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The scaffold of fenestranes is quite unique, as it contains four
condensed cycles and a distorted tetracoordinated central carbon atom
with bond angles greater than the regular 109°28. In this Minireview,
a detailed overview on the developments regarding this compound
class, including their synthesis, is given for the time period since 2006.
In the past years, natural products that belong to the class of hetero-
fenestranes have been isolated and their syntheses will also be
discussed.

1. Introduction

Molecular symmetry in general and the symmetry of c.
tetracoordinate carbon atoms perhaps even more have _
fascinated chemists for more than a century. In 1874, van’t Bao—Li Mol
Hoff and Le Bel suggested a tetrahedral environment for H™ ! P
carbon atoms that bear four substituents.! In this manner,
they could, for the first time, explain chirality and optical (a) (b)
activity that were previously observed for certain compounds.
Almost 100 years later, Hoffmann et al. reopened the dis-
cussion with the exceptional idea of a planar tetracoordinate
carbon atom (ptC).”! They postulated that such a configura-
tion should in general be possible, and proposed scaffolds in
which a central carbon atom would be forced into a planar
arrangement. Hoffmann et al. suggested two methods to force
a tetracoordinate carbon atom to have a planar instead of
a tetrahedral symmetry. The first option, the so-called (c) (d) (e)
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electronic approach, requires the carbon atom to have an
sp’ hybridization with two electrons located in the 2p
orbital,”! as for example in the calculated 3,3-dilithio-1,2-
diboracyclopropane (Figure 1a)*® or in some synthesized
organometallic compounds (e.g. Figure 1b).”*! The second
possibility to obtain a ptC is to use mechanical strain or force,
also called the mechanical approach. It implies the design of
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Figure 1. Formation of a planar carbon center through the electronic (a
and b) and the mechanical (c and d) approach, and planar compounds
with the highest coordination number (e). ptC in bold. Cp=cyclopen-
tadienyl.

a three-dimensional structure in which the carbon atom is
trapped in a rigid cage, and is thus forced into a planar
symmetry .,/ as calculated for dimethanospiro[2.2]octaplane
(Figure 1¢).'""" The combination of both methods, sp?
hybridization and mechanical strain, also leads to a ptC. For
the compound that bears four boron atoms (Figure 1d), the
calculated angles around the central carbon atom are all
180°.1”! Furthermore, the search for planar configurations is
not limited to four substituents on the carbon atom."® Most
recently, Boldyrev and co-workers found decacoordinated
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TaB,,” and NbB,,” systems with the highest coordination
number in planar clusters known to date (Figure 1).14

In 1970, Hoffman et al. proposed a scaffold with four
condensed cycles as part of the discussion of a possible
tetracoordinate yet planar carbon center (Figure2a).”!
Only two years later, Georgian and Saltzman joined the
challenge with the synthesis of two compounds, tetracy-

n=1,2
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©

Figure 2. a) Fenestrane scaffold proposed by Hoffmann et al. in 1970.%4
b) First fenestranes synthesized by Georgian and Saltzman in 1972

clo[5.5.1.0*'2.0'"B]tridecan-4-one and tetracy-
clo[6.5.1.041*.0'*¥]tetradecan-11-one  (Figure 2b).*! Based
on the resemblance of the schematic structure to a window,
they proposed the name fenestrane for this scaffold. The
typical reaction of a curious organic chemist to those
molecules is to wonder if this kind of scaffold is stable and
to ponder on a possible synthesis. As Hoffmann and Hopf
stated in their exciting article about the interest of the
chemical community for molecules in distress: “One reason
for synthesizing some pretty unhappy molecules is simply the
desire to do what has not been done before. And to be praised
for it.”11
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Herein, we show how the fenestrane family has grown,
particularly during the past decade, and that besides a few
naturally occurring fenestranes, a large number of non-
natural congeners has become known through challenging
syntheses. First, the reader will gain insight on the definition
and nomenclature of fenestranes. This will be followed by an
account of the natural products with [m.n.p.g]fenestrane
scaffolds, as well as their recently achieved syntheses. We will
also shortly consider the [m.n.p]fenestranes, as they are
common both in nature and in synthesis. Finally, a compre-
hensive overview of the recent synthetic efforts leading to
fenestranes will complete this update.!'” In addition, a list of
all fenestranes synthesized to date is available in the
Supporting Information, including the compounds that were
obtained earlier, which will not be discussed in detail herein.
This compilation also includes the available information on
bond angles, and is classified according to the respective
synthetic key step.

2. Definition of Fenestranes, Their Nomenclature,
and the Bond Angles Around the Central Carbon
Atom

Since the beginning of the search for ptCs, a family of
compounds that possess four condensed cycles around
a shared central carbon atom were suggested (see Figure 2 a).
In 1972, motivated by the resemblance of the schematized
structure with a window that features four panes, Georgian
and Saltzman proposed a name derived from the Latin word
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Figure 3. a) Idea for the name of fenestranes and b—e) schematic
structures of the scaffolds.

fenestra and the term alkane for hydrocarbon: fenestra + al-
kane = “fenestrane” (Figure 3a).l”] Their definition implies
that each of the condensed cycles must share three carbon
atoms with the neighboring cycles, and that the central carbon
atom must be common to all four cycles (Figure 3b). The
scaffold can also be described as a double-bridged spiroal-
kane (Figure 3¢). The classification of polycycles following
the ITUPAC nomenclature is quite complex, thus Liebman and
Greenberg proposed another nomenclature for this scaffold
using the prefix [m.n.p.q] to define the size of the four cycles
(Figure 3d)." The compound in Figure3b is then
a [4.4.4.4]fenestrane, which is much more convenient. Similar
tricyclic structures, that is, spiroalkanes with only one bridge
(Figure 3e), are in consequence [m.n.p]fenestranes. In anal-
ogy to a window with four panes, these compounds with only
three condensed cycles have a missing pane and can be called
broken windows."7!

The smallest possible member of the fenestrane family is
the [3.3.3.3]fenestrane, which is particularly strained and
should possess some kinetic stability under a pyramidal
configuration, as shown by MINDO/3 calculation (Fig-
ure 4a).” This fenestrane was studied in detail and named
pyramidane. In contrast, for the [4.4.4.4]fenestrane, calcula-
tions indicate a preference for the flattened tetrahedral
configuration D,; (Figure 4b) over the pyramidal one C,,
(Figure 4c).

P
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Figure 4. Predicted structures of [3.3.3.3]fenestrane (a) and
[4.4.4.4]fenestrane (b,c).

In order to describe fenestranes, the numbering of the
scaffold and its substituents must also be defined. In the past,
this was not done following a specific rule, because common
numbering systems cannot be applied without difficulties. As
a general rule, the numbering starts at the bridgehead carbon
atom with the highest priority, follows the outer periphery,
and ends with the central carbon atom (Figure 5a). The
position C1 also defines the starting point for the association
of the ring sizes following the [m.n.p.q] definition, which then
follows the cycles in a clockwise manner. Often, the attribu-
tion of the bridgehead carbon atom with the highest priority
and thus Cl1 is not trivial. In those cases, the numbering is

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Numbering of the fenestrane scaffold.

defined so that the name of the fenestrane starts with the
smallest ring: [4.5.5.5]fenestrane (Figure 5b) is better than
[5.5.5.4]fenestrane (Figure 5¢) or [5.5.4.5]fenestrane (Fig-
ure 5d).

It is important to comment on the stereochemistry of this
scaffold and its resulting nomenclature.'”>') For clarity
reasons, fenestrane scaffolds will be drawn in Fischer
projections throughout this Minireview. The fenestranes
possess a minimum of five stereocenters (Figure 6a and b),

R']

R3
(@) (b) ()

Figure 6. Stereocenters in fenestranes.

with the sole exception being a fictive fenestrane shown in
Figure 6 c. With four equal substituents and a perfectly planar
central carbon atom, the latter possesses an internal plane of
symmetry and would thus not be chiral, but a meso com-
pound. As is true for all polycyclic molecules, the Cahn-
Ingold-Prelog system and R/S nomenclature are cumbersome
and lead to inconveniently long and complex molecule names,
which are only suitable for experimental sections. In order to
facilitate this, the relation between the different bonds has
been described by using the terminology for polycycles and
their substituents (syn and anti), or for sugars (a and ).
However, we feel that both these nomenclatures can still be
quite complex and confusing.

Another nomenclature has been introduced by Keese,
who defined the relationship between the bonds as cis or
trans."’¥ After declaring one bridgehead as C1 in accordance
with the highest priority and the ring size, the set of H1-C1-
C13-C7 bonds is the first to be assigned as cis or trans to each
other. As an example, see the fenestrane shown in Figure 7a,

(b) cis

H4 cis !

i trans 10 HI-
5 H
7

Figure 7. cis/trans Nomenclature by Keese and co-workers.
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in which the relation between the bonds H1-C1-C13-C7 is cis
(in red). Then, the attribution of the other bonds follows,
always as sets of three (H4-C4-C13-C10, H7-C7-C13-C1, and
finally H10-C10-C13-C4). According to the Keese nomencla-
ture, the compound in Figure 6a is a cis,cis,cis,cis-[5.5.5.5]fen-
estrane, or even all-cis-[5.5.5.5]fenestrane, and the compound
in Figure 6b is a cis,transcis,trans-[5.5.5.5]fenestrane. The
shorter nomenclature c,c,c,c-[5.5.5.5]fenestrane and c,t,c,t-
[5.5.5.5]fenestrane can also be used for these two examples,
respectively, and we chose to use this nomenclature through-
out this Minireview.

In order to analyze the relationship between the structure
of the fenestrane and the planarization of the central carbon
atom, various modifications and their consequences have
been studied. While altering the hypothetical structures, the
values of the opposite angles « and  have been calculated by
different methods: ab initio methods of quantum chemistry,
density functional theory (DFT), semi-empiric methods
(AM1, MNDO, PM3), or molecular mechanics methods
(MM2, MM +).'7%1 As a starting point and reference, the
angles a and f of c.c,.c,c-[5.5.5.5]fenestrane have been
calculated: they are both 113.8° (Figure 8a). Additional

Y
GAD

a=120° a=137° o=137.8°
B=116° p=137° B=1378°
(@) (b) (© (d)

Figure 8. Influence of bridgehead double bonds on the angles (a and
p) around the central carbon atom.

double bonds in bridgehead positions can contribute to the
expansion of those angles, increasing both angles to 137.8° in
the entirely unsaturated [5.5.5.5]fenestrene (Figure 8d).[7%

The reduction of the size of at least one cycle has also an
effect on the central carbon atom and its bond angles. For
c,c,c,c-[4.5.4.5]fenestrane, the values of both angles were
calculated as 126° (Figure 9a). The influence of sterically
demanding substituents in bridgehead positions is less evi-
dent, the 1,4,7,10-tetramethyl-c,c,c,c-[5.5.5.5]fenestrane for
example has calculated angles of 120° (Figure 9b). On the
other hand, trans isomers are more promising: the calculated

(a) (b) © (d

Figure 9. Influence of ring size (a), bridgehead substituents (b), and
trans isomers (c and d).
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angles a and S are 118° and 126°, respectively, for f,c,c,c-
[5.5.5.5]fenestrane (Figure 9¢), and 130° and 137°, respec-
tively, for c,t.c,t-[5.5.5.5]fenestrane (Figure 9d)."*?'l The
[4.5.5.5]fenestr-8-ene has been designed by combining bridge-
head double bonds, smaller cycles, and a trans relationship in
the same compound; here a would be 138° and S 131°
(Figure 10a)."™! Sterically demanding substituents in the

a=140°
B=132°

a=138°
B=131°

Figure 10. Predicted angles for two c¢,t,c,c-[4.5.5.5]fenestr-6-enes.

bridgehead positions, as in 1,6-dimethyl-[4.5.5.5]fenestr-8-
ene (Figure 10b), slightly increase the calculated values. The
opposite angles are indeed the largest calculated angles a and
B up to date: 140° and 132°, respectively.!'”

Because of their fascinating structure and their role in the
search for ptCs, fenestranes are popular targets of synthetic
chemists. The groups working on the synthesis of these
scaffolds have often covered both aspects, synthesis and
theory, thus enabling comparison and better understanding of
their results. In the following sections, we will indicate the
angles a and B from both X-ray analyses and in silico
methods, if they were identified (X-ray: a, ; [calculation]:

a, B).

3. Natural Products of the Fenestrane Family and
Their Syntheses

3.1. All-Carbon Scaffold

In 1979, Corbett et al. worked with extracts from Dacry-
dium cupressinum,commonly known as rimu, a large endemic
evergreen coniferous tree from the forests of New Zealand.””!
Among other compounds, they found a new diterpene, which
made up about 12% of the total oil obtained by steam
distillation of the leaves and terminal twigs. They proposed
structure 1 (Figure 11)® for the compound and gave it the
name laurenene or lauren-1-ene.

A series of reactions and modifications, which led to the
derivatives 3, allowed to correct the proposed structure and to

Figure 11. Laurenene (2) isolated by Corbett et al.,” and its deriva-
tives, with R' to R* being a large number of combinations of H, OH,
OAc, CO,H, etc.
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identify the new compound as the [5.5.5.7]fenestrene 2. The
structure was confirmed by X-ray analysis of the brominated
derivative 4, and the angles around the central carbon atom
were determined to be 117.9° and 118.9°.* Laurenene (2)
represents the first, and so far only, isolated natural product
with an all-carbon fenestrane scaffold. Since its discovery,
three total syntheses of laurenene have been completed:
those of Crimmins and Gould™' and Tsunoda et al.”*! were
published nearly simultaneously in 1987, and the third one by
Wender et al.’”) one year later.”"!

3.2. [m.n.p]Fenestranes

[m.n.p]Fenestrane scaffolds are much more abundant in
both synthesis and natural products. Because of the large
number of contributions in this area, it is not possible to offer
a detailed account of these compounds, which would lead to
a whole review on its own. Nevertheless, we wish to provide
a rapid overview of this family of compounds, and possibly
a starting point to a more detailed bibliographic survey for
interested readers. Sesquiterpenes that have a tricy-
clo[6.3.0.0"*Jundecane core (also called angular triquinanes),
which is indeed a [5.5.5]fenestrane scaffold, are isolated
particularly often (Figure 12).”) They can be grouped into
four subcategories, depending on the positions of the
substituents: isocomanes,**3! silphinanes,®? silphiperfo-
lanes,*! and pentalenanes.®”

tricyclo[6.3.0.0"%Jundecane = [5.5.5]fenestrane

G G B

isocomanes silphinanes silphiperfolanes pentalenanes

Figure 12. The angular triquinane scaffold, a [5.5.5]fenestrane, and
families of natural products with triquinane scaffolds.

A member of the diterpenoid family, aflavinine (5), which
was isolated from Aspergillus flavus, has a [6.6.6]fenestrane
scaffold (Figure 13).5° Later, the sesquiterpene 6 with
a [4.5.6]fenestrane scaffold was isolated from the red algae
Laurencia obtusa, and was shown to have a slight cytotoxic
activity toward a series of cancer cell lines.”® Some other
examples of synthesized [m.n.p]fenestranes are: [3.5.3]fenes-
trane 7, [3.5.4]fenestranes 8,5”! and [4.4.4]fenestranes 9.

3.3. Fenestranes with Heteroatoms
Following the initial definition by Georgian and Saltzman,

compounds that bear heteroatoms within the scaffold of four
condensed cycles are in essence not fenestranes. However,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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aflavinine (5) 6
H§ [E > ]
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H R
R'R 9
7 8a (R=H) (R =H, COOH, COOMe,

8b (R = Me) p-BrCgHs,NHOC,

dinitrobenzoate)

Figure 13. Natural (5 and 6) and synthetic (7-9) products with
[m.n.plfenestrane scaffolds.

they are no less interesting, and both natural products and
synthetic examples are usually included in the fenestrane
family. In 2006, Gloer and co-workers isolated a family of
sesquiterpenes 10 from fungal extracts, Penicillium griseoful-
vum Dierckx (MYC-1728 = NRRL 35584). These sesquiter-
penes have c,c,c,c-[5.5.5.6]dioxafenestrane structures and
were named penifulvine A-E (Figure 14).") Penifulvine A
has interesting antifungal and insecticidal activities.*” In

4
R3Ro

penifulvin A (10a, R'-R* = H) 1
penifulvin B (10b, R" = OH, R?>-R* = H)

penifulvin C (10¢, R' = H, R = OH, R3,R* = H)

penifulvin D (10d, R'-R® = H, R* = OH)

penifulvin E (10e, R' R% = H, R® = OH, R* = H)

Figure 14. Penifulvines A-E and the related [5.5.5]fenestrene 11.

addition, a compound with a silphinane scaffold (compare
with Figure 12) was also identified: [5.5.5]fenestrene 11.

In 2009, Gaich and Mulzer accomplished the total syn-
thesis of penifulvine A (10a).*! Their work is based on
a [342] arene-olefin cycloaddition of 13 as the key step to
form the tetracyclic compound 14, then opening of the
cyclopropane by reduction under Birch-like conditions, and
oxidation to the carboxylic acid 15 (Scheme 1). This is
followed by ozonolysis and spontaneous cyclization to 16,
and a final oxidation to obtain 10a. In addition to the
enantiopure (—)-penifulvine A (9 steps, total yield 8 %), their
method also gave access to the racemic form in even better
yield (5steps, total yield 14%). Moreover, the authors
obtained the derivatives (—)-penifulvine B (10b) and (—)-
penifulvine C (10¢) by employing the same strategy.”

Most recently, another sesquiterpene was isolated from an
extract of the marine fungus Aspergillus aculeatus (CRI323-
04), harvested on Kho Phi Phi Island in Thailand.**) The
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optically active:
9 steps (>90% ee),
8% overall yield
COOH )
racemic:
5 steps,
14% overall yield
12 (~)-penifulvine A
(10a)
PCC,
82%

a) 03, CHQC|2,

b) thiourea T 78%

1) Li, EtNH,, 72%

2) a) IBX/DMSO,
b) NaClO,, 92%

15 O

Scheme 1. Synthesis of (—)-penifulvine A (10a). DMSO =dimethyl sulf-
oxide, IBX = ortho-iodoxybenzoic acid, PCC = pyridinium chlorochro-
mate.

structure of this new compound differs from the penifulvanes
only in the position of one carbon atom (Figure 15). The
authors proposed the name aspergilanes for the scaffold, and
consequently asperaculine A (17) for the isolated compound.

JEaRES

"penifulvane”

| "aspergilane”

asperaruline A
(10a) ' 17)

penifulvine A

Figure 15. Compounds of the penifulvane and aspergilane families.

One year later, in the context of asperculine A synthesis,
Mehta and Kahn studied the formation of the dioxa-
fenestrane framework 19, involving intramolecular Pauson—
Khand reactions (IPKRs; Scheme 2).1 Starting from glycer-
ol-derived solketal 18, they achieved the synthesis of 19 by
a stepwise strategy involving a total of 13 steps, with two
IPKRs as key steps via the intermediates 22 and 24. A second
strategy employed the tandem IPKR of enediyne 21 and
successfully led to the same dioxa-fenestrane 19 in only six
steps.

4. Recent Examples of Synthetic Fenestranes
Over the last five decades, synthetic efforts toward the
fenestrane scaffold have been made by a number of very

competent chemists. Various strategies have been employed,
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stepwise IPKRs

O)( via 22 and 24
O
or
\\<\ tandem IPKR in
18 OH one pot via 21 H
4 stepsl [Coy(CO)sl,
TMNO, 2
OH Br 0. —15°CoRT,
oY =/ o) 12h, 28% | | S€P®
_—
I TBAL NaH, H [l
20 | THF, | H
10°C—>RT, 21
[Co(CO)gl, 2h, 82%
TMNO,
-15°C—RT,
8 h, 39%

[C0ox(CO)gl,
TMNO,
-15°C—RT,
5h, 55%

PMBO 23

Scheme 2. Access to the aspergilane core through intramolecular
Pauson—Khand reactions (IPKR). PMB = para-methoxybenzyl, TBAl =
tetra-n-butylammonium iodide, TMNO =trimethylamine N-oxide.

including enone-olefin photocycloadditions,**! arene—ole-
fin cycloadditions,*! the Weiss reaction,! benzannellated
fenestranes through cyclodehydration,”” and Pauson-Khand
reactions (PKRs),”" to name just a few. In the following
sections, only recent results (since 2006) will be described.!"”!
However, in some cases the citation of earlier contributions is
necessary to clarify these recent results. For the compounds
that are not discussed here, the interested reader can refer to
the compilation given in the Supporting Information.

4.1. Cycloadditions, Including Arene—Olefin Cycloadditions

The first synthetic approach to aza-fenestranes was
developed in 2002 by Denmark et al., who used tandem
[442] and tandem [342] cycloadditions. Starting with vinylic
ether 25 and nitroalkene 27, they obtained the desired c,c,c,c-
[5.5.5.5]-1-azafenestrane (Figure 16),? which led to 29-BH,
after complexation with BH; (X-ray: 116.1°, 116.6°; DFT:
114.5°, 117.5°). Subsequently, by employing steric effects, the
alternative vinylic ether 26 and nitroalkene 28 gave the
corresponding c,c,c,c-[4.5.5.5]-1-azafenestrane 30-BH;. Yet,
the X-ray crystallographic analysis could only be performed

25 (R'=nBu) 27 (R?=CO,Me)
26 (R'=tBu) 28 (R?=H)

29+BH; 30°BF;

Figure 16. Aza-fenestranes 29-BH; and 30-BF; and their precursors.
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with the adduct 30-BF; (X-ray: 120.3°, 121.3°; DFT: 118.2°,
123.2°). More recently, the nitroso-acetal 31 could also be
obtained from vinylic ether 25 and nitroalkene 28
(Scheme 3).! Ring contraction, reduction, and treatment

25 + 28

48% 32

36% 31

3 steps

9%

Scheme 3. Access to the c,c,c,t-[4.5.5.5]-1-aza-fenestrane 33.

with BH; THF then led to the c,c,c,t-[4.5.5.5]-1-azafenestrane
33-BH; (X-ray: 126.3°, 120.7°; DFT: 126.7°, 123.1°). In this
manner, Denmark et al. could show that contracting one cycle
of the fenestrane or introducing a trans configuration has an
influence on the bond angles: the flattening of the central
carbon atom indeed increases from c,c,c,c-[5.5.5.5] 29-BH;
over c,c,c,c-[4.5.5.5] 30-BH; to c,c,c,t-[4.5.5.5] 33-BH..

In 2010, a photoinduced double [342] arene—olefin cyclo-
addition was used as a key step for the synthesis of the c,c,c,c-
[5.5.5.5]-dioxa-fenestrane 35 (Scheme 4, X-ray: 120.2°,
128.5°).54 The yield of the isolated product (8% ) is low, the
method can however be validated in view of the number of
bonds obtained stereoselectively and in only one step. The
authors later used the same strategy to access more examples,
obtaining the heterofenestranes 36, 37, and 38.°°

18% 38a

8% 38b

Scheme 4. Access to heterofenestranes through double arene—olefin
cycloaddition.
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o HoNNH,+H,0,

H N(CH,CH,0H)s,
hv KOH, 210°C
H o H
o LD 7%
o]
39 40
H
H
o 41
\ hy 35%
b) COEt — H COEt —
: 86% 5 steps
H
42 43

Scheme 5. Syntheses of fenestrane 41 by a) Dauben and Walker in
1982, and b) Keese and co-workers in 2013.5%37

Most recently, Keese and co-workers published a new
synthesis of c¢,c,c,c-[4.5.5.5]fenestrane 41.°% In 1982, the same
compound was already accessed by Dauben and Walker
through cycloaddition to obtain the all-cis-[4.5.5.5]fenestrane
40, followed by Wolff-Kishner reduction (Scheme 5a). On
the other hand, Keese and co-workers used their earlier
developed route to [4.5.5.5]fenestranes of type 43,57 and then
transformed the mixture in five steps to compound 41
(Scheme 5b). They also performed DFT and MP2 calcula-
tions for the opposite bond angles a and f for a series of
compounds, with the results for 41 being quite similar for both
methods (DFT: a=121.4°, =122.3°; MP2: a=122.0°, f=
121.6°).

4.2. Pauson—-Khand Reaction

Early examples of the synthesis of all-cis-[4.5.5.5]fenes-
trane 44a and its c,c,t,c-isomer 44b (Scheme 6, X-ray 44b:
131.1°, 120.2°) were achieved by Keese and co-workers, who
combined a PKR with a photochemical cycloaddition.” In
order to enhance the flattening of the central carbon atom,
they recently planned to add double bonds in bridgehead
positions to obtain [4.5.5.5]fenestrenes.””) They used fenes-
tranes 44a and 44b as starting materials for further trans-
formations, and for both compounds the cleavage of the
TBDMS group was achieved in good yields. For the all-cis
derivative 46a, the activation of the hydroxy group as
mesylate and then elimination led to a mixture of the two
regioisomers 48a and 49a (Scheme 6a). For the trans com-
pound 46b, the same efforts did not lead to the corresponding
fenestrene, but only to compound 52, which still possesses the
OMs group (Scheme 6b). Moreover, the developed strategy
of PKR and photochemical cycloaddition led to the dimethyl-
c,c,cc-[4.55.5]fenestrane  45a and the dimethyl-c,ct,c-
[4.5.5.5]fenestrane 45b (X-ray: 128.9°, 122.8°, DFT: 129.8°,
123.8°).1 Analogous to the related compounds without
methyl groups, deprotection provided 47a and 47b. Starting
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91% 47a (R = Me)

45a (R = Me)

0]

R =H: 87% 48a/49a = 1:1
R = Me: 80% 50a/51a = 1:2.6
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45b (R = Me) (R =H) (R = Me)
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0 o
H
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52 OMs 53

Scheme 6. Addition of bridgehead double bonds starting from fenes-
tranes 44 and 45. DMAP =4-dimethylaminopyridine, Ms = methanesul-
fonyl, TBAF =tetra-n-butylammonium fluoride, TBDMS = tert-butyldi-
methylsilyl.

from 47 a, a mixture of the two all-cis-fenestrenes 50a and 51a
was obtained by mesylation and elimination (Scheme 6a).
Once more, the reaction of the trans compound 47b did not
give the desired fenestrene, but compounds 53 and related
structures instead (Scheme 6b).

Chen et al. studied the asymmetric synthesis of polyqui-
nanes that contain a quaternary chiral carbon center and
recently reported their three-step procedure, which includes
a Rh'-catalyzed stereoselective tandem PKR/[4+42] cyclo-
addition.® The first step is a catalytic asymmetric addition of
1,3-enynes to aliphatic aldehydes (Scheme 7, top). These are
followed by substitution reactions of allyl bromides, leading to
the optically active trienynes 59. Finally, in the presence of
a catalytic amount of [{RhCI(CO),},] and 1 atm of CO, these
trienynes undergo a highly stereoselective tandem PKR/
[442] cycloaddition to generate optically active polycyclic
products. The product that is obtained depends on the
structure of the starting trienyne 59, leading either to 56 or
57. Mechanistically, the Rh-catalyzed PKR is assumed to take
place first, followed by a [4+2] cycloaddition (through an exo-
Diels—Alder reaction), which is also metal-catalyzed. This
assumption is supported by the observation that after a short
reaction time of five hours, intermediate 60 can be isolated
from the reaction starting from trienyne 59a (R?*=Me,
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| _ 2 -
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TioiPY) 2= H, CO,DCE, | R'#H,
Cy2NH?V RY=H reflux, 24-72h | R*=H
75-96% yield,
82-89% ee
3 R3
R
R1 /\/I\ 4
R OH Br/\/l\ R O R
N « N ™
A NaH or KOH 252 N
R? R? 65-81% yield R*R
58 (R2 = H, Me) 59

[{Rggl(ggl)EzhL H
AN s , aN
o reflux, 72 h 0 /%O
X H S
X 56% yield, /ﬁ\j/
83% ee H
59a 56a
H
e
[{RhCI(CO)z1a], K 7// [{RhCI(CO)zl],
CO, DCE, DCE,
reflux, 5 h 60 reflux

Scheme 7. Access to oxa-fenestranes 56 and 57 through Rh'-catalyzed
stereoselective tandem PKR/[442] cycloaddition. BINOL=2,2"-dihy-
droxy-1,1"-binaphthyl, Cy =cyclohexyl, DCE =1,2-dichloroethane.

R? R*=H; Scheme 7, bottom). Upon heating in 1,2-dichloro-
ethane only, this intermediate did not react, whereas the
addition of [{RhCI(CO),},] and heating to reflux in 1,2-
dichloroethane led to 56a. The same oxa-fenestrane 56a was
obtained when trienyne 59a was heated to reflux with the
catalyst for 72 hours, thus confirming the proposed mecha-
nism.

4.3. Other Strategies

During an attempt to access the skeleton of aquariane
through a ring-expanding Cope rearrangement as the key
step, Thornton and Burnell observed the formation of
a [5.5.5.6]fenestrane as side product.[” The precursor 61 did
not react as desired in a concerted anionic oxy-Cope
rearrangement, but with a retro-aldol ring opening followed
by conjugate addition (Scheme 8). The intermediate 62 was
not stable under basic conditions, but reacted further to give
two enols, leading either to 63 by aldol reaction or to the
fenestrane 64 by another conjugate addition.

In 2008, Suffert and co-workers demonstrated their access
to [4.6.4.6]fenestradienes using cascade reactions. The pre-
cursor trienyne 66 was obtained in nine steps from cyclo-
hexenone, including a tandem 4-exo-dig cyclocarbopallada-
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KOH, | retro-
MeOH y aldol
O
o} )
conjugate | TBDMSO
TBDMSO ~ addition
[
O (0}
H
62
: l
0 (0
TBDMSO O TBDMSO
6}
H
conjugate
addition

83% 63

Scheme 8. Isolation of the [5.5.5.6]fenestrane 64 as side product.

tion/Stille coupling of propargylic alcohol 65. In the presence
of the catalyst P-2 Ni, formed in situ from Ni(OAc), and
NaBH, at room temperature (Scheme 9), trienyne 66 under-
goes a cascade reaction: a semi-hydrogenation, then a 8w
electrocyclization, followed by a 6 electrocyclization, lead-

a R = C(CH3),0H, 88 %

65a b R = C(c-(CH,)4)OH, 93 %
¢ R = C(c-(CH,)5)OH, 86 %

d R = C(iBu),OH, 63 %

2) deprotection e R =(CH,)sCH3, 90 %

3) Sonogashira

%0 OH

l 1) 4-exo-dig/Stille

Ni(OAC),,
o _ NaBH,,
N\
N EDA, H, EtOH,
| RT, >12h
66 R

Ao on ]
o NN H 8r 0 OH
0\
Y H
— )
R Hs

Scheme 9. Synthesis of [4.6.4.6]fenestradienes 67. EDA = ethylenedi-
amine.
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mCPBA,
sat. NaHCO; (aq),
CH,Cl,, 0°C
_—
(for R = CR',0H
or R = CR';NHBoc)

aX=0,R'=CHj3 63%

b X =0, R, =c-(CH,)s, 68 %
dX=0,R'=iBu, 67 %
over 2 steps:
gX=0,R'=H,35%

h X =NBoc, R'=H, 28 %

NO,

Scheme 10. Epoxidation and rearrangement of 67, and crystalline
compound 69. Boc =tert-butoxycarbonyl, mCPBA = meta-chloroperoxy-
benzoic acid.

ing to [4.6.4.6]fenestradienes 67 in a one-pot process.[”>* In
addition, fenestradienes 67 could be stabilized by epoxidation
and rearrangement with m-CPBA, giving the [4.6.4.6]fenes-
trenes 68 (Scheme 10). The free hydroxy group of compound
68a was esterified and the 3,5-dinitrobenzoate 69 provided
crystals for X-ray analysis. The angles a and 8 were 118° and
124°, respectively (in silico: 120.6° and 119.3°).

More recently, the group studied another approach to the
fenestrane scaffold directly from the propargylic alcohols or
propargylic amines 65, with a new five-step cascade reaction
(Scheme 11).11 Upon irradiation at 90-100°C, the trienyne 72
is first formed by 4-exo-dig cyclocarbopalladation and Sono-

o — VIPdIV
A( = XH MW

(90-100°C)
—_—

4-exo-dig/
Sonogashira

Scheme 11. One-pot synthesis of fenestradienes 71 starting from
propargylic alcohols or amines 65 (“Pd” =Pd(OAc),, PPh; Cul,
iPr,NH); R'=H, Me; R?=H, CH,NHBoc, CH,0OH, CH,0TBDMS,
CH,CH,Ph, Cc-(CH,),OH, Ce-(CH,)sOH; R*=H, CH,OTBDMS.
Bn=benzyl, MW = microwave.
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gashira coupling.®® The addition of another equivalent of
enyne 70 to the triple bond, formally an alkynylation, leads to
a tetraene intermediate, which spontaneously reacts in an 87
electrocyclization, followed by a 6 electrocyclization, lead-
ing to [4.6.4.6]fenestradiene 71 as the major product. As for
the previous series, one of the fenestradienes 71 was trans-
formed into a 3,5-dinitrobenzoate and the X-ray analysis
showed indeed an increased deformation of the central
carbon atom, probably because of the new bridgehead double
bond (a =126°, f=122°).

Working on the synthesis of the [5.3.1]propellane-con-
taining and biologically active neoclerodane salvileucalin B
(74), Banwell and co-workers found an access to aza- and oxa-
[5.6.5.6]fenestratetracnes 80-83 through sigmatropic rear-
rangements (Scheme 12).1%”

O,

O
73 @ 74
O
OTf 1) DIBAI-H,

NC, CH20|2
—40°C

76 (X = NH) 78 (X = NH)

77 (X=0) 79X 0)

\

80 (X = NH,
not isolated)
81 (X=0)

2) acidic
work up

N—N
o%N)*o
ph 83
Scheme 12. Rearrangements leading to [5.6.5.6]fenestratetraenes 81
and 82. a) [3,3]-Sigmatropic rearrangement. b) [3,5]-Sigmatropic rear-

rangement. c) 1,3 Shift. DIBAL-H = diisobutylaluminum hydride,
Tf=trifluoromethanesulfonyl.

The attempted conversion of 75 to 73 by treatment with
DIBAI-H did not give the desired product, but both
[5.6.5.6]fenestratetraenes 81 and 82 instead. Mechanistic
considerations lead to a pathway that involves sigmatropic
and allylic rearrangements as well as cleavage of the cyclo-
propane ring. X-ray analysis of 82 and 83 showed enlarged
bond angles for both compounds (X-ray 82: 112.7°, 121.2°; X-
ray 83: 113.5°, 126.0°).

Without going into details, it is noteworthy that other
fenestranes with more than one heteroatom have been
studied and synthesized (Figure 17). These compounds have
either a scaffold that is not very rigid, such as in the tetra-aza
compound 84,1 or don’t have a central carbon atom, as the
silicon compound 86.° Tn consequence, they are not suitable
for the study of ptCs. However, they are interesting synthetic
targets; one extreme example is the “inorganic fenestrane”

Angew. Chem. Int. Ed. 2013, 52, 12786 —12798

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

N Zn—\_
N/> \Zln\ \o, /N
B | /
N==N N»o\,o zn-0 9N
N A 0 .Zn

Figure 17. Further examples of heterofenestranes.

85, which has a scaffold without carbon atoms as part of the
four condensed cycles.

5. Summary and Outlook

During the last 40 years, a large number of fenestranes
were synthesized by employing various key steps, typically
photoinduced [242] cycloadditions or [3+2] arene-olefin
cycloadditions, the PKR and cyclodehydrations. In order to
study the deformation around the central carbon atom, the
angles were calculated for most of the envisioned and
obtained compounds, and in addition measured by X-ray
analysis of the crystalline compounds. In general, the
measured angles are in agreement with the predicted values,
and it was established that the deformation can be enhanced
with the following modifications: using sterically demanding
bridgehead substituents, introducing bridgehead double
bonds, including smaller cycles in the scaffold, and favoring
trans-connected bridgehead substituents. Nevertheless, the
synthesis of fenestranes is not uncomplicated, and up to date,
no fenestrane with both angles larger than 130° was obtained.
The examples with the largest angles are shown in Figure 18:
the c,ct,c-[4.5.5.5]fenestrane 87 (X-ray: 132.4°, 119.5°),5" the

A OTBDMS
87 44b
X-ray: 131.1°, 120.2°

89
88 DFT: 140°, 132

X-ray: 128°, 129°

CgHq-p-Br”

Figure 18. Largest measured and calculated angles in fenestranes.
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c,c.t,c-[4.5.5.5]fenestrane 44b (X-ray: 131.1°, 120.2),F*! and
the c,c,c,c-[4.4.4.5]fenestrane 88 (X-ray: 128°, 129°).1"1 The
compound that unifies the four factors leading to planariza-
tion, the 1,7-dimethyl-c,c,t,c-[4.5.5.5]fenestr-9-ene 89, should
have the largest angles (DFT: 140°, 132°).7 However, it has
never been synthesized and the challenge of its synthesis is
still open. As shown in the introduction of this Minireview,
total planarization in the form of a ptC was achieved with
other scaffolds, for example CAl;Si or several organometallic
compounds. Based on in silico studies, fenestranes that bear
a ptC are not likely to be synthesized; other cage structures
are more likely to be obtained, such as the dimethanospiro-
[2.2]octaplane (Figure 1¢) with a calculated perfect planar
configuration for the central carbon atom. Nevertheless,
fenestranes remain fascinating synthetic targets that easily
capture the attention of curious chemists. In view of the newly
found natural products, penifulvanes and aspergilanes, a study
of the biosynthesis of such scaffolds could also be intriguing. It
seems likely that penifulvin A (10a) is biogenetically related
to the silphinenes,*! and thus biosynthesized from a silphi-
nene-type intermediate, oxidative cleavage of an analogue of
silphinene, and subsequent bislactonization. But why does the
plant form such complex scaffolds? This question is all the
more intriguing for laurenene (2), for which, to our knowl-
edge, no biological function or activity has been found. In
general, studies about biological or even medicinal activities
of fenestranes are rare, especially for the synthetic com-
pounds. Exceptions are the study by Suffert and co-workers
on proapoptotic activities toward human TRAIL-resistant
metastatic cell lines™ or the antifungal and insecticidal
activity of penifulvin A (10a). Hence, with their rigid scaffold,
functionalized fenestranes could be ideal and selective ligands
for biological targets. Another issue should also be addressed,
not only in view of potential applications in medicinal
chemistry: no enantioselective synthesis of a fenestrane
possessing a full-carbon framework has been undertaken; in
all the achieved syntheses, a racemic mixture was isolated.
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