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1. Introduction

Tetrahydropyrans represent a fundamental structural motif
ubiquitous in natural products and prevalent in organic trans-
formations. In particular, 1-oxadecalins, in which the tetra-
hydropyranyl unit is fused to a six-membered ring, are
commonly seen in biologically relevant natural products
such as arisugacins,'™ cordypyridones,> hongoquercins,®
penostatins,”!® rhododaurichromanic acids,'"!? pyripyro-
penes,'>!'* phomactin A,'>"!8 and forskolin [Fig. 1].!92°
These are just a few representatives.

Given such prevalence, we decided to examine recent
strategies and approaches employed in the constructions of
1-oxadecalins. In order to stay focussed on these strategies
and approaches, we elected not to include strategies and
approaches for constructing chromenes or chromanes related
systems such as rhododaurichromanic acids, which have
been summarized in other excellent recent reviews.**

In this review, we have only selected work reported on
1-oxadecalins in the last 10 years. We intend to summarize
these approaches based on their reaction types. As usual, we
apologize in advance for any relevant work that is not cited
and/or highlighted here, as it is not intended to be compre-
hensive but a sketch summary for efforts that have been
exerted toward this fundamental structural motif.

arisugacin H  cordypyridone D

o8

1-oxadecalin

AcO pyripyropene-A phomactin A forskolin

Figure 1.
2. Cycloaddition and annulation reactions
2.1.[2+4+2+1]

Given that [2+2+1] mathematically implies constructions of
a five-membered ring, there are very few examples of
[2+2+1] cycloadditions that actually led to 1-oxadecalins.
Kakiuchi?! reported the development of catalytic Pauson—
Khand cycloadditions of enynes 1 in aqueous medium

employing formaldehyde as a water-soluble source of CO
[Scheme 1]. With the oxygen atom being the tether, the
cycloaddition gave tricycle 2 that contains a 1-oxadecalin.

Ph
5 mol% [RhCl(cod)],, 10 mol% dppp
(0]
. /\Ph 5 equiv HCHO, H,0, 100 °C, N, 0 o
® dppp: 1,3-bis-diphenylphosphanyl propane
1 2: 93%

Scheme 1.

Buchwald??> showed an interesting intramolecular titano-
cene-catalyzed Pauson—Khand cycloaddition reaction that
led to 1-oxadecalin 4 when using enyne 3 also containing
an oxygen atom tether [Scheme 2].

Ph Ph_ P
H ~ )
Z 5 mol% Cp,Ti(CO), H
18 psi CO H
O 90% o
3 4
Scheme 2.
2.2.[4+2]

Including the next section on hetero [4+2] cycloadditions, its
very nature implies that Diels—Alder type cycloadditions are
quite prevalent as an approach in the synthesis of 1-oxadeca-
lins. Plumet?? reported that masked o-quinones 5 could serve
as electron deficient dienes and react in an inverse-demand
manner to give endo-cycloadduct 7 as a single diastereomer
[Scheme 3].

o]
R OMe MeO OMe
OMe + @ MeOH, 50 °C
© o 57% /
o R o)
5:R = CO,Me 6 7
Scheme 3.

Haynes>* uncovered a new variation of an AlCl;-catalyzed
[Cu(OTf), in CH3CN was also used] highly stereoselective
ionic Diels—Alder reaction between enone 8 and diene 9,
which provided racemic hemiacetal 10 [Scheme 4].

H
N .
/@ . \} CH,Cly, AICI5
-20°C, 2h -
o HO 42% HO'G H
8 9 10
H
HO
11

CO,Me
Scheme 4.
Totah?> developed an elegant method for preparations

of 1-oxadecalinic frameworks through Diels—Alder reac-
tions of Danishefsky’s diene 12 with the 5-carbethoxy
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dihydro-y-pyrone derivatives 13 [Scheme 5]. These cyclo-
additions can also be catalyzed by Lewis acid such as
ZnCl,. This work represents the best example in which
Y-pyrones are being utilized as dienophiles and provides
an excellent approach toward phomactin A.!>18

o}
R
Ji EtO,C 1)25 °C, THF, 20 h
850 2)10% HF, CHiCN
73% o
12 14: R = CO,Et

Scheme 5.

Hsung?® also reported a related Diels—Alder cycloaddition
but using 3-cyano-benzopyrones as dienophiles or surro-
gates of y-pyrones, leading to the synthesis of xanthones
17 and 18 as well as more elaborate systems such as tetra-
cycle 20 that could be useful for the synthesis of natural

product such as hongoquercins®® [Scheme 6].
OMe
=
0 i ) ONC QMe
NC Br X 2.0 equiv Br.
| toluene, 180 °C, 40 h O ‘
o 80% o h
15 17: endo : exo 96 : 4
NC
0 O
NC 2.0 equiv
| CH,Cly, TiCly [1.0 equiv], rt, 10 h o '
o 84%
16 18: endo : exo 96 : 4

19: Brieger's diene

20-endo [major 286 :14] 20-exo

Scheme 6.

Gabbutt?*’ found that the reaction of furan 21 with DMAD
gave two compounds: cycloadduct 22 in 52% yield and
a C, symmetric anti exo—exo bis-cycloadduct 23 in 24%

yield [Scheme 7].
o)
O COzMe
3]
o] CO,Me
R

DMAD
o 0
_ 22: 52%
_ MeO,C CO,Me °
o) +
=~ PhMe, A, 2 h

O
R

21: R = 4-MeCgH4

23: 24% [E = CO,Me]

Scheme 7.

Diels—Alder reactions of a novel ‘inner-outer-ring’ 1,3-silyl-
oxydiene with a variety of dienophiles were reported by
Sarandeses [Scheme 8].2% The reaction with methyl vinyl

ketone gave 1-oxadecalin 26 in 40% yield.

o}
0. _OTMS
| . o] neat, rt, 24 h o
7 A 40%
OTMS
0o
24 25 26
Scheme 8.

Kelkar?® developed an interesting approach to the synthesis
of C-ring substituted xanthones utilizing the [4+2] cyclo-
addition reactions of vinyl chromones 27 with enamines
obtained in situ from the corresponding ketones or aldehydes
[Scheme 9].

O
H+N
\\HL ZHS

EtOH, reflux, 24 h
65%

27

Scheme 9.

Santelli*° reported a total synthesis of 11-oxa-steroids via an
intramolecular Diels—Alder cycloaddition of ortho-quinone-
dimethane derived from ring-opening of benzocyclobutane
29 as the key-step [Scheme 10].

OH ,—
jou
29
o-xylene

135°C,12h
55%

R'=H, R? = OMe
R'=0OMe, R2=H

Scheme 10.

Wendeborn?! demonstrated a highly efficient sequence of
transformations including Stille coupling and endo-selective
Diels—Alder reactions for the synthesis of highly functional-
ized polycycles 35 on solid phase [Scheme 11].%!

In a related manner as Kelkar’s work® shown in Scheme 9,
Bodwell found that the reaction of vinyl chromone 36 with
enamine 37 afforded 38 in 57% yield. Elimination of the pyr-
rolidine group in the initial cycloadduct and isomerizations
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N AcO =N
1) 8 equiv (/J ! l\/l/\/)
-0 HN Resin_ O
dioxane, 80 °C, 68 h ><
Me O 2) Ac,0, pyridine, DMAP, rt, 16 h
Br 3)6 equiv R-SnBus, 0.2 equiv R= 0"
Pd(Ph3P),, dioxane

Resin_ O
Me O

32 100°C,24 h 33
8 equiv 0
N
QN—Ph a0 )
349 Resin_ O N
: me o A
toluene, 80 °C N—-Ph
71% (0] \<
(o}
35

Scheme 11.

of the two olefins occurred to give the conjugation shown in

38 [Scheme 12].32
COzEt CH2C|2 COzEt
Tste
Wender®? developed an impressive three-component tandem

Scheme 12.
[5+2]/[4+2] cycloaddition process to synthesize polycyclic
compounds such as 41 [Scheme 13].
(0]

— 2 mol% [Rh(CO),Cll,
MeO O O _ 05MTCE H*
//—§ ' QT 0 o H(O
N N\
[ Ph
o

o) 41: endo

Scheme 13.

Padwa>* reported an elegant tandem cyclization/cycloaddi-
tion sequence. As shown in Scheme 14, treatment of a-diazo
ester 42 with Rh(II) catalyst gave the intramolecular Diels—
Alder adduct 46 through furan intermediate 43. Adduct 46
rearranged to a 2:1 mixture of 44 and 45 in 91% yield.

28,0
oJ\”/u\o 1) Rhy(OAC),

A 2) TBAF
68%

44: 63%

Scheme 14.

2.3. Hetero [4+2]

Chiba*® found that intermolecular hetero-Diels—Alder reac-
tions of in situ-generated o-quinomethanes 53 [from 47] and
unactivated dienophiles 48 could be accomplished through
a wet Montmorillonite catalyst in an LiCl104/MeNO, solu-
tion to give various chromane skeletons including 1-oxade-
calin 50 [Scheme 15].

Wet Mont.
L|CIO4 0 o)
+
MeNO2
78% H
49 1.7 :1 50

©
OH
-H,0 o Lt 9]
clo,
OH ®

51 52 53
Scheme 15.
Kamat®® found that the biogenesis of cymbodiacetal in-

volved the key intermediate 55, which could be prepared
by self-dimerization of enone 54 [Scheme 16].

rt 10d
\"’ o 1% \[] o
54 55
Scheme 16.
Baldwin?’ demonstrated that o-quinone methide generated
thermally from o-methyleneacetoxy-phenol 56 could be em-
ployed in the preparation of benzopyrans such as 58 after

hetero [4+2] cycloaddition with 1-methylcyclohexene 57
[Scheme 17].

AcO OH AcO
. 140°C, 12 h
OAc 60%

56 57

Scheme 17.

Kraus®® uncovered a sequence of regioselective hydroxy-
methylation and hetero-Diels—Alder reaction that constitutes
a convenient synthesis of tricyclic analogs of puupehenone
[Scheme 18].

1)Ca0,CH0

BnO]@/OH
LT s Dl
59 2 steps: 40% 60

Scheme 18.

In the structural confirmation of ficifolidione, (15)-B-pinene
63 was reacted with the Knoevenagel condensation prod-
uct 62 derived in situ from syncarpic acid 61 and
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iso-valeraldehyde, leading to the two diastereomers 64 and
65 with 64 being ficifolidione [Scheme 19].%°

o : CHO

KOAc, 4A mol sieves
o .. OH AcOH, reflux 6 h

64: 28%

65: 26%

Scheme 19.

Nair* reported the generation of o-quinone methide 67 from
2-hydroxynaphthoquinone 66 and paraformaldehyde, and its
hetero-Diels—Alder reaction as a one-pot synthesis of a- and
B-lapachone derivatives [68 and 69] [Scheme 20].

I o M
O (cHOp
Dloxane
100°C, 6 h
O
. OO

4% 69: 40%

Scheme 20.

Hong*! cleverly developed a novel sequence of oxidative
dimerization/hetero-[3+2] or hetero-Diels—Alder cyclo-
addition of 1,3-diketones such as 70 with fulvene 71. This
sequence led to polycyclic products such as 72 and 73
[Scheme 21]. When diketone 70 was refluxed with Ag,CO;
prior to the addition of fulvene, 73 was almost the sole prod-
uct [72:73=4:96]. The process is likely a radical-mediated
dimerization.

o 1,AgCOq CHiCN
|| _refux,12h
+
2 71
0 92%
70

Scheme 21.

Over the last two decades, Tietze*? has elegantly developed
a range of different Knoevenagel condensation/hetero-DA
cycloaddition tandem sequences. Specifically here, Knoeve-
nagel condensations of amino aldehydes 74 with 1,3-dicar-
bonyl components 75 followed by Diels—Alder reactions
with enol ethers afforded a range of 1-oxadecalins 78
[Scheme 22].

1 Y.
R'" O X Nz fOBn
N T O SR
CbzR“N n H o) o R3
74 75 76

n=0,1,0r2 toluene, EDDA
ultrasound )))

EDDA: ethyl i i
ethylenediammonium 50°C, 15 h

diacetate
Yo
X"z
07> o o,
( n OBn '
CozRIN” RTR 7 OBn
78 R®
Yo
: o
Aty O LN b
o OH

Scheme 22.

In their total synthesis of thielocin A1B, Young*® used hetero
[4+2] cycloaddition of an o-quinone methide intermediate
80 with vinylogous acid 81 to construct a 1-oxadecalin
moiety 82 [Scheme 23].

o
) CFaSOs Me

N Me
P COOEt
COOEt __TBAF

o OMe
TBDMSO OMe Me
Me
79 80
(0]
EtOOC Me
Me OH
1 OAc EtOOC COOEt
O o O
OMe
OAc
82
HO,C R = a-OH: thieloc?n Ala
R = B-OH: thielocin A1
CO,H
MeO 2
OMe

Scheme 23.

An acid-catalyzed reaction of resorcinol 84 with vinyl ketone
83, which constitutes a formal [4+2] cycloaddition, led to 85
[no stereochemical assignment was given] [Scheme 24].4*

©/OH OH
84 (excess) O

OH
10 % aq HCI
0 81%
85

83
Scheme 24.
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In the presence of InCl; as a catalyst, a one-pot reaction
of cyclohexanone 86 and morpholine with salicylaldehyde
imines 88 proceeded smoothly to give aminal 89 in good
yields [Scheme 25].%°

20 mol% InCl3

&4;1 _monwe @@

CH3CN, reflux, 3 h
86 ; 87
= H
R2/ OH R'=aryl !
88 R2 =H, OCHj, or Cl |
20-40 min, rt, 82%-96% yield R2 o

Scheme 25.

Yadav*® illustrated that the O-prenylated sugar derivative 90
derived from p-glucose could undergo an intramolecular
domino Knoevenagel condensation/hetero-Diels—Alder re-
action with 1,3-cyclohexanediones to afford 92 in a good
yield and high diastereoselectivity [Scheme 26].

Q OHC
TR
O)( CH3;COONa
6}

AcOH

hetero [4 + 2]

o) ,o#\
o
“ -0
80% 4

Scheme 26.

Adam®’ reported a very interesting sequence in which 1-oxa-
decalins 96 and 97 were obtained from thiophene 93 via: (a)
a singlet-O, Diels—Alder cycloaddition, (b) thermal rear-
rangements of the resulting endo-peroxide 94a, (c) a sulfur
transfer from oxathiiranes 94c¢ or 94b, and (d) a hetero
[4+2] cycloaddition of the resulting thiirene 95a with ene-
dione 95b. Compound 97 was a result of epi-sulfide contrac-

tion of 96 promoted by triphenylphosphine [Scheme 27].47
o} % )
O,, TPP, hv, CDClg, - 30 °C, 3 h _
| b TPP: Tetraphenylporphrin
S SO0
o}
93 94a
o}
=
0 So (3 0 equiv)
95b CDCly, 20 °C
4 5h

PPh; S=PPh,

CD3Cl, 20 °C, 15 min
> 95%

Scheme 27.

Hsung*® reported another study also involving endo-per-
oxides [Scheme 28]. In this case, while under basic condi-
tions, ring-opening of endo-peroxide 98 occurred to give
hydroxy enone 99, reductive conditions led to a new 1-oxa-
decalin 101 likely through ene-diol 100a and an intramolec-
ular hetero-Diels—Alder cycloaddition of 100c.

O deprot. ~

o}
H reductions:
= .
S 0.4 Lindlar/H, )
d o ’

99: 94%: stable 101: 50%

Scheme 28.
2.4. [3+3]

We note here that this section will only highlight some of the
recent studies and try not to duplicate those [3+3] cycloaddi-
tion or annulations that are already reviewed in two excellent
earlier reviews.

Wills*® discovered a Pd(0)-catalyzed tandem sequence in
a formal [3+3] cycloaddition or annulation manner to form
1-vinyl-1H-isochromene derivatives such as 103 from lith-
ium enolate generated from cyclohexanone, albeit the yield
is not high in this case [Scheme 29].

Br
LHMDS, and Pd,(dba)s, dppf N
+
| toluene and THF, 85 °C, 13% (e}
OTBDMS O
102 dppf: diphenylphosphinoferrocene 103
Scheme 29.

Nakamura>® developed a well-designed [3+3] formal cyclo-
addition reaction employing ketal protected methylidene
cyclopropanone 104 as a trimethylenemethane equivalent,
leading to 1-oxadecalin 105 [Scheme 30].

o.__0O
acetonltrlle o
60 °C,6-8h
90%
104 105 O

Scheme 30.

A three-component process involving aromatic aldehydes,
Meldrum’s acid 106, and 5,5-dimethyl-1,3-cyclohexane-
dione led to the synthesis of 107 in 96% yield in aqueous
media [Scheme 31].>!
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(0] (0] O Ar
i;o >< . i\:>< Ar-CHO, H,0, TEBA
o reflux
g d (Ar = 3,4-OCH,0CgH3) o "o
106 107: 96%

TEBA: Triethylbenzylammonium chloride

Scheme 31.

Kanemasa®” reported an elegant series of studies on [3+3]
annulations employing cyclic 1,3-dicarbonyl compound
with acyl pyrrazole 108 under the double catalytic activation
conditions consisting of Lewis acid [Ni(I[)] and an amine
catalyst [TMP] to provide a new synthetic route to enol
lactone 109 by a Michael addition/cyclization sequence
[Scheme 32]. Most impressively, they were able to render
this reaction highly enantioselective [96% ee] using BOX-
type ligand.

cat TMP o. 0
Ni(ClO4),-6H,0

/\)?\
N _N i -
, Ph NN

M 97%
o o)

Ph
109

e

Br

O Ph
109: 84% [96% ee]

Scheme 32.

Another interesting [3+3] annulation is shown in Scheme 33.
Enol lactone 115 was obtained through a one-pot reaction of
diketone 113 and 114 [Scheme 33].>°

0O O \ Ph

\®

. N { dioxane (e}
o) Ph/<o reflux, 1 h Ph
113 114

115: 67%

1 Ph

kO ph/Q‘L \N/&O
H'Q%
(6]

\O \® Ph\

I
(N—©) {,N‘(/Z/
PhJQa 0.~ /& o OH
&’OAHN Ny oH 117
S
(6}
116

Scheme 33.

Both Hsung®* and Lee [Scheme 34] reported Lewis acid
promoted [3+3] annulations employing either diketones or
vinylogous silyl esters. In Lee’s work,>> InCl; was the pri-
mary Lewis acid, while Hsung demonstrated that a range
of different Lewis acids is feasible. These studies led to an
array of 1-oxadecalins. Despite being different from earlier
work using amine salts, the Lewis acid promoted version still
involves an aldol condensation followed by a 67t-electron
electrocyclic ring-closure of 1-oxatriene [see the bracket].

o| R4O
f LA: Lewis acid R

R'""R2 R*=HorSiR3

O

e
R3

118

LA = BF3-Et,0, TiCl,, SnCly, Sn(OTf),, ACl5, FeCls,
Mg(OTf),, CuCl, ZnBr2 Zn(OTf),, In(OTH),

sseliNs o<l

94% [BF3-OEty]
Lee: 53% [InCl3]

59% [BF5-OEt,]
Lee: 74% [InCl3]

95% [In(OTf)3]
Lee: 74% [InCl3]

Q o
=
| X = i
o . o
95% [TiCly]
Lee: 50% [InCl3] 85% [TiCl,] 66% [Zn(OTf),]
o o o
TBSO TBSO TBSO
(0] (6]
119 71% [TiCly] 77% [TiCly]
o (0]
= o) N
| Rl \
0 (0]
“—~ nOe H R? R3
64% [2 95 : 5] [TiCl,] 80% [90 : 10] [TiCly] 1-oxatriene
Scheme 34.
Hsung*®-¢ reported the first example of an intramolecular

oxa-[3+3] annulation employing 1,3-diketone 120 and iso-
lated three products 124a—c. The same three isomers were
also found from the annulation of vinylogous TMS-ester
125a/b, although in different ratios [Scheme 35].

Interestingly, the two regioisomers 124b and 124c¢ are actu-
ally atropisomers with respect to the orientations of their belt
olefins, and thus, both are likely derived from TS-122. The
respective annulation product derived from TS-124 was
not observed, as TS-124 is highly strained for the annulation.
In addition, the two regioisomers 124b and 124c could be
equilibrated to give 124a likely through a sequence of
ring-opening and ring-closure sandwiching isomerizations
[Scheme 36].

2.5. [3+2] Cycloadditions

Muthusamy®’®" discovered a tandem cyclization/hetero
[3+2]-cycloaddition of Rh-carbenoids with various carbonyl
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[S]
@ OAc
H H
H
epimeric /l
120 121  regioisomeric 122 123: not favored
TMSZNH CH,Cly, 1t 76%1a:b:c=2.2:4:1
:@\ piperidine, ACZO X
B
OoTMS , -
yield: 38% : : .
| _0 a:b:c=5:4:1 H N
125alb [regioisomer] 124a 124p atropisomers =5,
Scheme 35.
[4 : 1] atropisomers thermodynamic ratio =[4:1]:1.7
piperidine (o] o]
AcOH, 23 °C N
then Ac,O ’ B
—_— +
87% N q (O
I\}\) N I
N
H
124blc 124a
pericyclic ring-closure N
Iﬁf’i we I
(O p-elim % 0
126a: 1-oxatriene 126¢ 126d: 1-oxatriene
Scheme 36.
compounds to give 1-oxadecalins 129 and 132 with high Hsung®® reported a novel tandem DMDO epoxidation/

regio- and/or diastereoselectivities [Scheme 37]. Muthu-
samy>’“4 also recently used ionic liquids as a convenient and
recyclable medium to promote these and related reactions.

CHO

o)
COCHN, + . Rh,(OAC),
CH H R=Ph 8%
3
R R = Me, 67%
127 128
Rh(ll)l 2
o o)
o) g 131 o N
+
Q/\% o 1
H3C O | u (e}
130 132a: 53% 132b: 34%
Scheme 37.

2.6. [4+ 3] Cycloadditions

There are only a few examples of approaches for construct-
ing 1-oxadecalins in which a [4+3] cycloaddition is utilized.

stereoselective intramolecular [4+3] cycloaddition reaction
involving nitrogen-stabilized oxyallyl cations derived from
chiral allenamides 133 [Scheme 38].

O OTES
““ gﬁ

- 78 °C, DMDO (2.5 equiv)
CH,Cl,

TESO 134: 65% [93 : 7]
133:n=2;P:M=1:1
Scheme 38.
Shipman®’ developed an elegant Lewis acid [BF5-Et,O or

Sc(OTf);]-catalyzed intramolecular [4+3] cycloaddition
employing vinyl aziridines such as 135 as a 1,3-dipole pre-
cursor [an aza-allyl cation equivalent see the bracket] en
route to 136 in good yields [Scheme 39].

In their seminal work on [4+3] cycloadditions, Harmata®
demonstrated that substituted alkoxyallylic sulfones 137
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o

7 Bn H
S [ N BF 5 OEty, CH,Cly, 30 °C .@ -

135 136: 70%
Ph o

K

Scheme 39.

could produce vinylthionium ions that when treated with
Lewis acids, can undergo intramolecular [4+3] cycloaddi-
tion reactions to give adducts 138 and 139 [Scheme 40].

Me Me

_THO, CHiCly

o

SPh o
Me Me SPh
pyridine, - 78 °C E

Ph 2 6-di-t-butyl-
59%

137 138 139

L

Scheme 40.

Cha®! reported that a small amount of benzoic acid could
promote intramolecular [4+3] cycloadditions of furan-teth-
ered cyclopropanone hemiacetal 140 giving rise to 141 in
47% yield [Scheme 41].

HO
o 'PhCOOH (2 mol%) _
H 0\ T CFiCHOH “
OH =~
140 141: 47% [1 :

Scheme 41.
3. Pericyclic ring-closure

To study the structure-biological activity relationship for
some activated compounds, Barrero®? synthesized the cyto-
toxic benzopyran derivatives 146 from the aryl lithium de-
rived from aryl bromide 142 and B-cyclocitral 143 through
a ring-closure of 1-oxatriene 145 [Scheme 42].

0\ O/\O
1) n-BuLi, Et,0, -78 °C, 45 min

Br 2) I I
OTBS “>CHo OH OTBS
142 . 144

143
O (e}
p-TsOH, benzene O> O>
reflux, 30 min z o X o

145: 1-oxatriene 146: 3 steps : 89%

Scheme 42.

In Hsung’s recent total synthesis of (+)-hongoquercin A,%
ring-closure of 1-oxatriene 148 occurred en route to the
tetracycle 149 in 68% overall yield, thereby completing the
oxa-[3+3] annulation sequence [Scheme 43].

oxa-[3 + 3]
_.OH

148: 1-oxatriene
CO,H

W H 149: 68% overall (+)-hongoquercin A

Scheme 43.

4. Cyclization reactions
4.1. SN2 additions

Mann® demonstrated that upon removal of the TBDMS
group [n-BuyNF-THF] in compound 150, a nucleophilic
displacement of the bromide occurred concomitantly to pro-
duce 151 [Scheme 44]. In addition, lithium enolate derived
from ketone 152 and LDA at —78 °C also gave 153 through
an Sy2 addition.

TBAF, THE, it_
T s
OTBDMS
150 Br

LDA THF
N -78 °Ctort
(0] 50%
MeO™ N7 °
Br
Scheme 44.

Hanson®® found that the cyclization of triol 154 through a
tosylate intermediate could take place to give tetracyclic

ketone 155 after oxidation [Scheme 45].
OH
CH,OH
¢ OH
155: 43%

154

1) pyridine, p-TsCl

2) Jones' reagent

stereochemically unspecified
at the BC-ring junction

Scheme 45.
4.2. 1,4- or Oxa-1,4-addition
An oxa-1,4-addition/SN2’ substitution involving nitroalkene

156 and homo-propargyl alcohol derivatives 157 led to the
synthesis of 1-oxadecalin 158 [Scheme 46].°¢
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Il

NS
O/Noz . _ /OH (BuOK, tBUOH, THF 22
BY 0°Ctort
156 157 5 °
158: 74%

Scheme 46.

Quideau’s®’ new preparation of orthoquinol acetates was
applied in various O-1,4-addition reactions [Scheme 47].
Specifically, fluoride-mediated desilylation of 160 using
TBAF occurred concomitantly with a 6-exo-trig cyclization
to give 161 after aromatization via elimination of HOAc.

MeO, OAc
Phl(OAC)z TBAF_
THF
OTBS CHzClz 30 min OTBS 369

Scheme 47.

Brise®® described a domino oxa-1,4-addition and aldol con-
densation between salicylic aldehyde derivatives 162s and
2-cyclohexen0ne that led to 163 [Scheme 48].

R* o]
_ DABCO.it R? N
ﬁ é H,O/dioxane 2 o
yield = 25 - 93% 1
162 163

R'=H, OH, OMe

RZ=H, OMe

R3 =H, NO,, OMe, £</ 1\2
R4=H A

Scheme 48.

Khan® investigated the synthesis of cis and trans [not
shown] 1-oxabicyclo[4,4,0]decanes through 6-endo-trig
cyclization of hydroxy sulfone 164 [Scheme 49].

OH H

. \]/ 6-endo-trig CI/\OJ\
Bu'OK
O SO,Ph 98% H SO,Ph
164 165

Scheme 49.

An efficient synthesis of the title benzo-pyranodione deriva-
tive 168 based on a stereoselective tandem 1,4-addition/
cyclization sequence utilizing 2-(1-hydroxyalkyl)-1,4-
benzoquinones and enamines was studied by Konishi’®
[Scheme 50].

0
MeO oH, N 1)NWF A
2) Ag,0, Et,0, rt
o 90%
166 167
Scheme 50.

Bode and Suzuki’" reported an interesting reduction of benz-
isoxazole 169 employing Mo(CO)¢ that led to tetracyclic
vinylogous amide 170 in 81% yield. The subsequent acid
hydrolysis resulted in the formation of 171 via a very unique
structural rearrangement that can be an excellent cume ques-
tion [Scheme 51].

O—N (0]
Mo(CO)g
O ‘ CH3CN, H,O
0 "CO,Et reflux, 6 h
81%
169 170
2 Maq HCI
THF, reflux | 60%
6 h
o o0 ] H
DOPNY
o (6]
171
Scheme 51.

Bode and Suzuki’? also reported by other reductions of
benzisoxazole 172 using Zn—AcOH or Raney-Ni led to the
formation of 1-oxadecalins 173 or 175, respectively
[Scheme 52].

O—N O
o
o “Me AcOH, reflux
(0]
O~ "OEt
172 173: 75%
Raney Ni
86% \H , EtOH
NH, O NH OH
O \ chloranil, 1,4-dioxane O O
e} Me reflux le} Me
O~ "OEt
174 175: 38%
Scheme 52.

A two-step sequence, involving a photo-induced C-acylation
of 1,4-naphthoquinone 176 with 2-hydroxybenzaldehyde
177 followed by O-1,4-addition and Ag,O oxidations, for
the synthesis of the xanthenequinone derivatives 181 was
developed by Konishi’? [Scheme 53].

4.3. Radical cyclizations

Ryu’ observed an interesting formation of 3-lactones from
saturated alcohol 182 in the presence of CO and lead tetra-
acetate [LTA] [Scheme 54]. The reaction likely proceeds
through a 1,6-hydrogen abstraction [or 1,5-shift] by the
alkoxyl radical intermediate [see in the bracket] presumably
generated by LTA, serving as a one-electron oxidant, fol-
lowed by carbonylation at the 3-carbon atom [assistance from
Pb is a real possibility] and lactonization. Unfortunately, for
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CHO 1
s | GO
y benzene HO R2

176 177 178

o O
O‘ O oo
THF HO R2 0 R
O

- 180 N

181a: R'=R2=H: 50%

Ag,0 181b: R'=Me, R2 = H: 48%
- O‘ O 181¢c: R'=Cl, R? = H: 42%
181d: R'=Br, R?2 = H: 40%

181 181e: R'=H, R2= OMe: 43%

Scheme 53.

(0]
H o’H LTA : lead tetraacetate, CO (80 atm) o
N CgHg, 40 °C, 3d
H H
182 50% yield; a mixture of 8 diastereomers:
with ratios of: 55/15/12/6/4/3/3/2 183: 50%

j\ HOAc co 11

OAc  «Ppl,

/
H ~{Pb-0Ac
o \OAC_L,
L = OAc
H

trans-E va

Scheme 54.

this specific example, B-bond cleavage occurred leading to
scrambling of stereochemistry.

A Stork-type radical cyclization of the bromo-ketal inter-
mediate derived from alcohol 184 and 1,2-dibromo-ethyl
ether was revealed to give 1-oxadecalin 185 in a regio- and
stereoselective manner [Scheme 55].7

OEt
OH 1) 1.2-dibromo-ethyl ether, N,N'-dimethyl-aniline /g\
(0]

. dichloromethane, 0 °C to rt, overnight Ty ©

ctj 2) -BuOH, NaBH3CN, AIBN, n-Bu3SnCl

184 185: 68%

Scheme 55.

Oxidative photo-induced electron transfer (PET) reactions
have been applied to the synthesis of a range of different
oxygen heterocycles from silyl enol ethers such as 186
[Scheme 56].7°

In their synthesis of azadirachtin, Nicolaou’’ attempted
a radical-based approach for the construction of its crowded
C8-C14 bond. Instead, treatment of the minor product
bromo-ketal 189 with n-BusSnH and AIBN [0.01 M in

OSiPr,
DCA, hv
X
CH3CN
(0}
186 187a: 3% 188b: 44%
DCA: 9,10-dicyanoanthracene HO
: ©fﬁ>
(0] stereochemistry
188c: <2% unassigned
Scheme 56.

toluene, 110 °C] led to a 6-endo-trig radical cyclization
product 190 in 74% yield [Scheme 57].

Oy 0
Br
- ' TB
O Y OTBS
189

X
AcO’ M
MeOZC I—O
azadirachtin
190: 74%
Scheme 57.
Trost’® developed a nifty biomimetic enantioselective syn-

thesis of (—)-siccanin that featured the Pd-catalyzed asym-
metric allylic alkylation [AAA] and a Ti(Ill)-mediated
6-exo-trig radical cyclization of epoxyolefin 191 [Scheme 58].

OMe

2 equiv Cp,TiCl,
6 equiv Mn
1.2 equiviy rt, 10 h

MeO

192a: 44% 192b: 5%

Scheme 58.

An efficient and diastereoselective synthesis of a B-lactam
194a [or 194b] has been achieved in high yield via a 6-exo-
trig radical cyclization employing bromo alkene 193a
[or 193b] [Scheme 59].7°

Upon one-electron CAN-oxidation of the nitroanion result-
ing from an oxa- 1,4-addition of homoallylic alcohol to nitro-
alkene, the radical intermediate 196a underwent 6-exo-trig
radical cyclization, leading to 2,3-dialkyl-4-methyl tetra-
hydropyran 195 stereoselectively [Scheme 60].5°



10796 Y. Tang et al. / Tetrahedron 62 (2006) 10785-10813

H 1of o H ol o
wBr N and/or NijBr N,
H [H PP H |HPMP
Ph Ph
193a n-BuzSnH, AIBN  193b
toluene, reflux
96%
H\ . (o) H O H
W and/or
H by PWP
Ph/
194a
Scheme 59.

1) NaH, THF ON |
NO2  2)3-buten-1-ol 2
O/ 3) CAN, THF, - 78 °C
4) 0.1 N Na,S,0, g ©
195: 50%

L Oqu OzN 3 J
-
o} HO

196a 196b
CAN: cerium(IV) ammonium nitrate

Scheme 60.

Tsuno®! reported an interesting 1-oxadelic formation via
photochemistry of vy-allenyl-substituted o,B-unsaturated
enone derivative. As shown in Scheme 61, irradiation of
197 led to predominantly E—-Z geometric isomerization,
but the Z-isomer 199 apparently underwent radical cycliza-
tion in a Norrish Type-1I manner to give 198 [stereochemis-
try unassigned] in 6% yield. The overall process represents
an equivalent of photochemical hetero Diels—Alder reaction
[Scheme 61].

|. o hov
ll
O
197 198: 6%
ho H hv isomerization '
// ho o
/ o Norrish Type-Il pathway ) )
(6]
199: 8% 200
Scheme 61.

4.4. Sml,-mediated cyclizations

In their synthetic efforts toward the phorbol ester, Little®?
used an intramolecular reductive cyclization of 201 using
Sml, [Scheme 62]. The reaction was sluggish, but upon
the addition of catalytic amount of Nil,, the reaction reached
completion within 1h and yields were improved to
82-88%.

Sml, and cat Nil,

THF, rt

202: 82-88%

Scheme 62.

Molander®? developed a beautiful tandem sequence of inter-
molecular carbonyl addition/intramolecular nucleophilic
acyl substitution promoted by Sml, [Scheme 63]. They
were able to construct bicyclic system 205 in good yields
and high diastereoselectivities from simple and readily
available ketoester 203 and dihalide 204. The reducing
power of Sml, with nickel(I) iodide serving as a catalyst
is the key in the first step and irradiation with visible light
was more useful in the second step.

0 1) excess Sml, e OH
203 204 205: 70%
Scheme 63.

In attempts to promote a Reformasky-type cyclizations of
206 with Sml, to construct fused tricyclic B-lactams,
Skrydstrup®* found that the favored pathway is a cyclization
pathway followed by a trans-acylation step involving the
cleavage of the B-lactam ring to give bridged tricycle 207
[Scheme 64].

Sml, HO
N THF, 20 °C HN
o 7/3(2-pyr)
EtO,C EtO,C
206 207: 57%

Scheme 64.
4.5. Prins-type cyclizations

Funk®> reported an interesting approach to 1-oxadecalin
through a diastereoselective Prins cyclization of enecarba-
mate 208 that was promoted by 0.5 equiv of InCl3 [Scheme
65].

Ot-Bu
CsH17\N o 0 H
H . o InClg, rt, 2h
%\/O Ph)J\H 84% m
HO H Ph (e} |l|
208 OtBu 209

CE’H”‘NKO
H
8
—0"
Ph/—e H
210
Scheme 65.
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Floreancig®® beautifully demonstrated that organic radical
cations can be derived from single-electron oxidation under
photochemical conditions and can further undergo the meso-
lytic C—C o-bond cleavage to form benzyl radical 213a and
oxocarbenium ion 213b, which can proceed through a Prins-
type cyclization to give 1-oxadecalin 212 [Scheme 66].

OMe 2.5 mol% NMQ-PFg o
hv, gentle-aeration
NaOAc, 1,2-dichloroethane '
toluene (3.5: 1) H

OCgHy7
Ph 5 X304

212:49% NMQ-PFg =

H17Cs0 211 N
1e-oxidation and |
mesolytic C-C cleavage ﬁ/ €]
H | PFg
. o
~
MeO |
213a CgH170@ 213b
Scheme 66.

Treatment of allenyl-aldehyde dimethyl acetal 214 with
TiCl, afforded the bicyclic pyran 215b in 52% yield
[Scheme 67].87 The proposed reaction mechanism is a
sequence [see the bracket] of an intramolecular allenyl-
Prins-cyclization followed by 1,5-hydride shift of vinyl
cation 216b, which itself would lead to 215a if trapped by
the chloride anion. A second Prins cyclization from the
resulting oxocarbenium ion 216¢ should give 215b.

EtOC _TiCl
EtO,C Me CHZCIZ

0°C,2h
214 215a: 28% 215b: 52%

LA 1 E = CO,Et 1

c U 1,5-hydride Cli,
1d — S

E Il

—=0_ OQ

216a 216b 216¢

Scheme 67.

Another example of Prins cyclization would involve allyl
silane 217 and iso-butyrlaldehyde in the presence of
TMSOTT to afford 2,3-substituted octahydrochromanes 219
with excellent diastereoselectivity [Scheme 68].3%

OH 6.0 equiv 'PrCHO ®
T . I
_~__SiMe, _1-2€quiv TMSOTF O Pr
CH4Cly, -78 °C, 6 h
OM 2v2 X SiMe,
217 218
H .
o 'Pr
%
H
219: 69%

Scheme 68.

Li documented an elegant synthesis of poly-substituted
tetrahydropyran 221 with excellent diastereoselectivity via
an InCl;-mediated Prins cyclization of alcohol 220 and benz-
aldehyde [Scheme 69].%°

H Cl

e H
(:'[W\/ PhCHO NN
InCl3/CH,Cl,

'« "OH
H 0 O~ “Ph
220 221

Cl

|
[T Tk

Scheme 69.
4.6. Acid-mediated cyclizations

This is the most common approach for constructing 1-oxa-
decalins, and the section is further divided into four sub-
sections: (1) those involving ring-opening of epoxides, (2)
those involving additions onto an olefin, (3) those involving
polyene-type cyclizations, and (4) other miscellaneous
cyclizations.
4.6.1. Epoxide ring-opening. Boeckman® used a Lewis
acid promoted ring-opening of epoxide 222 via nucleophilic
participation of the side chain ketone carbonyl [see the
bracket] followed by cyclization to bicyclic ketal 223
[Scheme 70]. The ring-opening of the epoxide occurred with
complete inversion. This was a key-step toward their enan-
tioselective total synthesis of (+)- and (—)-saudin.

0 oA o  ToAc
: BF3-Et,0, CH3CN, rt

O
v O = O
 CO,CH;4

223: 90%

0 /\OAc

T

CO,CHj

Scheme 70.

In a study aimed at the synthesis of forskolin [Fig. 1],
Welzel®! found that epoxide 224, upon treatment with
TMSOT{ in toluene gave the cyclization product 225 in 57%
yield with retention of configuration at C-8 [Scheme 71].

OH Osi'BuPh, TMSOTT, toluene O  OSiBuPh,
20 0°Ctort 8

g “OH
224 © 225:57%

Scheme 71.

An acid-catalyzed epoxy-ester rearrangement of 226 was
reported by Giner®? to give 227 [Scheme 72]. This study
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provides support for the hypothesis that epoxy-ester— of 236a and 236b, thereby providing a concise route to the
orthoester—cyclic ether rearrangement could be involved in tetracyclic core of stachyflin [Scheme 76].
the biosynthesis of marine polyether toxins.

0 0 Br
234 235 o7
236a: 22% 236b: 75%
o ‘ 3 equiv BF3-OEt, ‘
HN CH,Cl,, -30 °C
OH

Scheme 72.

Davies-Coleman®? concisely synthesized ambraketal [229a] (-)-stachyflin 237a: 15% 237b: 41%
and 8-epi-ambraketal [229b] that featured an acid-mediated — -
cyclization of 228 [Scheme 73].

% 236b — — 237b
HslOg
~1 Et,0,0°Ctort
o i
H Scheme 76.
228
Scheme 73. Compernolle®” employed an acid promoted cyclization of

alcohol 239 after an initial m-CPBA epoxidation [Scheme 77].

In their elegant approach toward phomactins [Fig. 1],
Maleczka®* used an intramolecular acid-mediated epoxide-

ring-opening of 230 [Scheme 74]. CoMe
CO,Me 1) m-CPBA Ph g
5 2) p-TsOH
T\

Ph OH

OH
\O)> p-TSOH, 65 °C \O\)ﬁ; 239 240: 95% (de 14%)
OH O Scheme 77.
\(_/ \

231: 80%

In an effort to study the inhibitory effect of lapachol deriva-
tives on Epstein-Barr virus, Pérez Sacau’® employed an
Scheme 74. acid-mediated cyclization of naphthoquinone lapachol 241
to obtain lapachol derivatives 242a and 242b and 243, which

Moulines? used a key acid-mediated ring-opening of epox- involved an initial m-CPBA epoxidation [Scheme 78].

ide 232 to afford diol 233 in their synthesis of ambrox, an
ambergris-type compound sought after by the perfume o]

. s o
industries [Scheme 75]. o)
conc H,SO, O‘ o
il |O‘ .

OH
OH . )
H,SO, o)
quant yield 242a: 39% 242b: 34%
. X o}
2 J " ambrox o
241 m-CPBA O‘
Scheme 75. CH,Cl,
o
. . . . OH
Katoh”® reported in their elegant total synthesis of stachyflin 243: 57%
. 0

a BF;-Et,0-induced domino sequence of epoxide-ring-
opening, a double Meerwin rearrangement, and cyclization Scheme 78.
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B on +BuOOH
' N
H

244 O

Scheme 79.

By using Schiff-based vanadium(V) complex, Hartung®’
efficiently synthesized the functionalized tetrahydrofuran
245a and tetrahydropyran 245b [Scheme 79].

4.6.2. Additions to olefins. In their efforts toward the syn-
thesis of puupehedione, Barrero'%’ studied the acid-medi-
ated cyclization of 246 under different conditions and the
most significant results are depicted in Scheme 80.

acid
247a (Cg-Me,) . )
-puupehedione
247b (Cg-Me) (+)-puup
acids solvents temp time ratios (yields%)
BF;-Et,0 CH,Cl, 0°C 15 min only b (85)
2-Naphthalenesulph CH,Cl, reflux 2h a:b(1:2.4)(76)
p-TsOH benzene reflux 50 h a:b(1:4)(90)
conc HySO,4 nitropropane  0-10°C 30 min a:b(1:9)(93)
Scheme 80.

Ramos-Tombo and Ganter!®! used bridgehead-alkylated
endo-cyclic olefin 248 to give a mixture of acid-mediated
cyclized products 249a and 249b [Scheme 81].

OH Acid o . o)
R Q - R R

248 249a 249b
reactant acid temp time(h) ratio(a:b) vyield (%)
R=Me HCI/CHCI; rt 24 65:35 quant
R =Et HCI/Et,0 rt 25 80:20 87
R=i-Pr  HCI/Et,0 rt 16 95:5 90

Scheme 81.

Kende’s'%? enantioselective total syntheses of various lac-
tams containing natural products isolated from Stachybotrys
sp. [not shown here] cleverly featured the Amberlyst-15-
mediated cyclization of 250 to give a mixture of 251a and
251b in a 1.3:1 ratio [Scheme 82].

Katoh!'® reported an efficient synthesis of the tetracyclic
ABCD ring system of the natural products kampanols [see

cis/ftrans 2 97 : 3

H
10 mol% V(O)(OEt)L O‘z\‘}i@* . Ob\;f
CHCl, 20 °C, 48 h . Non

cis/trans trans
(0]
H Ho H S trans
245a: 78% 245b: 5%

cis/trans <2 : 98

HO CO,Me

Amberlyst-15

OH ——=——»
CH,Cly, rt, 12 h

1.3:1, 90% yield

Scheme 82.

A in Scheme 83], featuring an interesting cyclization of
252 to give both the trans-fused product 253a using
BF;-Et,0 and the cis-fused product 253b using N-phenyl-
seleno phthalimide in the presence of SnCl,.

In an effort to study the mechanism of abietadiene synthase
catalysis, Coates'® synthesized 255 via an acid-catalyzed
dehydrative cyclization of 254 [Scheme 84].

In the synthesis of 3-deoxyschweinfurthin B, Weimer!'®
used an acid-catalyzed cationic cyclization of 256 to afford
the advanced precursor 257 [Scheme 85].

In their synthesis of hongoquercin A [Fig. 1], Mori!'%® clev-
erly employed an acid-mediated cyclization of 258 to form
the ABCD ring system 259 [Scheme 86].

Starting from the appropriate o-quinones 260, Nicolaides'?’
used an acid-mediated cyclization to construct 3,4-dihydro-
2H-benzo[f]pyrano[2,3-k]chromen-6-one derivatives 261
and 262 [Scheme 87].

Jansen and de Groot'?® were able to transform (+)-larixol to

ambra oxides 264 featuring the acid-mediated cyclization of
263 [Scheme 88].

In their concise and elegant stereoselective synthesis of the
AB-ring moiety of trichothecene sesquiterpene (+)-calonec-
trin, Tomioka'® employed a Lewis acid-mediated cycliza-
tion of 265 to afford the cis-fused tetrahedrochromane 266
in good yields [Scheme 89].
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Scheme 83.

OH
p-TsOH, Et,O

/\H
254 255:75% [1.5 : 1]

Scheme 84.

OH _ oH OH H -
TFA ©
oH SePh o
OCHs OCH;

256 257: 43%

Scheme 85.

BF3-Et,0
CH,Cl,
259: 58%
Scheme 86.
(o}
. O
ice water
(e}
A
i OH o
conc 261
HO H2SO4 o
(0] AN (0]
260 ice water O‘
air oxidation
(e}
262
Scheme 87.

BF3-Et,0, CH,Cl,

N-phenylseleno-
phthalimide, SnCl,

-60 to 10°C

253a: 75%
MOMO

CH,Cl,, -78 °C

1
H SePh

253b: 98%

OH oTBS

< 1)HF, CH,CN
2) S0,

“H “H

" OH OH '

(+)-larixol 263 264: 67%
Scheme 88.

I\I/IOM
HO o} LiBF,
o 2% H,0/MeCN “OPiv
7 OPiv 72°C,05h PIVO”
PivO H H
265 O M 266: 79%
-0 | "OAc
AcO (+)-calonectrin

Scheme 89.

Schneider!'!? reported a stereoselective approach to new
oxa-D-homoestrone derivatives that showcased a key stereo-
selective Lewis acid-mediated cyclization of alkenol 267 to
afford 13a-estrone 268 as the only product [Scheme 90].

13 O ge Fr0

CH,Cl,, reflux

MeO
267 268: 13a-estrone: 87%

Scheme 90.

A xanthene skeleton bridged to a tetrahydrofuran ring as
shown in 271 was synthesized in 62% yield when carene
derivative 270 reacted with o-hydroxy aldehyde over the
askall}ilte—bentonite clay at room temperature [Scheme
91].

Another interesting BF;3-Et,O-promoted double Meerwin
rearrangement/cyclization reaction employing (+)-arenarol
274 in an efficient synthesis of (+)-aureol 275 was reported
by Katoh [Scheme 92].!2

4.6.3. Polyene-type cyclizations. In their development of
an enantioselective polyene cyclization, Ishihara and
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.CH,0OH
CHO
HO H HO HO\. OH
- ® 270
HO
- 269a
H
oS on
299
w2 HO
269d

271: 62%

Scheme 91.

+
MeO
Br 7 steps
273 ‘

OH

1.0 equiv BF3-OEt,

CH,Cl, - 40 °C
97%

OH OH]

| FsB™ 4@ 276D i
Scheme 92.
Yamamoto'!? employed Lewis acid-assisted chiral Brgnsted

acids [LBA] to cyclize various isoprenoids such as 278 into
279 in modest to excellent ees [Schemes 93 and 94].

In their recent asymmetric total synthesis of acid-sensitive
(—)-caparrapi- and (+)-8-epi-caparrapi oxide, Ishihara'!*
demonstrated an excellent application of their Lewis acid-
assisted chiral Brgnsted acid [LBA]-induced polyene cycli-
zation of 280 [Scheme 94]. In addition, en route to elegant
total syntheses of natural products such as (—)-chromazo-
narol and (+)-8-epi-puupehedione, polyene cyclization of
28315 employing LBA-282 gave tetracycle 284 in good dr
and ee.

I I OH
OR
.
|

0 sncl, 0 O 0
<! CHyCly, -78 °C . |
H B

278 279a 279b
R=H not isolated 84 (36% ee) 16 (32% ee)
R =Me 89% yield >70 (50% ee) : >20(34% ee)
R = COPh 92% yield 95 (54%ee) : 5

Scheme 93.
OBn
o
(0]
(R)-LBA-SnCl,
OBn | PrCl-CH,Cl, (1:1) i
-80 °C H
H o
(lj 281a: 74% [> 99% ee]
o] OBn
o |
280
(S)-LBA-SnCl,
PrCI-CH,Cl, (1:1)
-80°C
281b: 73% [98% ee]
od. EN
H

(-)-caparrapi oxide

(R or S)-LBA-snCl, OMe

OMe

toluene, -78 °C
x/ OH 40% yield

| 69% dr; 88% ee
NS

283 284: R = Me (+)-8-epi-puupehedione
R = H: (-)-chromazonarol

Scheme 94.

In addition, Ishihara''® recently reported another novel
Lewis acid-assisted chiral Brgnsted that constitutes an artifi-
cial cyclase for biomimetic cyclization [Scheme 95].

Linares-Palomino!!” demonstrated that chlorosulfonic acid
could also promote electrophilic olefin cyclization of sub-
strates 288 to give cyclized products 289 [Scheme 96].

Hsung® reported an unusual polyene cyclization pathway
that led to a divergent total synthesis of hongoquercin A
and rhododaurichromanic acid A [Scheme 97]. This work
uncovered a novel cationic cyclobutane formation that could
be relevant to the biosynthetic pathway for the formation of
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H .
! '
o (1'R, 2'S)-LBA, 1.0 equiv SnCl, ©
X~ | toluene, -78 °C Br
Br 24% yield H
285 286: 94% trans, 83% ee
(1'R, 2'S)-LBA =
287 \©/
OH X
0
Scheme 95.
| X-SO;H
x
T X = Me, p-tolyl, OH, Cl, or F
R .
288 R=0HorO 289
Scheme 96.
CO,Me

H
291: daurichromenic ester 292: 19%
derived from farnesal
exo: regioselectivity HO CO,Me MeO

C15 versus C9
15

Scheme 97.

cyclobutane containing terpenoids in addition to rhododauri-
chromanic acids.

4.6.4. Miscellaneous acid promoted cyclizations. In their
elegant total synthesis of (—)-21-isopentenylpaxilline,
Smith!!® reported generation of the tetrahydropyran ring in
295 through a cascade process starting from the cleavage of
the MeSCH, (MTM) protecting group to a EtMe,Si-H reduc-
tion of the cyclized hemiacetal intermediate [Scheme 98].

OMTM

TfOH then

(-)-21-iso-pentenylpaxilline H~ H | OH

Scheme 98.

A similar strategy was also used in Smith’s total synthesis of
(—)-penitrem D [Scheme 99].!1°

8.4 equiv TIOH ~ © 0Bz

EtMe,SiH in toluene ¢
-40°Ctort

(-)-penitrem D H H

Scheme 99.

In their total synthesis of (£)-nakamurol-A, Bonjoch!?’
found that when a slight excess of TiCl, was used, a-meth-
ylene ketone 298 could be transformed to the ketone 299b
via a desired Sakurai reaction, but another product 299b
was also found, which was likely derived from a hetero-
Diels—Alder reaction or an acid-mediated cyclization from
299a [Scheme 100].

=
o) _~_-SiMe; 0 o)
+
TiCly
298 AN 299a: 50% 299b: 30%
~ OH
nakamurol A

Scheme 100.

In the total synthesis of koninginins D, B, and E, the depro-
tection of ketal 300 by treatment with dilute HCI in acetone
furnished 1-oxadecalin 301 [Scheme 101].1%!

SPh O
O SPhO
n-Hex 2 NHCI, THF, rt, 20 h
. 87% n-Hex
O (¢}
OH Ol-rl
300 301
R O
koninginin D 4B, R = OH O
koninginin B 4o, R=H  "HeX o
koninginin E 48, R =H OH OH
Scheme 101.

4.6.5. Electrophilic etherifications. Schultz!*?> reported
that treatment of olefinic alcohol 302 with I, in THF and
H,0 under conditions of thermodynamic control gave iodo-
pyran 303 in 94% yield [Scheme 102].

Mori’s'?? total synthesis of (4)-stachyflin [see Scheme 76]
showcased the construction of cis-fused 1-oxadecalin via
an iodo-etherification [Scheme 103].
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o
Meo e
I, THF, H,0
NMe CEb ANy NMe
25°C, 96 h |

“CH,OH 94% K | |
302 303
Scheme 102.
CO,Me MeO,C
lo, propylene oxide
HO OMe —\
Lo THF o o 9
o_ 0O ,
\X/\b/ 87%
I
304 305
Scheme 103.

Hua'?** and Katoh!?*® reported that oxy-selenylation of diol
306 with 1.1 equiv of N-phenylseleno phthalimide and
0.1 equiv of tin tetrachloride gave selenyl pyran 307a in
38% yield and unsaturated pyran 307b in 56% yield, which
was formed from the dehydration of 307a catalyzed by
either SnCl, or HCI [Scheme 104].

OBn

OBn
HO

o

o
BN ]s Ph
OBn N-SePh ©
307a: 38%
o +
SnCl,, CHyCly oBn

OBn

1
SePh
307b: 56%

Scheme 104.

Chemla'® reported the transformation of 308 into the
substituted pyran 309 via hydrolysis of the MOM moiety
followed by iodo-etherification of the resulting alcohol
[Scheme 105].

H
MOMO . Me 0.~
CH 1) HCI, MeOH, H,0 :
O/W 2) I3, CHsCN .
96% H
308 309: or. > 98 : 2
Scheme 105.
Murata'?® studied the selective intramolecular oxy-selenny-

lation of olefinic alcohols and carboxylic acids by using
organic cyano selenides in the presence of metal triflates
to generate PhSeOTf. Depending on the conditions, reac-
tions of trans-2-allylcyclohexanol 310 can selectively afford
exo-cyclized tetrahydrofuran 311a or endo-cyclized tetra-
hydropyran 311b [Scheme 106].

H
PhSeOTf SePh
I Grych 0°c. 1 “CH,SePh +
) 2¥'2 ’ e )
OH . o

H

310 311a: 5% 311b: 84%

Scheme 106.

White'?’found that when cis-diol 312 was treated with
N-bromosuccinimide [NBS], a mixture of inseparable bromo-
epoxy alcohols 5-exo product 313a and 6-endo product 313b
were obtained [Scheme 107].

NBS, THF
rt,1h
91%

312

Scheme 107.

Barluenga'?® reported a flexible approach to chromane and
tetrahydroquinoline derivatives by using intramolecular aryl-
ation reactions of alkenes employing IPy,BF, as the source
of iodonium ion [Scheme 108].

|PyZBF4

o} IPy,BF,
©/ . HBF4 and CH2C|2
T 85°C,72h
X 86% : 1 ;
©/ HBFy and CHCl,
T 85°C, 150
72%

Scheme 108.

Interestingly, the fluorinated six-membered cyclic ether 319
was stereoselectively synthesized from furan 317 via a fluo-
rinative ring-expansion reaction using p-iodo-toluene di-

fluoride [Scheme 109].1%°
o) _ pToHF, Cr
@)’M\I "Et;N-5HF, CH,Cly )MN(»l—

63%

317 318a
(0] ® o
F
(X)), — 8)@
~ F - H

318b -

Scheme 109.
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5. Transition metal-mediated cyclizations
5.1. Palladium

Kalck'° found that the cyclocarbonylation of isopulegol cat-
alyzed by PdCl,(PPhs), led to the desired lactone 321 in 60%
de [Scheme 110]. A hydride intermediate [PAH-SnCl;3L;]
was proposed as the active species that hydro-palladated
[likely directed by the hydroxy group] the terminal olefin
in an anti-Markovnikov manner prior to carbonylation.

cat PdCly(PPhs),

? 2 equiv PPhg

2.5 equiv SnCl,, H,0 H

- s - +

OH 65°C, 4 MPaof CO (o)
: toluene H

P 100% o) -
320 321a 62:38  321b

Scheme 110.

Liu'3! observed that in the presence of 1equiv of CpFe-
(CO),I and 8 mol % of PdCl,(CH3CN),, hydroxyalkynyl
stannane 322 underwent Pd(0)-catalyzed transmetalation
to give rise to a reactive iron—alkynyl complex, which was
condensed in situ with Ph\CHO/BF; - Et,0 to yield a cationic
iron styryl carbene complex that underwent Me;NO-oxida-
tion to give lactone 323 [Scheme 111].

1) 8 mol% PdCICH;CN), 0. O

BusSn HO. 1 equiv CpFe(CO),l, 23 °C, 12 h ’
x =

Ph
322 323: 58%
1 3) Me3NO, CH,Cl, 1
C
HO OC‘F'p o
S
X
S]
N BF5-0 Z
Ph

Scheme 111.

Dupont!3? reported that the cyclocarbonylation of alkynol
324 catalyzed by Pd(OAc), in either organic solvents
or ionic liquids led to exo-a-methylene d-lactones 325
quantitatively in a highly regioselective manner [Scheme
112].

_.OH .0 O
(I~ 98¢

324 325

Pd(OAc),/2-PyPPh,/CH3PhSO3H/alkynol
respective ratios: 1/10/10/1000

toluene, CO (25 atm), 60 °C, 2 h

Scheme 112.

In an efficient enantioselective synthesis of the natural
product (—)-15-oxopuupehenol [for a related structure see
Scheme 801,!°° Alvarez-Manzaneda'®? found that Pd(IT)-
induced cyclization of 326 in a Wacker-type oxidative
manner to give the desired tetracycle 327 as a single isomer
[Scheme 113].

OBn
PdCl,, cat Pd(OAc),

MeOH-H,0 (99:1)
40°C, 48 h

H
o 327:91%

Scheme 113.

Gagne'** reported an interesting Pd"™-mediated oxidative
[Wacker-type] poly-cyclization reaction of 1,5-dienes 328
that led to tricycle 329 [Scheme 114].

/ -
< L BFRL
N
Ph,P—Pd?*-PPh,
H | 0
5 NCCeFs
| Pho;NMe R
x
R =Hand Pd-L
328 329
© NaBH,
' MeOH
H
330: 90% [dr: > 99 : 1]
Scheme 114.
Gagne'? also reported another related Pd"-catalyzed oxida-

tive polyoxa-ene cyclization reaction initiated by carbo-
cyclization of 1,5-dienes 331. These studies suggest the
presence of carbocation-like intermediates that can ulti-
mately be trapped by suitable nucleophiles such as phenols
[Scheme 115].

H 10 mol% PdCI,[PhCN],

I . O
o benzoquinone O O
| CH3CN, 80 °C, 15 h, 85% i
X H
331 332
Pd-C, 98% |
0
Y
333
Scheme 115.

Barrero'3° illustrated that when treating allyl acetate 334

with PdCl,(CH5CN),, mono-carbocyclic terpenoids (—)-
caparrapi 335a and its C8-epimer 335b [ratio 2:1] were
isolated in 75% yield [Scheme 116].

_.OH
PACly(CH3CN),
X THF,rt, 12 h, 75%
OAc
334
Scheme 116.
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5.2. Ruthenium

Trost'?’ reported a ruthenium-catalyzed alkylative cyclo-
etherification reaction that provided cyclic ethers such as
338 in 67% yield from alcohol 336 and methyl vinyl ketone
[Scheme 117].

on % % CeC 0

S = 10 mol% 337, 15 mol% CeCly 7H,
O/\/\‘\ ¥ /\g/ DMF, 60°C, 2 h, 67%
336

€]
337: @—Ru(NzCCH3)3 PFs

H 338

Scheme 117.

5.3. Chromium and tungsten

Rudler!?® reported a very interesting synthesis of tricyclic
butenolide 341 from Fisher Cr(0)-carbene complex 339
through a unique sequence as shown in Scheme 118. The
key steps are an initial reduction of the carbene carbon and
the two CO insertions.

o)
Ph Ph
M~ CH,Cl, e
Ph )
- o/§0r(00)5 m Lo Ph
: N™ 340
339 CH, 341
lhydride addition } o
Ph._C”
=z
H // Fh @ (OC)3CTX O@
C A
Ph CH,
BN Ph
07, Cr(CO)s o7
l CO insertion CO-insertion |
H ~ alkyne Ph__Cr(CO)s
P P metathesis H Q O@
/H(Cr 00)4 J\fCr(CO Ph
07
H H
Scheme 118.

Barluenga'®® reported an interesting synthetic sequence
leading to an enantioselective formation of bridged tricycle
346 from chiral alkenyl Fisher Cr(0)-carbene complex 342
and lithium enolate of cyclohexanone [Scheme 119].

o}
and OMe Ph O 2.0 equiv
e

oBiPa, LDA _~_MgBr
(COW " pn 2)MeoTr,0°C (€O EtO,, - 50 °C

45% 9

342 ° 343: 40% ee 64%

2N H S

(CO)sWa, O HOL O

THF Hel

! 90 °C t acetone, rt "

H 75% . H . H

Ph Ph 90% Ph
345 346: 55% ee

344 . .
intra cyclopropanation

Scheme 119.

6. Simple lactone and lactol formations

This section presents another common and perhaps the most
straightforward strategy for constructing 1-oxadecalins.

6.1. Lactones

A common way to form 1-oxadecalin containing compounds
is esterification. Both Hon'#%* and Rigby'4%® reported that
when benzoates such as 347 was subjected to basic condition,
lactone 348 could be obtained in 70% yield [Scheme 120].

OY Ph
) NaOMe, MeOH 0.0
(I/izm 70%

347 348

Scheme 120.

When epoxy lactone 349 was subjected to acidic condition,
the resulting alcohol underwent trans-esterification in a
ring-expansion manner to give the more stable lactone 350
[Scheme 121].14!

HBr, THF, rt

Scheme 121.
Meyers'? showed an interesting example of employing the
silyl substituent as an oxygen surrogate through Tamao-—
Fleming oxidation en route to lactone 352 [Scheme 122].

COqEt 1) HBF, o
2) CHaCO3H, K,CO4 !
SiMezPh 3) THF, conc HCI
351 352: 91%

Scheme 122.

Fukazawa'“? illustrated that when diketone 353 was reduced
to an alcohol intermediate, it cyclized under acidic condition
to give lactone 354 [stereochemistry at its BC-ring junction
was not defined] [Scheme 123].

OH
1) NaBH, e’
HO,C S
2) Hs0
o CHC)
353 354: 54%

Scheme 123.

In Frater’s work,'#* the addition of ethynyl magnesium bro-
mide to ketoester 355 resulted in a tertiary alcohol inter-
mediate that cyclized to give lactone 356 [Scheme 124].
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0 0
H HC=CMgBr, THF, 0°C
OMe 75% oo
0 f
355 356

Scheme 124.

Cyanohydrin 357 was hydrolyzed under acidic conditions to
give a carboxylic acid intermediate, which underwent lac-

tone formation to give 358 in 71% yield [Scheme 125].'4
o
" OBn .\ 1MHCI, THF,50°c O~ ~y-OH
@l ?E)Ac i OBn
357 358
Scheme 125.

Fang'4® reported an interesting Sml,/i-PrSH-mediated
formation of 1-oxa-2-decalones 360a and 360b from ketone
aldehydes 359a and 359b, respectively, through an Evans—
Tischenko reductive pathway [Scheme 126].

(e} (e} H
H Sml, + i-PrSH Om
25°C H R
R
359a:R=H 360a: 70%; trans/cis = 96 : 4
359b: R = t-Bu 360b: 91%; trans/cis = 81 : 19
Scheme 126.

Valentin'4’” cleverly obtained enantiomerically pure cis
1-oxa-2-decalone 362a from reduction of 5-ketoester 361
using raw Baker’s yeast. In comparison, using NaCNBH;
as reducing agent provided a mixture of trans and cis
decalones 362a and 362b [Scheme 127].

(I\ reduction C{l . C(t\[\
o COaEt 0o 0 N0

361 362a 362b
NaCNBHjz 60%; a:b=20:80
Baker's yeast  80%; only (-)-a: 99% ee

Scheme 127.

Molander'*® reported a sequence leading to lactone 366 via
nucleophilic addition of the aryl lithium 364 to ketoester
365. Subjecting the resulting chloro lactone 366 to intra-
molecular reductive coupling using Sml, and cat Nil, led
to 367 [Scheme 128].

Br Li
n-BuLi Yb(OTf)3
-100°C o o0
363 Cl 364 Cl é/\/l OMe

365

xs Sml,
O$ Nily, hv %

OH o

Cl
367: 53% 366: 69%

Scheme 128.

In their beautiful total synthesis of (+)-quassin, Shing!'4’
found that upon treating acetate 368 with LDA, intramolec-
ular aldol occurred to give lactone 369 as a single diastereo-
mer in good yield [Scheme 129].

MeO LDA, THF, -78 °C
73% based on

73% conversion

(+)-quassin

Scheme 129.

6.2. Lactols

Another commonly used way to form a 1-oxadecalins would
involve an alcohol and an aldehyde moiety in the formation
of acetal or hemiacetals. In the synthesis of agarofuran anti-
feedants, catalytic hydrogenation of the double bond of 370
occurred from o-face and resulted in the lactol formation to
give hemiacetal 371 [Scheme 130].!%°

P HO 1 ,OH HO o
o/\C@ Hy, Pd/C
o ACOEt, H,0 ‘%';
TBDMSO éocz)'ue TBOMSO [ 0
370 371: 71%

Scheme 130.

Otera'>! observed a very interesting reversal of chemo-
selectivity in (CgF5),SnBr;-catalyzed aldol reaction of silyl
ketene acetal 373 and ketoaldehyde 372. The unusual pref-
erence for the ketone resulted in the formation of aldehyde
374a, which was partially converted to 1-oxadecalin 374b
in the presence of Lewis acid [stereochemistry was unas-
signed] [Scheme 131].

CO,Et

|
)
OFt
| COEt
(:EOJ/OTBDMS

374b: 42%

372 373

Scheme 131.
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In Iwata’s synthesis of laurencial [not shown],'>? dihydroxy-
lation of the alkene moiety of enone 375 gave lactol 376

in 83% yield [Scheme 132].
o} OH
0OsOy, pyridine [ o
83% ’
OH
375
Pyran 378 containing 1-oxadecalin was synthesized from

Scheme 132.
diol 377 through a sequence of hydroboration/oxidation
developed by Yus!>? [Scheme 133].

1) BHs THF

2)33% Hzo2 3 M NaOH
3)PCC, CH,Cl,, 0

378: 59%

Scheme 133.

Ozonolysis of alkene 379 generated a ketone intermediate
that subsequently reacted with the tertiary alcohol to give
arise to a mixture of enol ether 380a and hemiacetal 380b
[Scheme 134].'%*

O3, CH,Cl,

Scheme 134.

In the presence of TMSOTHT, allenol 381 underwent lactol for-
mation followed by addition of allyl silane to the oxocarbe-
nium intermediate to give oxa-bicycle 382 [Scheme 135].155

Q OH TMSOTf
Et,0,-78°Ctort
T™MS 88%
381 382
Scheme 135.

The addition of stannyl enolate 384 to ketone 383 was
reported to give lactol 386 [Scheme 136].!5¢

Last but not the least, Yang reported an elegant regio-
selective (3-selective) intramolecular oxidation of unacti-
vated C-H bonds by dioxiranes with a favored spiro-TS

SnCl,
o 0/2 80 °C t0 40 °C
L 80°C1040°
Ph)I\/LPh *

, T an [ Qs O
Me 23% o.
383 384
L Ph .
385a

OH
OH
[=2 1oz

Ph o*

386 - 385b
Scheme 136.

[see 388 in bracket], in which oxidation of the equatorial
0 C—H bond is strain-free, leading to the observed diastereo-
selectivity in 1-oxadecalins 400a and 400b after the lactol
formation [Scheme 137].'%7

H
OH
Oxone/NaHCO3
CH,F CHoF
H CH3CN/H,0, 1t, 120 h 2
o (70% based on 55% conversion) H fo)
387 389
H. H H l
ol i " 0.__OH O._OH
388 H H

spiro TS (favored) 400a (frans: cis=4.2:1) 400b

Scheme 137.

7. Conclusion

In conclusion, we have presented here a sample of various
strategies and approaches that have been employed in con-
structing 1-oxadecalins for a diverse array of purposes.
Given the prevalence of this structural motif among a diverse
array of natural products, we hope this review could serve as
a springboard that may help bringing forth future innovative
approaches.
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