

substituents 2 and 5 are different.”?? In this case, the first allylation
is catalyzed by a chiral N-oxide Lewis base such as Quinox or
Methox.

Cyclizations using oxonium intermediates are abundant in
synthesis and have the advantage of being stereoselective. The re-
cent methods described in this manuscript have not yet been ap-
plied towards natural product synthesis. However, since the review
of Wolfe and Hay a few groups reported oxonium mediated cycli-
zations in synthesis through the formation of lactones or hemi-
ketals such as the groups of Forsyth’”> and Song?* for the
synthesis of fragment C1—C21 of Azaspiracids 1 and 3 after a Kishi
reductive procedure. In addition, the team of Nakada used a Hoso-
mi—Sakurai reaction in order to produce the desired spirocyclic
ring of the (+)-Ophiobolin A using BFs-Et;0 (Scheme 57).2°

Finally, an acidic treatment of a y-hydroxyketone in which the
hydroxyl moiety was protected as trimethylsilyl ether allowed the
formation of the furan ring after deprotection of the TMS group and
cyclization through oxonium intermediate (Scheme 58). This pro-
cedugg permitted Fujiwara’s group to access Pectenotoxin-2 furan
core.

4.3. Other annulation reactions

THF can be synthesized using 1,3-dipoles and aldehydes or ke-
tones. Recently, Trost and co-workers coupled trimethylene-
methane with aromatic aldehydes and ketones in a palladium

\/
TMS OTBDPS _—2~

OMOM

(+)-Ophiobolin A

catalyzed process leading to methylene tetrahydrofuran structures
in good yield (Scheme 59).2972%8 Excellent enantioselectivity could
be obtained using chiral phosphoramidite ligands. Other possible
1,3-dipole equivalents are 3-chloropropylphenylsulfones or sulf-
oxides, activated by a Bransted base, used by the group of Makosza
to form trans-2,3 disubstituted oxolanes.??%21°

Pd source
(In(acac)z)
Ligand

)J\ - -

=
Ars,,
Toluene /

50°C R

TMSJK/OAC +

R =H, alkyl

)
99

Scheme 59. THF synthesis using trimethylenemethane.

T™S
OTBDPS

X OoH

-78°C,2h  momo__ HO
84%, dr=1:1

OTBDPS
BF,.OEt,

Ether/Toluene 1:1
68%, dr=4:1

Scheme 57. Synthesis of spirocyclic ring of the (+)-Ophiobolin A.

Ph
o0\
)
\0TBS
2 M aq HCTHF
.\Me 27°C
OTMS
OPMB . 90%

Me Me

OPMB

—» Pectenotoxin-2
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Scheme 58. Synthesis of tetrahydrofuranic core of Pectenotoxin-2 by acid treatment.
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5. Conclusion

Since the most recent comprehensive review of tetrahydrofuran
formation,” several methods have been developed and employed as
central strategic steps in the total synthesis of a wide variety of
mono or polycyclic molecules. These methods provide the organic
and medicinal chemist with a wide variety of synthetic opportu-
nities: C—0 or C—C bond forming reactions as well as simultaneous
formation of C—O and C—C bonds. Some methods may even be
orchestrated in cascades to enhance the synthesis. In this review,
we have presented these new approaches, especially those pre-
senting opportunity for enantioselectivity. Where the THF forma-
tion is not interestingly stereocontroled, chiral centers may be
controlled upstream using enantioselective reactions (e.g., Sharp-
less epoxidation, dihydroxylation etc.). As demonstrated by this
review, the range of approaches available for THF preparation
continues to grow with the development of new processes and
improvement of older ones. The research in this area should con-
tinue and will result in new efficiencies in total synthesis.
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