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Mes, mesityl; MPM, methoxy(phenylthio)methyl; Ms, methanesulfonyl;
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TEA, triethyl amine; TES, triethylsilyl; TFP, tris(2-furyl)phosphine;
TMEDA, N,N,N',N -tetramethylethylenediamine; TMS, trimethylsilyl.
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1. Introduction

A remarkable diversity of natural products contains a seven-
membered oxacycle in their molecular architecture (Fig. 1).
Structures range from the ladder polyether neurotoxins
ciguatoxin, brevetoxin, and gambierol (1-3) to the function-
alized monocycles such as isolaurepinnacin (6) and rogio-
loxepane (7), to the spirocyclic crambescidin (5) and fused
aryloxepine structures janoxepin, oxepinamide C, and
bauhiniastatin (10-12). Notably, a majority of the natural
products in Figure 1 are from marine sources. Reported
pharmacological investigations on these structures showed
that they have ion-channel blocking (1,2),! antiviral (5),>
and antifungal (8)3 activities.
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From a chemical perspective, the intricacy of the structures
in Figure 1 has made them the target of increased attention
by synthetic chemists. The synthesis of medium ring oxa-
cycles has been treated previously in reviews by Elliot*
and Hoberg.®> Here we review significant advances made in
the synthesis of unsaturated seven-membered ring oxa-
cycles. Strategies defined in the earlier reviews will be up-
dated and new methods that have been recently reported
will also be introduced. Dibenz[b, floxepines, which occur
in natural products and synthetic pharmaceuticals will not
be presented here; strategies for their synthesis have recently
been reviewed.®

The key structural feature shared by the examples in Figure 1
is that the seven-membered oxacycle in each contains at least
one carbon—carbon double bond. Following IUPAC nomen-
clature,’ saturated seven-membered oxacycles are termed as
oxepanes (13) and if the ring contains ‘the maximum number
of double bonds’ it is an oxepine (14). The names of oxepine
containing natural products like janoxepin (10) and oxepin-
amide (11) evoke the direct connection to this definition.

Structures that have one double bond in the ring have been
referred to as oxepanes, di-dehydro-oxepanes, oxepenes,
and oxepines in the literature. Based on the prevalence of
its usage, it is suggested that, in addition to 14, the general
structures in Figure 2 also be called oxepines for conve-
nience here. Oxepines of type 15 and 16 are present in the
widest variety of natural products (Fig. 1). The cyclic enol
ether motif 17, on the other hand, has only recently been
identified in the unusual steroid ether stellettasterenol (4).%

O O.
SORSS
13 ;

The objective of this report is to review synthetic strategies
for preparing the three classes of oxepines 15-17 as outlined
in Figure 2. For each of the oxepine subtypes, a dashed line
designates a key bond to be formed in a cyclization reaction
that gives rise to that oxepine structure. Adjacent to the
dashed line are listed the specific reaction types that effect
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the cyclization. Reactions are broken into two classes: C-O
bond forming reactions and C—C bond forming reactions. As
evidenced by considering the strategies in Figure 2, the vari-
ety of new cyclization reactions that have been introduced
recently for the preparation of oxepines is noteworthy.
Among them, the growing focus on cyclic enol ether 17 as
synthetic targets is especially interesting. Syntheses of this
class of oxepine have, by and large, been characterized by
the development of methods rather than being motivated
by specific natural product targets. In fact, they have become
attractive as intermediates en route to more complex struc-
tures. Their utility in these applications derives from the
ability to functionalize the cyclic enol ether functionality
(via epoxidation and nucleophilic attack, for example) under
mild conditions. This strategy has been implemented in an
iterative fashion for the overall synthesis of fused polycyclic
ethers such as brevetoxin (2) and gambierol (3).°"!!'In total,
progress in the synthesis of the oxepines reviewed here
should provide a perspective on the breadth of current
methods and the opportunities for development that they
represent.

2. Cyclization via C-O bond formation

Formation of oxepines via C—O bond formation takes advan-
tage of the inherent nucleophilicity of oxygen onto an elec-
trophilic carbon species. Strategies such as cyclization of
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diols,'? iodoetherification,'® and lactonization followed by
derivatization to oxepines'# are all noteworthy, but have been
discussed in previous reviews without significant new devel-
opments. Advancements on two established approaches, the
intramolecular attack by a hydroxyl group on an epoxide or
on a propargyl cation, are discussed first. The remainder of
the methods for oxepine synthesis in this section has been
introduced recently. Transformations involving cyclizations
through attack at the central carbon of various allenes (metal,
bromo, sulfuryl/sulfonyl) constitute the major focus. The
cyclization—elimination of hydroxy-acetals and a novel
Mitsunobu approach to aryl-oxepines will also be presented.

2.1. Lewis acid-mediated opening of epoxy-alcohols

Cyclization by the intramolecular attack of a hydroxyl group
onto a Lewis acid-coordinated epoxide is an established
method for the formation of tetrahydropyrans and oxe-
panes.' Epoxy-alcohols containing a double bond can give
oxepines such as 15 or 16. This strategy is attractive because
the epoxide can often be formed enantioselectively and gives
rise to a new chiral hydroxy group upon ring opening. An
illustrative example comes from the synthesis of the ABC
ring system of ciguatoxin (1) (Scheme 1).'® Aldehyde 18
was derived from Sharpless epoxidation of the correspond-
ing allylic alcohol followed by oxidation. Wittig coupling
of 18 with phosphonium salt 19 and removal of TMS group
gives the cyclization precursor 20. After evaluating a variety

JT@ 0 TMSO H 0 OTBDPS

18

Scheme 1.

2) K,CO3, CH0H (96%)

H
n, O \0TBS
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H
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of conditions (base, protic acid, Lewis acid), the cyclization
was found to be of only modest efficiency, giving oxepine 21
in 38% yield using Eu(fod); as a Lewis acid promoter of
cyclization. An alternative set of conditions where treat-
ment of the starting material with (BuzSn),O followed by
Eu(fod); gave a similar yield for the cyclization (36%).

Recent examples of the epoxy-alcohol cyclization are taken
from the formal total synthesis of (+)-isolaurepinnacin A
(6)'7 and the total synthesis of (+)-rogioloxepane A (7).'8
The key difference between these two natural products, aside
from the difference in the olefin geometry of the C8-C9
bond (E vs Z), is the disposition of the substituents adjacent
to the ring oxygen of the oxepine. For 6 they are cis and for 7
they are trans.

In the following examples (Scheme 2), the stereocenter of
the nucleophilic oxygen determines the cis/trans stereo-
chemistry.!” Epoxy-alcohol precursors 25 and 26 were pre-
pared in a similar fashion; the route is illustrated here for
25. The anion derived from alkyne 22 is coupled with
epoxide 23 to give homo-propargyl alcohol 24. Reduction
of the triple bond followed by epoxidation and nucleophilic
displacement gives 25. In the cyclization reactions the
acyclic epoxy-alcohols 25 and 26 are first treated with
(Bu3Sn),0O followed by the Lewis acid Zn(OTf), to form
oxepines 27 and 28 in 97 and 75% yields, respectively.?®
The (Bu3Sn),O in the reactions allows the pre-formation
of alkyl tin-ethers, which are argued to increase the nucleo-
philicity of the oxygen, presumably due to the longer Sn—O
bond length relative to H-O.

Despite nearly identical reaction conditions, the cyclization
of 25 and 26 to form 27 and 28 appears to be significantly
more efficient than in the ciguatoxin A-ring (20 to 21,
Scheme 1). According to the authors, the poor yield for
cyclization of 20 was based on inefficient formation of the
tin-ether and a ground state conformation where the nucleo-
philic hydroxyl group was in closer proximity to the alkene
rather than the epoxide functionality. In contrast, the acyclic
precursors 25 and 26 were presumably efficient in the forma-
tion of tin ethers and subsequently cyclized using Zn(OTf),
as Lewis acid.

2.2. Attack on a propargyl cation

Carbocations adjacent to an alkynyl-dicobalt unit are rela-
tively stable species that can be attacked by nucleophiles
(Nicholas reaction).?! If the propargyl carbocation is linked
covalently to an alcohol, intramolecular attack will provide
an oxepine. The position of the carbocation relative to the
oxygen nucleophile can be on the opposite side of the
Co0,(CO)g complexed alkyne (Scheme 3) or on the same side
(Scheme 4). This relationship determines whether the alkyne
complex is included in the developing ring or is on its periph-
ery. Decomplexation of Co,(CO)e using reducing conditions
(Ho/RhCI1(PPh3); or BusSnH) is most common when the
complex is part of the ring. Ceric ammonium nitrate (CAN)
as a decomplexing agent regenerates the alkyne.

Isobe and co-workers originally reported the intracyclic
approach (Scheme 5) in the synthesis of the AB ring system
of ciguatoxin (1).22 Cobalt complex 29 is cyclized using

OMEM o OMEM
: nBuLi, BF 5Ot : OH
\/\i/\ \>\r\08n 30 ?) - \
oTBS OTBS THF, -78°C OTBS OBn
2 (76%)
23 24 OTBS
1) MsCl, Py., DMAP (99%)
OMEM 2) TBAF, THF (85%)
H 3) Hy, Lindlar, CHsOH (99%)
WOB”
OH 0
25
OMEM OH
OMEM (Bu3Sn),0, PhCH3; : H
= 3 3 S | H = 1 6
: Zn(0Tf), 0 OBn _ steps
_ .
\/\i/\_/V\OBn o)
OH 0 _
25 27
OBn (BuSN),0, PhCH; ©Bn L, o
: o P Zn(OTf), - H o 2 OMPM steps ;
W 75%) -~ - .
OH Y
26 —
28

Scheme 2.
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BF5-OEt; as a Lewis acid promoter to give, after reductive
decomplexation, oxepine 30 in good yield (66%, two steps).
Albeit it is a different precursor, the efficiency of cyclization
of the ciguatoxin A ring by this method is markedly better
than in the case of the epoxy-alcohol 20 mentioned earlier.
An illustration of the combination of the cyclization of
a propargyl cation followed by transposition of the double
bond after cyclization via a multi-step sequence is given in
Scheme 6. Isobe and co-workers have made significant
progress on the application of this strategy to cyclizations
of the other oxepanes in the ciguatoxin (1) structure.??~23

Coz(CO
stOH

H
o) ~ COz(CO)e
| ‘ | ,r\‘f 1) Et3SiH, PhCHg, 70° C
c;|-|2(:|2 . 2) DDQ
0
90%) R
(90%) H ™
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TES TIPS
: 1) DIBAL

2) Hy, RhCI(PPha)s, PhH, 60° C (84%)

PivO

In addition to the A ring, synthesis of the D, E, and the
nine-membered F ring have also been possible using this
approach.

An interesting innovation that has been added in these later
treatments is that in place of the usual reductive decomplex-
ation conditions. A reductive hydrosilylation was developed
to generate a vinyl silane 33.%¢ The resulting vinyl silane
serves two purposes: first, it allows further functionalization
of the fused-ring system; second, it promotes migration
of the double bond within the ring to its desired position.

(80% 2 steps)

OMPM

1) Jones reagent
2) IDCP+PFq
(77% 2 steps)

2) DBU

(68% 3 steps)

BF;+OEt,
CH,Cl,
(80%)

Scheme 6.
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The process is nicely illustrated in the synthesis of the (D)EF
rings of ciguatoxin shown in Scheme 6.2 Lewis acid-
promoted cyclization of cobalt complex 31 cleanly provides
32. Reductive decomplexation of the Co,COg using triethyl-
silane and deprotection of the MPM group gives vinyl silane
33. Oxidation of the alcohol in 33 then sets up an iodolacto-
nization to give 34. Reduction of the lactone, epoxidation,
and addition to the aldehyde gives epoxide 35. Lewis acid-
mediated epoxide opening and elimination provided oxepine
36 where the double bond has migrated to the adjacent car-
bons relative to the original (vinyl silane) oxepine.

Cyclization where the cobalt complex is exocyclic to the
oxepine ring formed has been utilized by Martin in the syn-
thesis of 2,7-disubstituted oxepines similar to isolaurepinna-
cin (6).2”-?% Diol cobalt complex 37 was cyclized in the usual
fashion using BF;-OEt, as Lewis acid to give oxepine 39 as
shown in Scheme 7. This was followed by removal of the
Co0,CO¢ moiety using CAN to deliver the 2,7-disubstituted
oxepine 40. The diol precursor 37 in the sequence was race-
mic and leads to racemic mixture of oxepines 40. There was,
however, high cis diastereoselectivity in the cyclization step.
This selectivity is argued to arise from the reduced trans-
annular interactions experienced when the 2 and 7 sub-
stituents are placed in a pseudo-equatorial orientation in
the transition state (38) to cyclization of the propargyl
carbocation.?’

2.3. Metal-mediated cyclizations by C-O bond
formation

2.3.1. Cycloisomerization of alkynols. The transition
metal-mediated isomerization of alkynols in the formation
of five- and six-membered ring cyclic enol ethers has proven
to be a rapid and effective way for preparing these useful
materials.>*? The initial step in these reactions is the
formation of a metal (ruthenium, rhodium, molybdenum,
tungsten) vinylidene species> that undergoes intramolecular

H

(0]

39
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CAN
COZ(CO)G CH-),CO
\;Hi' (CHa), H,c >0 N
H S (70%, 2 steps) H
CsHiq 40 CsH1q

cyclization by an oxygen nucleophile. Under anaerobic con-
ditions, formation of the metal vinylidene ensures endo
attack on the erstwhile alkyne in forming a metal oxacar-
bene, which reductively eliminates to form the correspond-
ing cyclic enol ether (Scheme 8).

This cycloisomerization strategy was recently extended to
the preparation of oxepines from furanose-derived alky-
nols.>* The synthesis of the alkynol precursor and the cycli-
zation are shown in Scheme 9. Furanose lactol 41 was
converted to the alkynol 42 via a modified Seyferth—Gilbert
homologation;*> the TBDPS group was removed under these
reaction conditions. Cycloisomerization of 42 was originally
expected to deliver a glycal such as 43 based on the rationale
that 6-endo attack (at C5) would be preferred. However,
a preference for the 7-endo (at C6) product 44 was observed.
The hydroxy-oxepine was routinely acetylated in this study
as it was found to be more stable and amenable to purifica-
tion. The yield for the two-step sequence of cycloisomeriza-
tion and acetylation was 82%. The acetonide protecting
group on the C3 and C4 hydroxyls was shown to be neces-
sary for cyclization to be observed. It likely contributes to
the preorganization of the starting alkynol in a way that is fa-
vorable to cyclization. A subtle dependence on the orienta-
tion of the C3/C4 acetonide where the trans disposition
leads to slightly lower yield (61% for conversion of 46 to
47, Scheme 9) relative to the cis-oriented acetonides was
noted.

Additionally, the authors demonstrated that oxepine for-
mation was not merely due to the greater nucleophilicity
of the primary hydroxyl group (C6) over the secondary
hydroxyl group (C5). This was shown by efficiently convert-
ing 48 to 49 under essentially the same reaction conditions
(Scheme 10). For cyclization precursor 48, both the hy-
droxyls giving rise to the 6-endo product and the 7-endo
product were secondary alcohols, but cyclization occurred
to preferentially form the oxepine 49 (61%).

R—/OH (Et;N)M(CO)5 R—/OH -//M(CO)S ey R—/O M(CO)S ﬂ» R_{_;J
(Y= (S~ (L)J\n (M,

Scheme 8.
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2.3.2. Pd(0) cyclization of bromoallenes. The palla-
dium(0)-mediated allylic substitution reaction (Tsuji—Trost)
is a versatile method for the formation of carbon—carbon and
carbon-heteroatom bonds. Formation of a cationic 7-allyl
palladium complex is a key intermediate in these reactions;
the mt-allyl palladium species, therefore, can be considered
to be functionally equivalent to an allyl cation because it is
susceptible to nucleophilic attack. Palladium(0)-mediated
reactions of bromoallenes*®3” have been shown to have re-
activity that is equivalent to allyl dications (Scheme 11).
That is, they can be attacked sequentially by two nucleo-
philes to give a substituted allylic product rather than by
one nucleophile as is the case in the allylic systems. Attack

I/OH /'//—Br Pd(0) I/OH //.//—PdBr
R—— R
N e

Scheme 11.

2) Ac,0, DMAP
(61% 2 steps)

on the central carbon of the allene moiety occurs first to give
a mr-allyl palladium complex, which is then attacked by the
second nucleophile to give the substituted allylic system.
As shown in Scheme 11, the inclusion of an intramolecular
nucleophile (the first nucleophile in this case) allows for
cyclization to occur.

Bromoallene 52 (Scheme 12) was accessed through a five-
step sequence from alcohol 50. Swern oxidation of 50 fol-
lowed by trimethylsilyl acetylene addition and removal of
the TMS group gave propargyl alcohol 51. Sulfonation, for-
mation of the bromoallene functionality, and TBS deprotec-
tion gave cyclization precursor 52. Using the same sequence,
the related bromoallene 53 was also prepared. Treating 52 or
53 to reaction conditions of NaH and benzyl alcohol in the
presence of Pd(PPh;), gave the substituted methyleneoxy
oxepines 54 and 55 in 72% yield in both cases.*® The order-
ing of nucleophiles in this reaction follows that outlined in
Scheme 11. That is, intramolecular attack of the hydroxyl
group is first, which forms the intermediate cyclic T-allyl
palladium complex. Subsequent intermolecular attack by
benzyl oxide on the m-allyl palladium complex provides
the benzyloxymethyl substituted oxepine products.

(6] OR'
Y —
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The product distribution in this reaction depended on the
substitution of the tether between the nucleophile and the
bromoallene. In contrast to substituted bromoallenes 52
and 53, precursor 56 preferentially formed dihydropyran
57 (65%) over the oxepine 58 (13%). The dihydropyran
arises because intermolecular attack by benzyl oxide to form
an acyclic m-allyl palladium complex predominates over
intramolecular attack by the internal hydroxyl group. While
a rationale to explain these results is currently incomplete,
preorganization of the acyclic bromoallene precursors is pre-
sumably a key factor for oxepine formation by this route.
Nonetheless, the potential for application of this strategy
in the preparation of related oxepines is apparent.

2.4. Cyclization of allenyl sulfoxides and sulfones

The reported cyclization of allenyl sulfoxides 62 and sul-
fones 63 shown in Scheme 13 is a cycloisomerization that
is mechanistically related to the palladium-mediated cycli-
zation of bromoallenes just discussed.? A [2,3]-sigmatropic
rearrangement of the phenylsulfenyl ether derived from TBS
protected 2-octyn-diol (59) and phenylsulfenyl chloride
gave allenyl sulfoxide 60. Removal of the TBS group under
acidic conditions gave 62. The allenyl sulfone precursor 63

\\ PhSCI, Et;N PPTS
—_— —_—
THF -78° C '\ HOCH,
OH \
oTBS oTBS
59
60 X = S(O)Ph
mCPBA
61 X = S(O),Ph

Scheme 13.

R
R R R

R = CH; 55 (72%)

R=H 57 (65%) R=H 58 (13%)

for cyclization was prepared from sulfoxide 60 via oxidation
with mCPBA to give 61 followed by desilylation. Under
basic conditions, intramolecular attack on the central carbon
of activated allenes 62 and 63 cleanly delivered the 1-methyl-
2-sulfinyl oxepine 64 (81%) or 1-methyl-2-sulfonyl oxepine
65 (85%) in good yields. Formation of the related five-, six-,
and eight-membered cyclic enol ethers using this strategy
were also presented in the report.

2.5. Cyclization and elimination of hydroxy-acetals

Formation of a mixed, seven-membered ring acetal from an
acyclic hydroxy-acetal followed by elimination of a second
equivalent of alcohol gives rise to a cyclic enol ether oxepine
(Scheme 14).*° As mentioned previously, a sequence of
cyclic enol ether formation, epoxidation, and nucleophilic
attack has been successfully utilized by Rainier and co-
workers in the synthesis of fused polycyclic ethers.” The
sequence is especially attractive because it can be conducted
in an iterative fashion to construct ladder toxin structures.

Both the cyclization—elimination strategy for oxepine forma-
tion and the iterative assembly of fused polycyclic ethers are
illustrated using the model system depicted in Scheme 15.'°

X
KOt Bu
——— \
K HOtBu
\ o
OH
62 X = S(O)Ph 64 X = S(O)Ph (81%)
63 X = S(0),Ph 65 X = S(O),Ph (82%)
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Diethyl-acetal 66 was prepared by cuprate addition to the
1,2-anhydro-sugar derivative from benzyl glucal. Cycliza-
tion of 66 occurred using PPTS in chlorobenzene; the prod-
uct of this reaction is a cyclic mixed acetal analogous to the
intermediate structure shown in Scheme 14. Elimination of
this mixed acetal is accomplished by addition of pyridine
and by increasing the temperature of the reaction. Oxepine
67 is formed in 72% yield over this two-step, one pot
sequence. The product oxepine can then be functionalized
in a similar manner giving rise to the iterative nature of the
approach. Treatment of 67 with dimethyldioxirane (DMDO)
followed by the attack of Grignard reagent delivers another
hydroxy-acetal 68, which can then undergo subsequent
cyclization.

Peczuh and Castro have utilized the same strategy but in
a stepwise approach for the formation of carbohydrate-based
oxepines (Scheme 16).4! Heptenitol 69, prepared from tetra-

BnO 2 1) TESCI, Imid., DMF

_—
2) BH3'THF; H202

BnO

benzyl glucose via Wittig olefination, was used to prepare
glucose-based oxepine 72 in a five-step process. The C6
hydroxyl group of 69 was protected as the TES ether, and
then the alkene was converted to alcohol 70 by hydrobora-
tion and oxidation. This alcohol was then oxidized to the
aldehyde and treated to tosic acid in methanol. The sequence
provided the cyclic mixed acetal 71 directly (54%, two
steps) along with the acyclic hydroxy-acetal (11%). Mixed
acetal was then converted to oxepine 72 by elimination
under Gassman conditions in modest (45%) yield. The se-
quence is of somewhat limited scope based on the nature
of the starting heptenitol (or the corresponding pyranose),
but it has the advantage of being easily scalable.

2.6. Mitsunobu approach to aryl-oxepines

A Mitsunobu based cyclization has recently been reported in
the synthesis of a quinolinone-fused oxepine (Scheme 17).4?

OH

1) (COCl),, DMSO, EtsN  Bpho
2) pTsOH HOCH;,4

BnO""”

o ., B W ‘y B
BnO OBN 55 2 steps) nO OBN (549 2 steps)
OBn OBn BnO OBn
69 70 71
TMSOTY
iPrNEt (45%)
DCM
Scheme 16.
N_ _O
N 2© PhsP, DEAD
_— = +
THF
=
OH
OH ©
73 74 75

Scheme 17.
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Starting from the substituted quinolinone 73, oxepine 74 for-
mation (23%) competed with a spirocyclization through the
a-carbon to form 75 (31%). It is unclear whether this result is
from the pKs of the respective oxygen and carbon moieties,
the size of the ring formed, or a combination of these factors.
The route may be applicable to other -keto fused oxepines,
making it an attractive disconnection in the preparation of
aryl-oxepines such as janoxepin (10) and oxepinamide (11).

3. Cyclization via C-C bond formation

As may be expected, ring closing metathesis dominates the
C-C bond forming annulation strategies to be presented.
Included in this treatment will be the recent advances with
ene—yne and ring rearrangement metatheses reactions. New
approaches for the preparation of oxepines such as palla-
dium-catalyzed inter- and intramolecular couplings and the
anionic cyclization of glycidyl ethers will also be presented.
A number of important strategies that include intramolecular
Wittig*? and Horner—Wadsworth-Emmons olefinations,**
acetal-alkene (Prins),* and alkyne*® cyclizations, and sig-
matropic rearrangements*’ have been discussed in previous
reviews without significant new developments.

3.1. Metal-mediated cyclizations

3.1.1. Ring closing metathesis (RCM). Recent progress
in the development of organometallic catalysts for ring clos-
ing metathesis (RCM) has provided researchers with a new
and convenient tool for the synthesis of medium-sized rings.
The power of the RCM approach for the synthesis of oxe-
pines, or rings containing a double bond generally, is that
the disconnection is simple. It quickly defines an acyclic tar-
get structure that will provide the desired oxepine. On top of
this strategic facility is the proven reactivity of a number of
RCM catalysts in systems with complex functionality. These
factors weigh heavily in the continued utilization of RCM as
a method for the preparation of all rings including oxepines.
It is worth noting that RCM is the only method that has been
used to generate all three types of oxepines 15-17.

One of the first preparations of substituted oxepines of type
17 (Fig. 2) was reported by Nicolaou and co-workers.*®
These structures were inspired by the complex polyether
frameworks of ciguatoxin (1) and brevetoxin (2). Olefinic
esters such as 76 and 77 were subjected to methylenation
using Tebbe reagent ((Cp),TiCH,ClAI(CH3),) (Scheme 18)
to produce the corresponding vinyl ethers 78 and 79. The
vinyl ether intermediates were not isolated, but reacted
with a second equivalent of Tebbe reagent in situ to provide
oxepines 80 and 81 in 45 and 32% yields, respectively.
The titanium-mediated metathesis is a key for this tandem

Scheme 18.

transformation. The approach is attractive because of the
ability to vary the alkyl group attached at C1 of the oxepine
in the acylation step. A number of different substrates with
various substituents were employed to construct six- and
seven-membered ring cyclic enol ethers showing the utility
of this methodology.

As presented previously, the formation of cyclic enol ethers
(including oxepines) followed by epoxidation and nucleo-
philic attack sets up a sequence for the building of polycyclic
ethers such as 1-3 in an iterative fashion.!! Access to cyclic
enol ether oxepines 17 in Section 2.5 was through the
cyclization and elimination of hydroxy-acetals. Rainier
and co-workers!%* have also developed an RCM approach
for the synthesis of substituted cyclic enol ethers that could
be used to prepare the fused polycyclic ethers. This method-
ology was used to prepare C-glycosides that could serve as
the asymmetric ring junctures of the ladder polyether struc-
tures of brevetoxin (2) and gambierol (3).

An example of this strategy is outlined in Scheme 19. Epox-
idation of tri-O-benzyl-p-glucal (82) with DMDO, followed
by subsequent addition of homoallylmagnesium chloride
provided a 1:1 ratio of C-glycosides 83 and 84 in 80% yield.
Acetylation of the free hydroxyl group of 83, followed by
methylenation using the Takai protocol provided metathesis
precursor 85. Ring closing metathesis of 85 using Grubbs’
second generation catalyst gave the corresponding oxepine
86 in 78% yield. Note that the bicyclic oxepine 86 is now
prepared for a subsequent iteration of epoxidation, nucleo-
philic attack, and cyclization to continue the growth of the
fused polycyclic ether.

A route to unsubstituted cyclic enol ether 88 using Grubbs’
first generation catalyst was recently reported by Cossy and
co-workers.**¢ The authors first described the synthesis of
diene 87 from 1,4-butane diol in 15 steps. Diene 87 was
then subjected to ring closing metathesis using Grubbs’ first
generation catalyst to afford the enol ether oxepine 88 in
70% yield (Scheme 20). A related oxepine bearing a THP
group in place of the TBDPS group of 88 was a key inter-
mediate in an earlier synthesis of zoapatanol (90).%° Attempts
of hydroboration—oxidation followed by oxidation of the
resulting alcohol under conditions that were reported in the
earlier system failed to produce oxepanone 89. The utility of
oxepines as intermediates in the synthesis of complex natu-
ral (and unnatural) products is still apparent, however, from
this strategy.

Peczuh®!' reported a ring closing metathesis method for
synthesizing carbohydrate-based oxepines with functional
equivalence to glycals. Glycals are unsubstituted cyclic
enol ethers that are known to serve as glycosyl donors in

R =CH; 80 (45%)
R=Ph81 (32%)
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82
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OBn
84

BnO

Scheme 19.

Scheme 20.

a number of glycosylation reactions>? and can be selectively

substituted through a number of processes to afford 2-oxo,
2-amino, and 2-iodo sugars with various groups positioned
at the anomeric carbon C-1. Scheme 21 illustrates the
three-step synthesis using readily available 2,3,4,5-tetra-O-
benzyl-p-glucose (91). Wittig olefination of 91 revealed

OH — f
BnO CH,=PPhj;, nBuLi BnO
. . THF .
BnO™" "’OBn (74%) BnO™
OBn
o1 EVE, Pd(OAc), R=

Phen.
(80% / 40% conv.)

Scheme 21.
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steps

the C5 hydroxyl group of 69 and made it available for further
functionalization. Vinyl ether formation using conditions in-
volving Pd(Il) in the presence of phenanthroline and ethyl
vinyl ether provided enol ether 92. Enol ether 92 was then
subjected to ring closing metathesis conditions using
Schrock catalyst to give oxepine 72 in 92% yield.

iPrQiPr

N
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H3C(F3C),COt Mox
3C(F3C),C0! MosceH(cH,),Ph

OR ~ H4C(F3C),CO BnO
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OBn
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A number of carbohydrate-based oxepines with various pro-
tecting groups and sites of deoxygenation proved amenable
to this approach, giving RCM yields using Schrock catalyst
of 71-92%. These seven-membered ring cyclic enol ethers
were derived from readily available 4,6-O-benzylidiene-
2,3-di-O-benzyl-p-glucose 93, 2,3:4,6 diacetonide-p-man-
nose 94, 3.4,6-tri-O-benzyl-2-deoxy-p-glucose 95, and
2,3,4-tri-O-benzyl-p-xylose 96 pyranosides and have been
used to access a number of important septanosides.>? Unlike
the previous examples (Schemes 19 and 20), oxepine forma-
tion using either of the Grubbs’ catalysts from the carbohy-
drate-based dienes gave consistently poor results (yields
ranged from O to 25% for 72, 93-96). The low yields were
explained based on steric and electronic arguments.>!-*53
Reaction of the ruthenium catalysts with the enol ether forms
a relatively unreactive ruthenium alkylidene. For dienes
such as 85 and 87, the alkene double bond is sterically acces-
sible; this allows loading of the ruthenium on the alkene
carbon followed by subsequent cyclization to form the
enol ether oxepines. Rigidified diene precursors, afforded
by benzylidene or acetonide protecting groups, showed
improved RCM yields using ruthenium catalysts.

(89%)
94

In the previous examples of enol ether oxepine (17) synthe-
sis, the diene precursor consisted of an alkene and a vinyl
ether. An alternative approach toward the synthesis of cyclic
enol ethers has been reported by Snapper and co-workers. It
entails a tandem reaction where RCM of two alkenes fol-
lowed by ruthenium hydride-mediated double bond migra-
tion forms the cyclic enol ether.>® Scheme 22 outlines the
preparation of oxepine 101 via two different dienes, 97
and 99. The reaction utilized Grubbs’ second generation cata-
lyst in the presence of 5% H,. The H, facilitated the forma-
tion of a ruthenium hydride species, which is essential for

Mes-N_ _N-Mes
Cl"~R ;/Ph
Ph\(o/\i\ S%hHy o |::JC i
Y3
X (54%)
97
Ph 0
U

98

Scheme 22.

101
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double bond migration. Diene 97 initially formed oxepine
98 while 99 formed oxepine 100. Both 98 and 100 isomer-
ized to form the less substituted oxepine 101 under the reac-
tion conditions in 54 and 50% overall yields, respectively.
The trisubstituted oxepine (with C1 having the phenyl sub-
stituent) was not observed; the authors suggested that this
product was disfavored based on sterics.

van Boom and co-workers®’ utilized one of the first ring
closing metathesis routes to access carbohydrate-based oxe-
pines of type 16 (Fig. 2). Wittig olefination of 2,3,5-tri-O-
benzyl-p-arabinofuranose (102) produced the corresponding
olefin 103 and revealed C4 for further functionalization
(Scheme 23). Allylation of the free hydroxyl using allyl bro-
mide to give 104 followed by ring closing metathesis using
Grubbs’ first generation catalyst produced oxepine 105
in 68% yield. In order to show the utility of this technique,
furanose derivatives were designed that varied both the ste-
reochemistry and electronics of the functional groups. These
molecules were subjected to similar reaction conditions to
obtain oxepines derived from 2,3,5,6-di-O-isopropylidene-
p-mannofuranoside and 5-O-trityl-2,3-O-isopropylidene-p-

BnO

BnO""

BnO

(86%)
95

ribofuranose in 99 and 85% RCM yields, respectively. The
authors planned to apply the methodology toward the syn-
thesis of oxepane-containing natural products and higher
carbon sugars.>® Sturino and co-workers® were also able
to prepare a number of carbohydrate-based oxepines using
this approach.

Jenkins and Ghosh® used a ring closing metathesis approach
to produce enantiomerically pure annulated carbohydrate
derivatives that could be used as templates to prepare a num-
ber of complex natural products via the chiron approach.

Mes-N_ N-Mes
cl Ph
sty ol Ph_ O
°T2 CF e TN X
(50%) X
99
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BnO © OH  CH,=PPh,, nBuLi BnO
—_—
THF B
N n
BnO' OBn (88%)
102

(92%)

Scheme 23.

The chiron approach employs carbohydrates as chiral start-
ing materials in the stereoselective synthesis of target mole-
cules.®! Their synthesis involved the addition of lithium
aluminum hydride or methyl lithium to ketone 106, which
produced alcohols 107 and 108 in 90 and 86% yield, respec-
tively (Scheme 24). Deprotonation of the alcohols using
sodium hydride followed by addition of allyl bromide
afforded dienes 109 and 110 in 78 and 87% yield. Upon
exposure to Grubbs’ first generation catalyst, dienes 109
and 110 readily cyclized to afford oxepines 111 and 112
in 87% yield. The route exemplifies the rapid access to

NaH
Br/\/
DMF

PCy, Ph
CI,,_RLj
OR il
PCy, BnO
CHzPh BnO™"
(68%)
OBn
R=H103
R= AINF 104

complex ‘natural product-like’ structures that are afforded
by RCM. Additional reactions on 111 and 112 could lead
to other distinct carbon skeletons.

Martin and Delgado®? reported the ring closing metathesis of
medium-sized oxacycles in the preparation of trans-fused poly-
oxygenated macrocycles such as those found in ciguatoxin
(1) and brevetoxin (2). As shown in Scheme 25, treatment
of 116, prepared in five steps from (2R,35)-2-(hydroxy-
methyl)-tetrahydropyran-3-ol (113), with a catalytic amount
of Grubbs’ first generation catalyst resulted in the formation

H H
- 0. .\OCH;  LAH,THF 5 OCHj
Ok R = H 107 (90%) i NaH
B ——
. . —R
. or N Br
Ph' o) Ph" g N
CHaLi, THF OH =
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R = CH, 108 R = CH, 110 (87%)
PCY3
Cl,, | Ph
! "RU:/
a” |
PCy3
R=H111 (87%)
R = CH, 112 (87%)
Scheme 24.
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Scheme 25.
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of oxepine 117 in greater than 95% yield. The authors’ at-
tempts to assay the scope and limitations of this methodology
revealed that the ruthenium-catalyzed ring closing metathesis
was more efficient for the preparation of seven- and eight-
membered ring oxacycles in comparison to larger ring sys-
tems. This observation is presumably related to the increased
energy required for preorganization of larger diene species
prior to ring closing metathesis. The authors also noted that
the cyclization for seven- and eight-membered ring oxacycles
was highly effective regardless of the position of the reacting
olefin. Treatment of 120, prepared in six steps from (2R,3S5)-2-
(hydroxymethyl)-tetrahydropyran-3-ol (113), with a catalytic
amount of Grubbs’ first generation catalyst resulted in the for-
mation of oxepine 121 in greater than 95% yield (Scheme 26).
It is important to note that the preparation of cyclic enol
ethers, where the position of the olefin is adjacent to the oxy-
gen in the ring, was not attempted using this methodology.

Ring closing metathesis reactions have also been used to pro-
duce oxepines of type 15. Recently, Crimmins and DeBaillie
reported the successful enantioselective total synthesis of ro-
gioloxepane.®* One of the key steps in their total synthesis re-
quired the cyclization of diene 123 via ruthenium-catalyzed
RCM to produce the desired oxacyclic skeleton 124. As
shown in Scheme 27, production of diene 123 from racemic
1,5-hexadien-3-o0l (122) over eight steps followed by ring
closing metathesis using Grubbs’ first generation catalyst
gave the desired oxepine 124 in 95% yield. Rogioloxepane
(7) was prepared from 124 in 12 additional steps.

3.1.2. Ene-yne metathesis. Clark and co-workers®* re-
ported one of the first successful ring closing ene—yne
metathesis reactions of alkynyl ethers to form oxepines
in an effort toward the preparation of gambieric acid and
gambierol (3). Deprotonation of alcohol 125, prepared
from (R)-2,3-O-isopropylidene glyceraldehyde, followed

1) pTSOH, CH,Cl, (95%)
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by nucleophilic addition of the corresponding alkoxide onto
1,1,2-trichloroethene provided the corresponding enol ether
126 (Scheme 28). Base-catalyzed elimination of 126 gave
the corresponding alkynyl ether 127 in good yield. Ring clos-
ing ene—yne metathesis of the alkynyl ether 127 using Grubbs’
second generation catalyst provided the corresponding vinyl
substituted cyclic enol ether oxepine 128 in 70% yield.

The authors also noted that the success of the ene—yne
metathesis depended on the size of the group at the terminus
of the alkyne. Cyclization precursor 129 showed efficient
conversion to the product oxepine 131 (72%). The larger
TMS substituted precursor 130, however, failed to undergo
ring closing metathesis to produce oxepine 132 using either
catalyst (Grubbs’ first generation or second generation cata-
lyst) due to the inaccessibility of the alkynyl ether.

The ene—yne methodology was recently utilized by Majum-
dar and co-workers®® to prepare a number of tricyclic 1,8-
naphthyridinones. Examples of their synthesis are shown
in Scheme 29. 3-Allyl-4-hydroxy-1,8-naphthyridinone 133,
prepared from readily available 4-allyloxy-1,8-naphthyridi-
none in two steps, was alkylated using propargyl bromide/
chloride derivatives to provide the corresponding ene—ynes
134 and 135 (50-55%). Ring closing metathesis of 134
and 135 using Grubbs’ first generation catalyst gave oxepine
derivatives 135 and 136 in yields equal to or above 90%. The
CH,-O-aryl substitution on the alkyne in 135 in this system
apparently does not inhibit cyclization; in comparison to the
examples in Scheme 28, this observation suggests that the
substitution on the alkyne in 135 is more like the methyl
(129) rather than the TMS (130) group.

3.1.3. Ring rearrangement (ring opening-ring closing)
metathesis. The first ruthenium-mediated ring rearrange-
ment metathesis route (RRM) used to prepare oxepines
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Scheme 28.

was reported by van Boom and co-workers (Scheme 30).%°
Removal of TBS protecting group of 138 with TBAF and al-
lylation using allyl trichloroacetimidate gave the cyclization
precursor 139. The initial coordination of Grubbs’ first gen-
eration catalyst to the more activated N-allyl alkene was
followed by ring opening metathesis to give the substituted
2,5-dihydro-1H-pyrrole 140. This set up the molecule for
subsequent ring closing metathesis to produce the desired
oxepine ring 141. The two-step RCM process gave a yield

N-

Mes

9315

R = CH, 131

(72%)
R=TMS 132 (NR)

of 93%. The authors theorized that the combined ring rear-
rangement metathesis reaction, which involves the liberation
of ethylene as part of the reaction process, provides an addi-
tional thermodynamic sink shifting the equilibrium toward
formation of the desired oxepine.

3.1.4. Palladium-catalyzed couplings. Benzoxepines have
been prepared by palladium-mediated coupling of the aryl
halides with activated allylic species. Although this method

R
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N l}l o] N N 0
P
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Scheme 29.
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Scheme 30.
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is for the preparation of 4-benzoxepines, it is added here
because of its novelty and with the appreciation that the
strategy could be extended to form oxepines such as 15.
The process is a palladium-mediated alkylation followed
by an intramolecular alkenylation, which also constitutes the
cyclization step. Scheme 31 outlines the mechanism for the
transformation.®” Oxidative addition to the aryl halide, car-
bopalladation of norbornene, and aryl C—H activation gives

R
X/\/O\/\/COZEt
PdL,X
0> co,Et

0o,k

XLPd coLEt
R
o)

CO,CH,
7 CHz \

Pd,(OAc),, TPF, Cs,CO4

CH4CN
H,CO,C
(71%)

144

85% yield. Formation of the acyl benzoxepine 146 was not
observed; similarly the alkoxymethyl-substituted 147 was
produced in only 23% yield. This effect was attenuated by
changing the methyl group of the alkoxy group to a sterically
bulkier TBS group, which disfavored complexation and gave
ahigher yield (53%) of the corresponding benzoxepine prod-
uct 148. The methoxy-substituted material was formed with
efficiency similar to that of the original system.

CO,CH,4 COCH;  H.co CO,CH; TBSO CO,CH CO,CH;3
ot (( HiCOC 3 1 8 { 8 OcH; |
0 0 0 0 o)
(85%) (NR) ) (53%) (75%)
145 146 148 149

the palladacyclic species as shown. A second oxidative
addition to an allyl-substituted haloethanol is followed by
expulsion of norbornene to give an aryl palladium species.
1,4-Attack on the o,B-unsaturated ester and reductive elimi-
nation gives the product benzoxepine.

Palladium-catalyzed one pot sequential alkylation—alkenyla-
tion reactions were first reported by Lautens and co-workers in
their synthesis of 2-substituted-4-benzoxepines.®® An example
of their synthesis is shown in Scheme 32. Palladium(II) ace-
tate, trifurylphosphine, norbornene, and cesium carbonate
were combined with aryl iodide 142 and ethyl bromoenoate
143 to give benzoxepine 144 in 71% yield. The effect of the
2-substituent (substituent ortho to iodide) in the aryl ring of
the starting material was examined to evaluate the scope
and limitation of this reaction. The authors noted a dramatic
reduction in benzoxepine formation when the corresponding
starting material was substituted with a group that could com-
plex palladium in the intermediate aryl palladium species.
This complexation inhibits further reaction through the cata-
Iytic cycle. Product benzoxepine 145, where the 2-substitu-
ent is a methyl group serves as a reference, was formed in

More recently, Lautens and co-workers® used a related
palladium-catalyzed intramolecular coupling approach, cou-
pling of aryl iodides with allyl carbonates to form five-, six-,
and seven-membered ring unsaturated oxacycles with the
unit of unsaturation adjacent to the ring oxygen. Seven-
membered ring precursor 150 (Scheme 33) was subjected
to either refluxing conditions or microwave irradiation in
the presence of Pd,(dba)s, tri-ortho-toluyl phosphine, and
N,N-dibutylmethylamine in an acetonitrile—water mixture
(10:1). The resulting product 151 was prepared in 72% yield
when microwave conditions were used. Refluxing provided
only a 49% yield of the desired product. The authors also
studied the formation of five- and six-membered ring
substrates using the same reaction conditions, noting inter-
estingly that the yields increased as the size of the ring
formation increased from five- to seven-membered ring
oxacycles.

3.2. Anionic isomerization of oxiranyl ethers

The base (sec-butyl lithium) mediated isomerization of gly-
cidyl ether 152 to form oxetane 154 and oxepine 155 in 12
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and 27% yields was reported by Ichikawa and co-workers
(Scheme 34).7° The reaction illustrates the ability of the teth-
ered allyl anion intermediate 153, generated via deprotona-
tion of the allylic proton, to react at either ends of the
epoxide. Attack by the interior carbon of the allylic anion
on the more substituted carbon gives oxetane 154 while
attack of the terminal allylic carbon on the less substituted
epoxide carbon gives oxepine 155. By switching the base
in the reaction to BuLi—KOsBu mixture (Schlosser’s base)
the formation of oxepine 155 can become the dominant
mode of reaction.”! This was attributed to the preference
of the allyl potassium species (153 where M* is K*) to react
at the terminal position.
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—T
\>Y \/\ =

R = CgHyq 156
R = CH,OTBS 157

R =CgHqy 158 (65%)
R=CH,OTBS 159 (53%)

Scheme 35.

Lawesson's
OCHs (47%)

160 161

Scheme 36.

3
Pdy(dba)s, NBUN(CH3), O O o}

CHACN, H,0
uw
629

(62%) 151
o
O,
HO/\<>/\ HOO
154 155

Improved yields for oxepine formation under Schlosser’s
base conditions from the substituted glycidyl ethers 156
and 157 were also noted. As shown in Scheme 35, cycliza-
tions gave the corresponding oxepines 158 and 159 as the
major products of the reaction in yields ranging from 53 to
65%. Glycidyl ethers 156 and 157 are homochiral and give
rise to cis-isomers upon cyclization. However, the authors
noted that the oxepines were not configurationally stable
and produced a mixture of cis- and frans-isomers in deuter-
ated chloroform.

3.3. Photochemical cyclization of bis-thioesters

Nicolaou and co-workers’?> have used the photochemical
coupling of bis-thioesters to prepare oxepine intermediates
in the synthesis of brevetoxin 2. The strategy was especially
attractive because one could envision it being used as a late
stage connection of two complex fragments in the synthesis
of the natural product. Linkage of fragments through facile
ester linkages could be followed by functionalization of the
thioesters and subsequent cyclization. For example, oxepine
164, shown in Scheme 36, was prepared as a model of the
D ring of brevetoxin. Diester 160 was thionated using

PhCH;
(63%)
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Lawesson’s reagent to produce the dithiono system 161.
Upon exposure to UV light (450 W), 161 presumably gener-
ated the diradical 162, which coupled to form the dithietane
163. The dithietane expels S, under the reaction conditions
to provide oxepine 164 in 47% yield.

4. Conclusions

The number and variety of new strategies for oxepine syn-
thesis collected here demonstrate an increased interest in
this motif as an intermediate to other oxepane or oxepine
targets by synthetic chemists. The majority of these new
methods give access to enol ether oxepines such as 17.
Among these, the reactions involving allenes (metal, bromo,
sulfonyl) and the anionic isomerization of oxiranyl ethers
provide specific examples to general themes. First, the trans-
formations are validated by the examples given. Second,
while the generality of the strategies in terms of functional
group compatibility and molecular architecture has been
demonstrated, careful consideration of the reaction condi-
tions and their mechanisms may give insight into their opti-
mization and application in a more complex setting. With
increased examples of biologically active oxepines and oxe-
panes, and the challenge to synthesize these novel structures,
it should be anticipated that the field should be active for the
foreseeable future.
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