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Carbocycles: Recent Developments Based on Catalytic Reactions
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Abstract: Recent developments concerning metal-cata-
lyzed reactions have led to the implementation of new,
rapid, and practical routes to eight- and nine-membered
carbocycles based on an oxygen-bridge templated cycli-
zation.
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Introduction

The development of practical and stereoselective ap-
proaches to medium-sized carbocycles, in particular to eight-
and nine-membered rings, continues to be an important syn-
thetic challenge owing to the well-known difficulties associ-
ated with their construction by direct cyclization routes.?
Even the powerful ring-closing metathesis technology fails
to give rings of these sizes, unless the substrates are confor-
mationally predisposed to undergo the cyclization reaction.”!
An appealing synthetic alternative consists of the temporary
creation of an internal oxygen tether in the precursor that
could provide for low-energy cyclization pathways through
six- or seven-membered transition structures. The oxygen
atom of the tether could also facilitate the cyclization by
triggering the reactivity of the bridgehead carbon atom
(Scheme 1). An additional bonus of the strategy arises from
the possibility of stereoselectively manipulating the resulting
oxabicyclic products prior to unmasking the carbocycle by
cleavage of the oxygen bridge.[*
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Scheme 1. Oxygen-bridge templating approach for the construction of
eight- and nine-membered carbocycles.

It is remarkable that although there have been numerous
reports on the preparation of a variety of oxygen-bridged
medium-sized rings using this templating strategy, the ap-
proach has not been specifically considered as a formal al-
ternative to synthesize this type of rings. Recent achieve-
ments, which involve the use of metal-catalyzed reactions to
assemble the required intermediates, have provided fresh
impetus to this templating strategy and led to some of the
most practical and rapid approaches to medium-sized carbo-
cycles.

Discussion

The origin of this approach for the construction of eight-
membered carbocycles can be traced to the late 1970s when
Kagan® and Jung!® reported preliminary and serendipitous
findings on the autocondensation of phenylacetaldehyde
under acidic conditions to give oxa-bridged dibenzocyclooc-
tenes. One decade later, Harmata described an alternative
and more controlled way of making this type of product
based on an intramolecular Lewis acid induced Friedel-
Crafts reaction (Scheme 2a).”’ In 1999, Mikami and co-
workers reported a related process involving the use of a tri-
substituted alkene instead of the aryl group as the nucleo-
philic component in the cyclization. The reaction, which is
promoted by solid acids such as montmorillonite K10, pro-
ceeds through a (2,5)-oxonium—ene mechanism and provides
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Scheme 2. Some selected approaches to oxa-bridged medium-sized carbo-
cycles involving a Lewis acid induced alkene-acetal cyclization.

mixtures of exo- and endo-cyclic oxygen-bridged cyclooc-
tenes (Scheme 2b).® Tn 2002, Cho and co-workers reported
an alternative procedure to assemble simple 9-oxabicyclo-
[3.3.1]nonane systems from 5-hydroxyoct-7-enals, based on a
Prins-type cyclization induced by InCl;.”) The process, which
requires over-stoichiometric amounts of the Lewis acid re-
agent, must involve the formation of mixed acetal inter-
mediates, and provides the products in moderate yields
(Scheme 2c¢).

In 2003 Sasmal and Maier reported related cyclizations
promoted by BF;-OEt, (2 equiv), although in these cases the
precursors were prepared from pyranosides and furanosides
in a multistep sequence. As shown in Scheme 2d and e, the
authors used vinyl sulfides as nucleophilic agents for the
cyclization reactions.”

An alternative and more in-depth study on the use of
oxygen-bridge templating strategies to make medium-sized
carbocycles was carried out by Molander and co-workers.['!]
This group established a variety of elegant [N+43] annulation
routes to different types of products containing seven- and
eight-membered carbocycles (Scheme 3)."? Their initial
studies involved the use of trimethylenemethane dianion
equivalents generated from 3-iodo-2-[(trimethylsilyl)me-
thyl]propene and stannous fluoride (Scheme 3a). The reac-
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Scheme 3. Molander [N+3] annulation routes to oxa-bridged medium-
sized carbocycles (TrSbCl, = trityl hexachloroantimonate).

tion of these dinucleophilic systems with dialdehydes or ke-
toaldehydes provided the corresponding bicyclic systems
with high diastereoselectivity.'"?!! Other three-carbon compo-
nents employed by this group are bis(trimethylsilyl)enol
ethers (Scheme 3b), which behave as synthetic equivalents
of B-carbonyl dianions. The differential reactivity of the two
nucleophilic centers of the three-carbon unit is translated
into high regioselectivity in the annulation processes with
1,4- or 1,5-ketoaldehydes. The mechanism of the process in-
volves the initial formation of a bicyclic oxocarbenium ion
intermediate from the 1,4- or 1,5-dicarbonyl substrates,
which undergoes a nucleophilic attack by the bis(trimethylsi-
lyl)enol ether to provide a neutral acetal intermediate (de-
picted in Scheme 3b). Ring closure via a second cyclic oxo-
carbenium ion generates the final oxacycle.['*”]

More recently, the authors described another approach to
make cyclooctanoids and cyclononanoids, also based on an
oxa-bridging concept.'¥ The overall process consists of a
Sml,-induced domino reaction involving a Reformatsky re-
action and a subsequent nucleophilic acyl substitution
(Scheme 4a and b). The products are obtained with excel-
lent yields under mild conditions and, in most cases, as
single diastereoisomers.

As mentioned in the introduction, the assembly of
medium-sized carbocycles by ring-closing metathesis (RCM)
requires the precursors to be somewhat pre-organized so

Sml, R o
0 o)l\/I (5 equiv) SmMO.!
I Nil N
R A (2 mol%) R»
n=1,2;R=PhBu, Me; 58-90% yield
R'=H, Me
b) o)
M HO
o O Sml, (5 equiv)
| Nil, @mol%)  HO.,

" 69% yield

Scheme 4. Approach of Molander to make oxa-bridged cyclooctanoids
and cyclononanoids based on the use of Sml,.
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that the entropic cost of the process is not too high. The
groups of Hanna,' Armas and Garcia Tellado,'” and
Tadano!"® independently demonstrated that it is possible to
make oxa-bridged eight-membered carbocyclic systems by
RCM of dienyl precursors containing a suitable 1,5-oxygen
bridge (Scheme 5). Using this strategy Tadano and co-work-

a

) mCPBA, R R

[ _MeoH,0°C = Grubbs ©
0
||)/\/TMS TiCl, = benzene .

CH,Cl,, -70 °C reflux

R= Cesz‘ CeHy, 78-95% yield
C,H,, iPr

b) OPMB

TBSO@i Grubbs-| TBSO.
TBSO benzene rpqn

reflux

n=1.2 n=1: 45% yield
n=2:53% yield
c
) 0]
o = Grubbs-l
TBSO benzene RO
0 reflux

83% yield

Mycoepoxydiene

Scheme 5. Ring-closing metathesis approaches for the construction of
oxygen-bridged eight-membered skeletons.

ers prepared the core of Mycoepoxydiene, a fungal metabo-
lite isolated from the fermentation of a fungus in 1999
(Scheme 5c). The synthesis of the required 2,5-diallyl tetra-
hydrofuran precursor involved nine steps from the Diels—
Alder adduct of furan and maleic anhydride. The oxygen
bridge assists the metathesis reaction by conformationally
orienting the syn-2,5-diallyl systems. Undoubtedly, the re-
quirement of a cis-configuration for the dienyl tethers in the
precursors represents a significant drawback of the ap-
proach, since the assembly of precursors with such stereo-
chemistry may not be straightforward.

Another interesting approach to highly substituted cyclo-
octanes, which involves oxygen-bridged transition structures,
has been pioneered by Paquette etal. and is based on a
Claisen rearrangement of 2-methylen-6-vinyl tetrahydropyr-
ans (Scheme 6a).'” The process was elegantly extended in
recent years to cyclooctanoid carbasugars by other authors
such as Sinaj""® and Thiem." The required substrates can
be readily assembled from appropriately protected carbohy-
drate precursors as exemplified in Scheme 6b.!'%

Overall, the above results demonstrate the potential of
the oxygen-bridging strategy to prepare eight- and nine-
membered carbocycles. However, the requirement of quite
elaborate and functionalized precursors and/or the need for
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Scheme 6. Approaches to eight-membered carbocycles based on Claisen
rearrangement of 2-methylen-6-vinyl tetrahydropyrans.

stoichiometric amounts of the reagents in key steps repre-
sent substantial limitations for these methods in terms of
atom efficiency and practicality. Therefore, the use of cata-
lytic reactions to prepare the corresponding precursors and/
or to promote the cyclization reaction would be desirable.

Recent developments based on catalytic reactions: In recent
years, several reports on new versions of the strategy, most
of which are based on the use of catalytic processes, have
been published. For example, the group of Clark demon-
strated in 2001 that cyclic oxonium ylides, generated by re-
action of acyclic diazoketones with a metal catalyst, can un-
dergo a [2,3]-rearrangement to deliver eight-membered car-
bocycles.” Although the major reaction pathway when di-
azoketone 1 is treated with rhodium(II) acetate was the de-
sired [2,3]-rearrangement of the intermediate oxonium ylide
(2) to give the cyclooctane 3, there is a competing [1,2]-rear-
rangement to give 4 (Scheme 7a). Overall the efficiency of

a)
—Na —_ - Z
Me
OMe  [Rh,(OAc),] ;0 [2,3] ~
LTS Lk +
=N: cH,cl, B [1°r2] OMe OMe
o] o) ' o) o]
1 2 3 4
26% vyield 9% yield

[Cu(tfacac),]
(2 mol%)
CH,CI,
reflux
¢} OMe
5 6 7

71% yield

20% yield

Scheme 7. Approaches to oxa-bridged medium-sized carbocycles based
on rearrangements of oxonium ylides (tfacac=trifluoroacetylacetonate).

the process is rather low. However, in a very recent
report,?!! the same group disclosed an improvement in the
strategy based on the use of diazoketones containing a cy-
clohexane unit that conformationally assists the intramolec-
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ular rearrangement. An additional factor that increases the
efficiency of the process derives from the use of [Cu-
(tfacac),] (tfacac=trifluoroacetylacetonate) instead of Rh-
(OAc), to generate the carbenoid species. Thus, the reaction
of diazoketone 5 with [Cu(tfacac),] (2 mol%) afforded the
desired 6,8-bicyclic structure (6) in good yield, although the
formation of the 6,6-bicyclic structure due to the competing
Stevens [1,2]-shift could not be completely suppressed
(Scheme 7b).

In the period between these two articles by Clark, West
and co-workers reported an alternative method to assemble
cyclooctanoid systems which was also based on the catalytic
generation of an oxonium ylide that subsequently undergoes
a Stevens [1,2]-rearrangement (Scheme 8). These authors

o H(OMe [Cu(hfacac),] e
(10 mol%)
T o -
CH,CI, +  Cul,
reflux X
8a, X = OMe 9
8b, X = STol

i) HO(CH,),0H, cat. p-TSOH, '

toluene, reflux
. o
O ii) LIDBB, THF, =78 °C to RT J
[¢]

X X =STol
10a, d.r.> 19:1, 80% yield
10b, dr. > 11:1, 82% vyield

1
71% yield

Scheme 8. Heteroatom-assisted [1,2]-shift of oxonium ylides (hfacac=
hexafluoroacetylacetonate; LiDBB =lithium di-zert-butylbiphenyl).

showed that treatment of a-diazoketones 8 with catalytic
amounts of [Cu(hfacac),] (hfacac=hexafluoroacetylaceto-
nate) provides the oxabicycles 10 through a [1,2]-shift of the
five-membered oxonium ylide intermediate (9). The major
isomer, which is obtained with high diastereoselectivity, re-
sults from a [1,2]-rearrangement with retention of configura-
tion. Importantly, the thioaryl group present in the product
serves to direct the rearrangement as well as to trigger the
subsequent cleavage of the bridging ether by using electron
transfer reductive conditions.

In 2002 Yu and co-workers described a very efficient
method to prepare oxygen-bridged medium-sized carbocy-
cles based on a Lewis acid catalyzed intramolecular allyl-
silane addition to a carbonium cation generated from a 1,5-
or 1,6-hydroxyketone derivative (13; Scheme 9).*] Tmpor-
tantly, these precursors can be assembled in an enantioselec-
tive manner by means of a chemo- and enantioselective al-
lylic-transfer reaction catalyzed by the binol-Ti"V complex
12 (binol=1,1"-binaphthalene-2,2’-diol). Although the au-
thors did not try to elaborate the oxacyclic adducts (14), the
presence of allylic protons in the carbon adjacent to the
fusion positions augurs well for the stereoselective manipu-
lation of the carbocycle as well as for cleavage of the
oxygen bridge.

2176 —— www.chemeurj.org
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Bu,Sn \)J\/SiM%

PhCF, -20 °C

R
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O OCF 13
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;3:1'2 OO oca

R = Me or nBu
12 (5 mol%)

Sn(OTH), (10 mol%)
Me,SiSPh (2 mol%) | ((n

CH,CI,

Ot SiMe,
R R

14
78-82% yield

Scheme 9. Approach by Yu and co-workers™! to oxa-bridged medium-
sized carbocycles.

Also in 2002, we reported a practical approach to eight-
and nine-membered carbocycles from readily accessible 1-
alkyn-3-ols.”"! The assembly of the medium-sized ring relies
on an oxygen-templated Prins-like carbocyclization. An im-
portant advantage of this method arises from the fact that
the required mixed acetal precursors (16) can be readily as-
sembled by means of a very practical catalytic transforma-
tion; namely, a regio- and chemoselective Ru-catalyzed C—C
coupling of 1-trimethylsilyl-1-alkyn-3-ols (15) and commer-
cially available allyl ethyl ether (Scheme 10).

i) /\/OEt
OH [CPRU(MeCN),] PF,
R " (10 mol%)
N TMS i) MeOH, H*
15 i) Mef
a,R=H,n= 16a, 67% yield
b, R =0OMe, n=2 16b, 65% yield
SnCI Na* CwH
“CHCL, L,Cl,, THF 20°C
-78°C TM

17a,b, 88-92% yield 18a,b, 52-80% vyield

Scheme 10. Strategy for the assembly of medium-sized carbocycles by
Mascarefias’ group.

Importantly, the exocyclic double bond present in the re-
sulting adducts, functionality created in the Ru-catalyzed re-
action, allowed for facile reductive opening of the oxygen
bridge to unmask the embedded eight- and nine-membered
carbocycles. Since the approach involves the use of chiral al-
kynols, an asymmetric version based on the generation of
these precursors by means of a Ru-catalyzed enantioselec-
tive hydrogen-transfer reaction has also been developed.”

Finally, two recent communications by Barluenga and co-
workers have provided new and relevant momentum to the
medium-sized carbocycle assembly strategy. Both reports
are based on the use of modern metal-catalyzed isomeriza-
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tions of y- and §-alkynols. In the first article,” the group
discloses a practical and short route to construct cycloocta-
noid systems from oct-1-en-7-yn-4-ols by using a tandem
tungsten-catalyzed cycloisomerization/cyclopropanation se-
quence (Scheme 11). Subsequent ring-fragmentation of the
resulting bicarbocycles leads to the desired cyclooctanoids.

[W(CO)s(thf)]

HO (25 mol%) W(CO)s <LH
M\ THF, RT o
& R N or |
[W(CO),] (10 mol%) g R
19, R = H, Me, Et;N (2 mol%), 20
nBu, allyl, THF, hv 60-91%
Ar, (E)-PhCH=CH yield
HO 0
HCI,
acetone
Bttty or
RT e
21 R 22 R

95-98% vyield
21 when R = H, alkyl, allyl, Ph
22 when R = (E)-PhCH=CH or pMeOC¢H,

Scheme 11. Tandem cycloisomerization/cyclopropanation route to eight-
membered carbocycles.

According to the authors, the transformation can be ac-
complished either by preforming the catalytic complex
[W(CO)s(thf)] (25 mol%), or by the in situ generation of
the active catalyst upon irradiation of a solution of
[W(CO)s] (10mol%) in THF in the presence of Et;N
(2 mol%). Both methods provided comparable results, al-
though the latter is more convenient for practical reasons.
The final transformation of the tricyclic structures 20 into
the eight-membered carbocycles was achieved by simple
treatment with HCI in acetone at room temperature. The
formation of the lactols 21 or the dehydrated cyclooctanoids
22 depends on the nature of the substituent at the bridge-
head carbon.

In a new tour de force, the same authors developed a re-
lated, but even more straightforward and practical version
of the methodology that allows 1,6-oxygen-bridged cyclooc-
tanoids 24 to be obtained from simple enynols.”” The pro-
cess involves the coupling, in a tandem sequence, of a
metal-catalyzed 6-exo-cycloisomerization of 5-hexynol deriv-
atives (23) and a Prins-type cyclization of the resulting
cyclic enol ethers. After testing several metals, it was found
that gold and platinum complexes were capable of catalyz-
ing the transformation. Thus, treatment of substrates 23a-j
with 2 mol % of [PtCly(cod)], PtCl,, or AuCl; at 65-80°C in
an alcoholic solution (i.e., MeOH, EtOH, iPrOH, nPrOH)
provided the corresponding eight-membered oxygen-bridge
carbocycles 24 in excellent yields (88-96 %; Table 1).

Labeling studies by using deuterated solvents or a sub-
strate deuterated at the alkyne terminus led the authors to
propose the mechanism outlined in Figure 1. Coordination
of the gold or platinum complexes to the triple bond of the

Chem. Eur. J. 2007, 13, 2172-2178
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Table 1. Pt- or Au-catalyzed tandem 6-exo-cycloisomerization/Prins-type
cyclization (selected examples).

Me
— [PtCl,(cod)] (2 mol%),

a ROH
or
R; \ / [AUCL] (2 mol%), ROH OR

Ri

23 24
23/24 R! R Catalyst Yield [%]
a allyl Et [PtCl,(cod)] 92
b allyl Pr [AuCly] 94
c Me Me [PtCl,y(cod)] 94
d Me Et [AuCLy] 96
e Bu Me [PtCly(cod)] 92
f iPr Me [PtCly(cod)] 92
g iPr Et [AuCLy] 88
h Bu Me [PtCly(cod)] 90
i Bu Et [AuCl;] 91
j H Me PtCl, 88

Figure 1. Proposed mechanism for the Pt- or Au-catalyzed tandem forma-
tion of oxygen-bridged eight-membered carbocycles.

starting alkynol is followed by intramolecular addition of
the hydroxyl group to the internal carbon of the triple bond.
Migration of the hydrogen atom from the oxygen to the
metal and subsequent reductive elimination would regener-
ate the catalytic species, while forming the enol ether re-
quired for the following intramolecular Prins-type cycliza-
tion.

Conclusion

In summary, the combination of modern transition-metal-
catalyzed reactions with oxygen-bridge templated carbocyc-
lization processes has led to the development of several
powerful and practical methods to construct eight- and nine-
membered carbocycles. The ready availability of the sub-
strates, simplicity of the protocols, and atom-efficiency of
the transformations allows these approaches to be ranked
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among the best to make medium-sized carbocycles in a truly
practical and rapid manner.
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