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A single method is never sufficient, which is why there is a great need for developing many diverse and
creative approaches towards every chemical substrate class. This statement is supported by the contents

of this perspective in addition to providing the reader with a helpful synthetic roadmap for selecting a
suitable method for the building blocks being discussed. Detailed in this review are eight different
synthetic approaches that provide access to valuable 2,5-dihydro- furan, thiophene and pyrrole building
blocks. Each approach is briefly presented and its limits discussed. The strengths and weaknesses of
each approach are further highlighted with a graphical table summary at the end. This summary clearly

drives home the point that for every chemical substrate class we need many good methods in order to

provide access to every member of each class.

Introduction

It is clear that the need for operationally simple atom-efficient
methods with as broad substrate scope as possible will always
be great. It is important to emphasize that one type of chemical
transformation can rarely provide universal access to all substrate
permutations of a given class. Efforts should be devoted to
developing a series of complementary practical synthetic methods
that together can provide access to every member of a substrate
class. Such practical new synthetic methods can have a significant
impact since a large number of research areas rely on building
new molecular architectures either for fundamental or industrial
applications. This perspective presents a case study of how
eight very diverse and creative synthetic approaches collectively
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provide access to many structural permutations of an important
heterocyclic class (Fig. 1).

Five-membered heterocycles are essential building blocks that
are frequently used in the pharmaceutical and commodity chem-
ical industry. For example, more than 95% of pharmaceuticals
contain at least one heterocyclic fragment. Our group has dedi-
cated substantial efforts to developing a useful synthetic approach
that can afford access to a broad range of 2,5-dihydro- furan,
thiophene and pyrrole products. These products are very attractive
building blocks en route to natural products, pharmaceuticals,
materials and commodity chemicals. The 3,4-unsaturation of
these heterocycles is a particularly attractive feature, as it enables
straightforward access to reduced, oxidized and further func-
tionalized members of these three important structural families.
Members of the furan family can be found in thousands of natural
products, bulk commodity chemicals, and pharmaceutical agents.!
Thiophenes are used for a number of practical applications such as
pharmaceuticals and materials.? A significant number of marketed
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Fig. 1 Eight retrosynthetic approaches for 2,5-dihydro- furans, thio-
phenes and pyrroles.

and approved drugs contain a pyrrolidine core, with the most
commonly employed derivatives being proline or azabicyclics.®
The tropane core (which is [3.2.1]-azabicyclic), for example, is the
structural backbone of many very successful therapeutics.*

The eight distinct 2,5-dihydro- furan, thiophene and pyrrole
retrosynthetic approaches that are the focus of this perspective are
highlighted in Fig. 1. In our discussion we have chosen not to cover
any synthetic methods that form either fused aromatic products or
those that are sp>-hybridized at either the 2- or 5-positions, which
also excludes lactones, lactams and such derivatives. Finally, the
only methods discussed are those that are considered “general”
in that they allow access to all three heterocycle classes. Although
this stipulation seems very restrictive, only a few notable methods
are not discussed. Each synthetic approach is discussed in
the following sections. A brief outline is followed by reaction
comments and literature examples highlighting their strengths.
Whenever possible, we have chosen natural product examples.

1. Ring-closing metathesis (RCM)

Metathesis reactions, and ring-closing metathesis (RCM) in par-
ticular, have in the last fifteen years revolutionized how organic
chemists design and assemble molecules.’> Not surprisingly this
new synthetic approach was quickly applied to the construction
of 2,5-dihydro- furan, thiophene and pyrrole products (Scheme 1,
2). Early efforts utilized tungsten (3),* ruthenium and molyb-
denum catalysts, with Grubbs (4)” and Schrock (5)* catalysts
featured most prominently. In accessing simple heterocyclic
products, the primary challenges that were encountered were
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Scheme 1 Synthesis of 2,5-dihydro- furans, thiophenes and pyrroles using
metathesis.

catalyst inhibition by sulfide’ and free amine substrates' as well
as unwanted olefin isomerization of dihydrofuran products.!!
Many of these challenges have since been overcome. Second-
generation ruthenium catalysts such as 6 and 7" have led
the way because of their attractive air-stability and functional
group compatibility. For example, by utilizing suitably protected
diallylamines, 3-pyrrolines can now be readily accessed.' Diallyl
sulfides are now manageable substrates,'s although challenges still
exist and in many cases sulfones'® are used as substitutes. The
dihydrofuran olefin isomerization challenge has been addressed
by using a benzoquinone additive.'” Tetrasubstituted and strained
bicyclic substrates continue to be very challenging for ring-closing
metathesis, although recent new catalyst developments indicate
that the tetrasubstituted products will soon be more accessible.'®
From a retrosynthetic point of view metathesis is less appealing
for 2,5-substituted substrates, as synthesis of the requisite starting
materials can be challenging at times. Additionally, the fact that
a large amount of solvent is usually needed coupled with high
catalyst cost, non-trivial catalyst removal and toxicity challenges
often makes the scale-up less attractive.

This new synthetic approach has been utilized for natural
product synthesis with great success (Scheme 2). Most exam-
ples reported to date have employed this strategy to access
3-pyrrolines en route to a target natural product. Lack of dihydro-
or tetrahydrothiophene-containing natural products probably
accounts for the fact that no such 2,5-dihydrothiophene examples
exist. Aryl furan natural product 10 was easily assembled from
benzylic allyl ether 8 using Grubbs’ first-generation catalyst."”
Blechert has taken advantage of ring-closing metathesis to access
azasugar 13% and the natural product (-)-trans-dendrochrysine
16*' from trienes 11 and 14 respectively. The second example
is a particularly attractive application of this strategy, as two
3-pyrroline rings are constructed in a single step.

2. [3+2] Dipolar cycloadditions

Dipolar cycloadditions are an important class of reactions within
the field of organic chemistry.? Prominently featured as a member
of this class are [3+2] dipolar cycloadditions. Dipoles, such as
17 (Scheme 3), when coupled with an alkyne (22), provide ready
access to 2,5-dihydro- furan, thiophene and pyrrole products
(23).% This strategy has been shown to be feasible for all three
heteroatoms (O, N and S), although most reported examples are
on generating and using azomethine ylides for constructing 2,5-
dihydropyrroles. Generating the requisite 1,3-dipole (17) is one of
the main challenges for this approach. Summarized in Scheme 3
are the three most commonly used strategies for generating the
dipole. Thermal or Lewis acid catalyzed opening of oxiranes or
aziridines (18) have been reported extensively.*® This approach
is not very general, and requires very specific functionalization
to proceed favorably. Imines, carbonyl and thiocarbonyl groups
(19) can be converted in a single step to 17 upon treatment with
the appropriate metal carbene, which in most cases originates
from a diazo precursor (20).> This strategy is most commonly
employed for carbonyl starting materials. The third approach,
which relies on precursors such as 21 (Lg = leaving group), is
the preferred method for accessing azomethine ylides. Another
major challenge of this approach is reactivity and regioselectivity.
In most cases symmetrical activated alkynes such as acetylene
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Scheme 3  Synthesis of 2,5-dihydro- furans, thiophenes and pyrroles using [3+2] cycloadditions.

dicarboxylates or diphenylacetylenes are needed. In general, this
synthetic strategy is almost exclusively used to synthesize 2,5-
dihydropyrroles, although intramolecular oxonium ylide variants
have been popularized by Padwa and coworkers.? If the above con-
ditions are met, functional group compatibility tends to be good.

This synthetic approach has found its place in natural product
synthesis, but as is evident from the three examples in Scheme 4,

these cases have been primarily limited to alkaloid synthesis.
The natural product retronecine has been assembled in two steps
from a disilylated pyrrolidine (24). The intermediate azomethine
ylide was generated using silver fluoride and then trapped with
methyl propiolate to form pyrrolizidine core 25.%” In an interesting
approach, the core of carbapenam antibiotics (27) was assembled
from oxazolidone 26. The dipole was generated by thermolyzing
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Scheme 4 Natural product total synthesis using [3+2] cycloadditions.
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26, which released carbon dioxide and allowed trapping of the
ylide with an alkyne.?® As part of a vigorous research program,
which recently resulted in the approval of varenicline (Chantix®),
researchers at Pfizer have used an azomethine ylide approach to
rapidly assembly a novel cytisine-inspired structure (cyfusine).
Ynoate 28 and silyl aminal 29 were coupled under acidic con-
ditions to form 30, which was then converted in four additional
steps to cyfusine.”

3. Birch reductions

The dissolving metal reduction (Birch reductions) of furans,
pyrroles and thiophenes is one of the earlier reported strategies
for accessing the target building blocks (Scheme 5).* Classically,
these dissolving metal reductions are performed in the presence
of sodium or lithium in ammonia, although now lithium di-zert-
butylbiphenyl (LiDBB) or similar reagents are more likely to be
used. Many of these aromatic compounds can also be reduced
without using dissolving metals. In such cases, the reagents of
choice are commonly zinc or sodium cyanoborohydride. The
nature of substituents tends to be critical for success. For all
practical purposes this otherwise attractive approach tends to
be mostly limited to substrates having at least one electron-
withdrawing group in the 2-position of the aromatic ring. What
is particularly attractive about this approach is that the in situ-
generated carbanion can be trapped with useful electrophiles.
This reductive strategy can be accomplished asymmetrically using
either a chiral proton source or chiral auxiliary. When these
promising asymmetric solutions are coupled with an in situ

alkylation, it seems clear that this strategy can hold its own against
other methods for a range of useful substrates.

Donohoe and coworkers have led the way in this area for
some time now, which is reflected by the fact that all the
examples detailed in Scheme 6 are the work of his research
group. Showcasing the strengths of this strategy, Donohoe has
demonstrated that symmetrical pyrrole substrates (33) can be
reduced to either the 2,5-cis (34) or 2,5-trans (35) products by
using the appropriate reducing agent and proton source.*! This
particular trans-product (35) has been advanced to the natural
product epi-australine.’* In his synthetic approach towards the
lactacystin B-lactone, the intermediate anion generated during
the reduction process is coupled in situ with isobutyraldehyde to
afford 37 as a single diastereomer.*®* In his synthetic approach
towards the natural product nemorensic acid, Donohoe uses a
C,-symmetric pyrrolidine chiral auxiliary (38) to very effectively
(30:1 dr) control the methylation of the anion generated during
the Birch reduction.’* Intermediate 39 was then advanced to the
natural product in seven additional steps. Although these are all
very impressive applications of this synthetic strategy, they also
clearly highlight the fact that this approach is not yet very practical
for aromatic precursors lacking an electron-withdrawing group.

4. Vinyl- oxirane, thiirane and aziridine
rearrangements

Our research group has recently demonstrated that a wide
range of vinyl- oxirane,*® thiirane® and aziridine® substrates
(Scheme 7, 40) can be rearranged efficiently to the corresponding
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Scheme 6 Natural product total synthesis using Birch reductions.
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2,5-dihydro- furan, thiophene and pyrrole products (41) by using
copper(IT) hexafluoroacetylacetonate as a catalyst. Prior to our
work in this area there were scattered reports of success for a
narrow range of vinyl- oxirane and aziridine substrates, but there
were no reports of a vinyl thiirane rearrangement. For example, it
has been known since the 1960’s that certain simple vinyl aziridines
can be rearranged thermally*® under very forcing conditions, and
in the 1980’s Oshima showed that triene monoaziridines can be
rearranged in the presence of a palladium catalyst,* while simple
vinyl aziridines did not. Acid-catalyzed vinyl oxirane rearrange-
ments have been known for a long time. It is important to note that
most of these examples are rigged for success in that the detrimen-
tal competing hydride shift cannot occur. Our copper-catalyzed
rearrangement is the optimal approach for all substrate categories
and again the only approach that can be applied to vinyl thiiranes.
In addition, we have shown the substrate scope to be very broad.

This powerful synthetic strategy has also found its place in the
field of natural product total synthesis (Scheme 8). Our group has

recently completed the total synthesis of goniothalesdiol by stere-
oselectively rearranging vinyl oxirane 42 to 2,5-dihydrofuran 43,
which could be converted to the natural product in four additional
steps.*” Sarpong and coworkers used trifluoroacetic acid to ring-
expand 44 to oxabicyclic product 45 in their synthetic approach
towards salviasperanol.*' Yields are high for this substrate since
the competing hydride shift is not possible. Majetich used the same
conditions for a very similar substrate in his approach towards
salviasperanol.* We showcased our novel copper-catalyzed vinyl
thiirane rearrangement by converting 46 to 2,5-dihydrothiophene
47 en route to a formal synthesis of biotin.*® Somfai has shown
that vinyl aziridine 48 can be rearranged under forcing microwave
conditions to pyrroline 49 in the presence of lithium iodide.*®
He then advanced this product to an intermediate in Hall’s total
synthesis of anisomycin.* This last approach works for a limited
range of substrates.

5. [4+2] and [4+3] cycloadditions

Although [4+2] and [4+3] cycloadditions of furans, thiophenes and
pyrroles provide access to a very narrow spectrum of 2,5-dihydro-
furan, thiophene and pyrrole products, we have included these
two cycloaddition approaches in our survey because the resulting
oxa-, aza and thiobicyclic products are hard to access using other
methods (Scheme 9). These two approaches do not work very well
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Scheme 8 Natural product total synthesis using vinyl- oxiranes, thiiranes and aziridines.
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Scheme 9 [4+2] and [4+3] cycloadditions of furans, thiophenes and pyrroles.
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for thiophenes,* although this limitation can be partly remedied
by using sulfone derivatives.* The Diels-Alder reaction of furans
and pyrroles require in most cases very active dienophiles for
the reaction to succeed.”” The oxyallyl cations classically used
for these [4+3] cycloadditions can be generated in many different
ways, but originate in most cases from halo ketones or similary
activated ketone precursors.*® These halo ketones are converted to
the oxyallyl cation by treatment with zinc metal. This approach
is in most cases limited to simple substitution patterns and many
functional groups are not well tolerated.

These cycloadditions have been used for the total synthesis of
a number of natural products (Scheme 10). Epibatidine has been
a favoured playground for evaluating different synthetic methods
and strategies. Azabicyclic product 57 was nicely assembled by
fusing chiral allene 56 to pyrrole 55 in the presence of aluminium
trichloride.* This intermediate was then advanced to a known
ketone that had previously been converted to epibatidine by
Trudell and coworkers.*® Kishi employed furan 58 as a dienophile
in an intramolecular Diels-Alder reaction with an in situ-
generated methacrolein moiety. The resulting product (59) was
then eventually converted to batrachotoxinin A.* The anti-cancer
agent pervilleine C was recently synthesized. Its tropane core (62)
was constructed by coupling pyrrole 60 with tetrabromoketone 61,
and the resulting cycloadduct was debrominated.®> The natural

product imerubrine has been efficiently assembled by reacting the
oxyallyl cation generated from 64 with furan 63. The oxabicyclic
cycloadduct (65) was then converted in a single step to the natural
product.®

6. Vinyl phosphonium cascade

In the 1960’s Schweizer demonstrated that various nucleophiles,
including R,NH, RSH, ROH and R,PH, could be added to vinyl
phosphonium salts (67, Scheme 11). When a carbonyl group (66)
was tethered to these nucleophiles the ylide generated in situ
underwent a Wittig olefination, thus allowing ready access to
all three heterocyclic families (69) in a single operation.>* This
is an attractive two-component coupling reaction using readily
available starting materials. When amines and alcohols are used
as nucleophiles, the vinylphosphonium salt is often activated
by an additional stabilizing group (such as arylsulfones and

@ Rz
R, (0] Ph3P PPh3 D
base
:/[ :/[ J/ > Ry X
R XH X O, Sand NR
66 69

Scheme 11  Vinyl phosphonium cascade.
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Scheme 12 Natural product total synthesis using vinyl phosphonium cascades.

arylsulfoxides) to ensure a successful Michael addition step.
This multicomponent coupling strategy struggles when the vinyl
phophonium salt is substituted in the B-postion, although thiols
are in most cases sufficiently nucleophilic to be successful. The
phosphonium salt in certain situations can be replaced by the
phosphoryl ester with comparable results. The amine nucleophiles
need to be electron-deficient such as amides or sulfonamides in
order for the cascade to be successful. This method is one of
the better methods discussed in this review to construct 2,5-
dihydrothiophenes.

This exciting synthetic approach has also found its place in
natural product synthesis (Scheme 12). Hewson has nicely demon-
strated that the pyrrolizidine alkaloid supinidine can be rapidly
assembled in two steps from lactam 70.* Dihydrothiophenes 75
and 77 were both accessed in a single step from 1,4-dithiane-
2,5-diol (73) upon treatment with vinyl phosphonates 74 and 76
respectively. Enone 75 was advanced to elacokanine A3 while
enoate 77 was further functionalized to isopenicillin analogue 78.%

7. Nucleophilic displacements

One of the oldest approaches to 2,5-dihydro- furans, thiophenes
and pyrroles is simple nucleophilic displacement using either
an internal or external nucleophile (Scheme 13). By using an
appropriately functionalized Z-olefin with two leaving groups (Y
and Z, 79) a sulfur or nitrogen based nucleophile (X, 80) can be
used to form the product (81) directly. In practice, this method is
rarely used and those few literature examples are mostly limited
to unsubstituted cases. In most applications Y or Z is the desired
heteroatom and the other is the leaving group, which is usually

Ry Ry Ry Ry
4):& X (nucleophile) Z:S\
—_—
Y R3 80
R
z X s
79 81

Scheme 13 Nucleophilic displacements.

a halide, sulfonate ester or a hydroxy group. What makes this
synthetic approach most unattractive is the need for a multistep
route for constructing a highly functionalized Z-olefin (79). Once
precursors like 79 are accessed, the cyclization tends to occur
without problems.

Three natural product examples utilizing this strategy are
presented in Scheme 14. Swainsonine’s fused bicyclic core was
completed by in situ activation and cyclization of allylic alcohol
82 to 83.%® Substrate-controlled dihydroxylation and protecting
group manipulations then afforded the natural product. A similar
core (85) was stitched together by cyclizing a lithiolactam onto
an allylic sulfonate ester (84). White and coworkers then advanced
this intermediate to the bridged bicyclic alkaloid (+)-loline.* In his
approach towards the guanacastepene family of natural product,
Sorensen cyclized a triene triol (86) to a fused 2,5-dihydrofuran
(87).%°

8. Allene cyclizations

The cyclization of an allenic alcohol (88, Scheme 15) to a 2,5-
dihydrofuran (89) in the presence of either a base® or mercury
salts®® was first reported forty years ago. In 1979 Claesson
demonstrated that pyrrolines could be accessed similarly upon
treatment with Ag(I) catalysts.®® In the late 1980’s Liebeskind and
coworkers reported that palladium could catalyze this cyclization
and that the resulting vinyl palladate could be cross-coupled in situ
with an olefin (Y = vinyl).** Since then a number of halide,
selenium and sulfur electrophiles have also been shown to aid
this cyclization while at the same time incorporating a functional
handle (Y = Cl, Br, I, PhS, PhSe).% This powerful transformation
has been revisited in the last eight years as part of what could only
be described as a gold® and silver®” catalyst rush. For example,
Krause has shown Au(I) and Au(III) catalysts to be ideally suited
for 2,5-dihydrothiophene formation.®® These efforts have greatly
expanded the scope of this transformation, which in our opinion
firmly ranks as one of the best current methods to access 2,5-
dihydro- furans, thiophenes and pyrroles.

This journal is © The Royal Society of Chemistry 2009
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The allene precious metal rush has not surprisingly found its
way to natural product total synthesis. Shown in Scheme 16 are
three nice applications of this useful cyclization approach. Krause
has used a gold(III) catalyst for cyclizing allene 90 in high yield and
stereoselectivity to dihydrofuran 91 en route to the natural product
(-)-isochrysotricine.* Fiirstner and colleagues have used the clas-
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Cyclizations of allenic alcohols, amines and thiols.

sic silver nitrate cyclization conditions to advance allenic alcohol
92 to dihydrofuran 93. This key intermediate was then utilized to
complete the first total synthesis of amphidinolide X.” Although
96 has not been converted to FR 901493, Reissig has showcased
an efficient cyclization of an amino allene 94 to pyrrolidine 95 that
could then be converted in five additional steps to 96.”

OH 6 steps

12 steps (
1

s

Amphidinolide X

o (OH),0PO
| HO-
N_\ CI
e Me0” N T - > HMeN
MeO MeO
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Scheme 16 Total synthesis of natural products using allene cyclizations.
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Table 1 Comparison of the eight synthetic approaches for accessing classic product constructs®

Synthetic approach X

Ring-closing metathesis (RCM) ++
[3+2] Cycloaddition -
Birch reduction -
[1,3]-Rearrangement ++
[4+2]/[4+3] Cycloadditions -
Vinylphosphine cyclization cascade +
Nucleophilic substitution +
Allene cyclization +

N T R
+

“Key: ++, very good; +, fair; —, poor.

X X G
- - +
- + ++
- - ++
+ ++ +
++ - -
- + +
- + +
- + +

Conclusions

For a chemist planning to use any of these methods in a synthesis,
perhaps one of the best ways to summarize the strengths and
weakness of the eight synthetic approaches discussed in this
Perspective is to graphically tabulate this information. We have
chosen the five classic product classes shown in Table 1 as
indicators of the effectiveness of these methods. Our ranking
system uses ++ (very good), + (fair) and — (poor) to describe
the effectiveness of the reaction of interest for a given substrate
class. This graphic presentation also serves very well to highlight
the need for further improving existing methods and to develop
new approaches. For many of these substrate classes, there are no
good choices, as for example, in the case of the bridged bicyclic
substrate class. We are particularly proud of the fact that our
contributions to this area, the copper-catalyzed rearrangement of
vinyl- oxiranes, thiiranes and aziridines, allows access to all five
product classes. It is important to note that this table does not take
into account the difficulty of preparing the synthetic precursors or
factors such as cost, toxicity, scalability or solvent use. Inclusion
of these factors would be quite complex and would undoubtedly
further highlight just how much need there is for better methods.

In conclusion, it is important to reiterate that there is no such
thing as a general synthetic method. Instead it is the collection
of good methods, each with its unique benefits and substrate
scope, that truly provides access to the general product landscape.
It is our belief that this approachable summary will be of great
value to chemists planning on constructing a member of a specific
structural class.
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