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Cyclooctyne and 4-Cyclooctyn-1-o0l — Versatile Building Blocks in Organic
Synthesis

Dieter Heber,!?! Peter Rosner,” and Werner Tochtermann*!"!
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The readily available and highly reactive title compounds
represent versatile building blocks in organic synthesis. Re-
cent examples of 1,3-dipolar cycloadditions and Diels—Alder
reactions and their applications are described. This microre-
view is especially devoted to cycloadducts formed between
1 and 2 and furans, and their transformations to give a variety
of different classes of compounds, including derivatives of

natural products. Here the conversion of oxanorbornadienes
into bridged oxepines plays an important role in many cases.
Different routes to enantiomerically pure compounds are also
presented.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

1. Introduction

Cyclooctyne (1) was first synthesized by oxidation of 1,2-
bishydrazonocyclooctane by Blomquist and Liu in 1953.
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This procedure, the Curtius synthesis of alkynes, opened the
door for the generation and trapping of the lower cycloal-
kynes by Wittig and co-workers in 1960/61.["]

A short 1978 communication by Brandsma and Verkru-
ijsse was a breakthrough in cyclooctyne chemistry from the
perspective of synthetic chemists. The authors published a
highly improved synthesis of 1 from the readily available 1-
bromocyclooctene.’! The procedure given in ref?! avoids
the formation of the isomeric 1,2-cyclooctadiene.l*! Cyclo-
octyne (1) can be prepared in large amounts by this
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method, so this approach was also taken up in laboratory
manuals for students (Scheme 1).14]
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1

Scheme 1. Synthesis of cyclooctyne (1). Reagents and conditions:
a) LiN(i-C3H,),, THF/hexane, 35 °C to +15 °C.12!

Henceforth a great number of publications using 1 as
starting material for various purposes appeared in the lit-
erature.

The enhanced reactivity of 1 is mainly due to its geomet-
rical ring strain E. Values of E, between 49.6 and
68.3 kJ'mol~! have been published.l'! The total sum of
strain energy E, was calculated to be 77.5 kJ-mol~!.5] Mea-
sured and calculated bond angles of 158.5° (exp.)¥! and
161.5-162.7° (caled.)[” at the distorted carbon-carbon triple
bond have been reported. The consequences of this distor-
tion on the molecular structure and the spectroscopic prop-
erties were reviewed by Krebs!!®l and Meier.'*>! A compari-
son of the electron affinities and ionization potentials of 1
with those of acyclic dialkyl acetylenes shows that the cyclic
structure of cyclooctyne (1) enhances its electrophilic na-
ture.

This strain is released in the transition states and pro-
ducts of the reactions of 1. For the use of eight-membered
cycloalkynes as reactive building blocks, functionalization
of the hexamethylene unit of 1 was highly desirable. This
target can be achieved by the selenadiazole pathway to
eight-membered cyclic acetylenes.['>!"-1"] These heterocycles
are readily available from ketones and can be cleaved by
various methods to yield cycloalkynes. This approach has
a broad scope and was used by Meier and co-workers to
synthesize a large number of functionalized cyclooctynes,
cyclooctenynes and heterocyclooctynes.[!¢!-1h]

An especially useful example for our own projects was 4-
cyclooctyn-l-ol (2). The original procedure®! could be easily
extended to a 40 g scale,! thus providing sufficient starting
material for multistep syntheses (Scheme 2).

N\\ m

/

HO Se

+ N, + 7-C,HySeCH,
HO
2

Scheme 2. Synthesis of 4-cyclooctyn-l-ol (2). Reagents and condi-
tions: a) nBuLi, THF/hexane, —70 °C. b) Mel, —70 °C.[3]

The tendency mentioned above to release strain on going
from sp to sp? hybridized carbon atoms is responsible for
the enhanced reactivity of cyclooctyne (1) relative to open-

4232 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

chained alkynes. Electrophiles, nucleophiles, free radicals,
and even lithium metal are therefore added to the triple
bond. Compound 1 also serves as an electron-rich 2n com-
ponent in cycloadditions, whilst metal complexations and
their synthetic application also play an important role in
the chemistry of cyclooctyne and related cycloalkynes. A
comprehensive report of the entirety of cyclooctyne chemis-
try would be beyond the scope of a microreview, but these
types of reactions have also been discussed in previous arti-
cles (see refs.'a1i and additional references therein).['%!

This article is especially devoted to the transformations
of primary cycloaddition products of 1 and 2 into different
classes of target compounds. In addition to the results of
our group, some selected recent related examples from
others are included.

2. Reactions of Cyclooctyne — Selected Results
and Applications

2.1. 1,3-Dipolar Cycloadditions

The concept of 1,3-dipolar cycloadditions was intro-
duced by Huisgen and co-workers, who developed this reac-
tion into a powerful method for the synthesis of five-mem-
bered heterocycles. Nonactivated alkynes often react only
sluggishly, so the strained cyclooctyne (1) and other acti-
vated alkynes were frequently used as dipolarophiles.

Azomethine ylides are a most valuable class of 1,3-di-
poles, because their cycloadditions proceed stereoselectively
to give pyrrolines and pyrrolidines. In many cases these
ylides exist only as reactive intermediates, which are trapped
after their in situ preparation. Sauer and co-workers re-
cently described an approach to the stable azomethine
ylides 3-5,[!12:110] which proved to be useful substrates for
detailed kinetic studies of their reactions with cyclooctyne
(1) and other activated 2m components (Scheme 3). Most
reactions of 3-5 — including those with 1 — are LUMO;p01e—
HOMOyjpotarophile controlled with concerted bond forma-
tion in the transition state. Compound 1 reacts more rapidly
with electron-poor substituted ylides than with electron-
rich analogues.l''?) In the case of 3, which contains a diaza-
diene and a 1,3-dipole system as well, 1 and other 27 sys-
tems add regioselectively to the 1,3-dipole moiety. Com-
pounds 1 and 3 form the pyrroline 6, for example, whilst 1
and 4 give 7, and 1 and 5 react to yield 8. The obtained
kinetic data were also used to test the predictive power of
the global electrophilicity model for 1,3-dipolar cycload-
ditions.['1d]

Cyclooctyne (1) has also been used for the trapping and
characterization of some reactive sulfur-containing interme-
diates. As an example, the 1,3-dipolar cycloreversion of
3,3,5,5-tetraphenyl-1,2,4-trithiolane (9), giving rise to an
equilibrium between thiobenzophenone (10) and thioben-
zophenone S-sulfide (11), was unequivocally established
with the aid of the reactions between 1 and 10 and 11
(Scheme 4), a mixture of the Diels—Alder adducts 12 and
the dithiole 1,3-cycloadducts 13 being isolated.['?]

WWW.eurjoc.org Eur. J. Org. Chem. 2005, 4231-4247
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Scheme 3. 1,3-Dipolar cycloadditions between 1 and stable 1,3-dipoles 3-5. Reagents and conditions: dioxane, 20 °C.
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Scheme 4. The cycloreversion of the 1,2,4-trithiolane 9. Reagents
and conditions: 4 h, reflux in CHCl;.

Thermolysis or irradiation of fluorenethione S-oxide (14)
in the presence of 1 (Scheme 5), studied by Adam and co-
workers,13] generates the nonisolable 1,2-oxathiole 15. Sul-
fur transfer to 1 gives the dithiin 16 and the enone 17, the
formation of 17 being indicative of a 1,3-dipolar cycload-
dition between 14 and 1. The sulfur transfer chemistry of
strained alkynes was studied in detail by these workers.[!4]

Doepp and co-workers!!3 described the [3+2] cycload-
ditions between a-acceptor-substituted vinyl sulfides 18 and

Eur. J. Org. Chem. 2005, 4231-4247 WWW.eurjoc.org

1 (Scheme 6). The octahydro[b]thiophenes 19 are formed in
good yields, accompanied by loss of isobutene.['®]

Quite another application of cyclooctyne (1) was re-
ported by Banert and co-workers, who used 1 to convert
labile vinyl azides into stable cyclooctatriazoles through 1,3-
dipolar cycloadditions. Thus, the vinyl azide part of 2,3-
diazido-1,3-butadiene (20) rapidly adds 1 (Scheme 7) to give
21 and 22. The subsequent Diels—Alder reaction with the
diene moiety to afford 23 is slower. Cycloadduct 23 is oxid-
ized by air to form 24.117]

The 1,3-cycloadducts of other vinyl azides often form
strong complexes with Eu(fod); and are therefore used for
the structural elucidation of the primary azides.!'8! Cyclooc-
tyne (1) also allows the determination of the number of
azide groups in a polyazide. It could thus be shown that
the purported hexaazidocyclopentadiene!'! is in fact 1,1-
diazido-2,3,4,5-tetrachloro-cyclopentadiene.[>!

2.2. Diels—Alder Reactions

2.2.1. General Remarks

Numerous applications of cyclooctyne (1) and its hy-
droxy derivative 2 start with a Diels—Alder reaction, in
which the cycloalkynes behave as reactive electron-rich
dienophiles. However, because of the release of strain these
cycloadditions also take place with electron-rich dienes.[!->!]
The use of thiobenzophenone (see Scheme 4),['?! colchicine
derivatives,??! 1,3,5-triphosphabenzenes, >3] phthalazines,**
tetrazines>! and pyridones®>® as diene partners for 1 dem-
onstrates the utility of this cycloalkyne for synthetic pur-
poses.

This microreview is especially devoted to the reactions
between 1 and 2 and furans, because the primary cycload-
ducts with these dienes can be transformed into a great vari-
ety of different target products.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4233
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Scheme 5. The 1,3-dipolar cycloaddition between fluorenethione S-oxide (14) and cyclooctyne (1). Reagents and conditions: AT (40 °C,

20-88 h) or Av (5 °C, 350 nm, 3 h), CDCL.
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Scheme 6. [3+2] Cycloadditions between vinyl sulfides 18 and cy-
clooctyne (1). Reagents and conditions: warm dioxane, 2 days.

2.2.2. Diels—Alder Reactions between 1 and 2 and Furans

In pursuing our longstanding interest in furan chemis-
try,?”1 we started?®! our contributions to this field soon af-
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N N-N

)\% 1
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ter the publication of the Brandsma route to 1.2! Cycload-
ditions between 1 and various furans 25 proceeded at ele-
vated temperatures in good yields (50-90% yield), provid-
ing sufficient starting material for multistep syntheses. Sub-
stituents play no important role (Scheme 8; 26g: 78 % yield;
26i: 67% yield).128311

The analogous cycloaddition between 2 and 25g gave the
corresponding oxanorbornadiene with an additional hy-
droxy group in position 7.

3. Transformations of the Oxanorbornadienes 26

3.1. Synthesis of y-Lactones and Related Compounds

The oxanorbornadienes 26a and 26c¢ can be converted,
after regioselective hydrogenation to 27a and 27b, into the
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Scheme 7. The cycloaddition sequence of 2,3-diazido-1,3-butadiene (20) with cyclooctyne (1). Reagents and conditions: CDCl;, room

temp., 6 days.
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Scheme 8. Synthesis of the oxanorbornadienes 26. Reagents and conditions: no solvent or toluene, xylene, 110-140 °C.

twelve-membered diketones 28, which undergo an unexpec-
ted, valuable oxidative ring cleavage. On prolonged standing
of 28b in the laboratory, or by bubbling air through a cyclo-
hexane solution of 28a, the lactones 29a and 29b are ob-
tained in yields between 50 and 70 %.13"-321 We assume that a
hydroperoxide is formed at first, and that this subsequently
rearranges to give 29 (Scheme 9).

Compound 29a was the starting material for our synthe-
sis of cytotoxic acetogenin (-)-(4R,5R)-muricatacin (30a) [
which was synthesized only a few months after its isolation
from the seeds of Annona muricata L. by McLaughlin and
co-workers.[3*33] The necessary separation of enantiomers
was achieved through diastereomeric camphanoates of a
hydroxy intermediate. The second camphanoate was con-
verted into (+)-(4S,5S)-muricatacin (see Figure 1).13%

/ (-)-(R,R)-muricatacin {(30a)

29a
N s s
25412 DI
7//}0

HO H

(+)-(S,S)-muricatacin {30b)

Figure 1. The enantiomers of muricatacin 30a and 30b.
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MICROREVIEW

Scheme 9. Synthesis of y-lactones 29 from oxanorbornadienes 26. Reagents and conditions: a) H,/Pt. b) O3, —70 °C, MeOH/CH,Cl,.

¢) O,, room temp.
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Functionalized dodecane diacid derivatives 31-34 are
available from 29d through the ring-opening reactions out-
lined in Scheme 10. Treatment of 29d with sodium iodide
and zinc was in reality carried out with the aim of reducing
it to the corresponding methyl derivative. To our surprise,
the o-methylene carbonyl derivative 31a was obtained in
good yield; a possible reaction path is discussed in ref.?!]
Useful conversions of 31 into 32-34 are presented in
Scheme 10.

CH,
290 bl ROOC/\)W COOMe
1 0 31| a b
31 o Rlwme

TS )

CH,
i (CH,),CO,Me CH,
MeOOC 4 rerm2 (CH,),CO,Me
ou MeOOC 4
o)
33

1
32

_ef) CH,),—CO,Me
3la Me0OC oy e 2

0
34

Scheme 10. Transformations of the y-lactone 29d into function-
alized dodecane diacid derivatives 31-34. Reagents and conditions:
a)Nal, Zn, dimethoxyethane. b)MeOH, Amberlist 15%.
¢) Zn(BHy),, Et,0. d) L-Selectride, THF, —78 °C. ¢) excess CH,N,,
Et,0. f) v, CDCl,.

The enantiomerically pure (R,R)- and (S,S)-configured
syn-hydroxy-y-lactones 35 and 36, which are intermediates
in our muricatacin synthesis, could also be converted into
the N-Boc-8-amino-y-lactones 37b and 38b, which can be
regarded as  “hydroxyethylene dipeptide” isosteres

(Scheme 11).137]
s —
O¢FO\'\% (CH,);—CO,Me
20§

H OH

(2'R,8R)-35

o ;\/_)YS(CHZ)G—COZMe
02 [~
H

‘OH

(2'5,85)-36

37,38| X
a N,
b NH-Boc

The hydrogenated Diels—Alder adduct 27a was also the
starting material for the synthesis of (Z)-dimethylated
twelve-membered ring systems 40 and 41. These com-
pounds were chosen as targets because we expected them
to possess interesting olfactory properties according to a
molecular modelling comparison with some known fra-
grant substances.’®3% Key steps of our approach to 40 and
41 were a ring enlargement through an Eschenmoser—
Ohloff fragmentation*” and a (Z)-dimethylation of the car-
bon-carbon triple bond of 39 developed by Miyaura, Su-
zuki and co-workers (Scheme 12).4!1 Both compounds in-
deed possess a typical cedarwood note accompanied by
some other facets.’8:3]

(0]
a a)-d) &)-D
/
27a 39
Me g Me
Me O Me OH
40 41

Scheme 12. Synthesis of the macrocyclic odorants 40 and 41. Rea-
gents and conditions: a)LiTBAH, Et;B, THP. b) MnO,, n-pentane.
¢) H,0,, NaOH, MeOH. d) H,NNHTs, AcOH, CH,Cl,. e¢) Dipin-
acolyl hypodiborate, Pt(PPh;),, DMF. f) Mel, Pd(PPh;),, K5PO,,
1,4-dioxane. g) LiAlH,, Et,0.

3.2. Synthesis of 3,6-Hexanooxepines

The synthesis of oxepines from oxanorbornadienes via
oxaquadricyclanes — the Prinzbach sequencel*?! — was first

(2'R.85)-37

5

a)-c) !
o 0= .8 ~(CH,)—CO,Me
02 =

H X

(2'S,8R)-38

Scheme 11. Synthesis of the N-Boc-3-amino-y-lactones 37b and 38b. Reagents and conditions: a) pTsCl, pyridine, DMAP. b) NaN3;, DMFE

¢) Pd/C, H,, ethyl acetate, (Boc),O.
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described in 1966.1431 The versatility of this conversion has
been outlined in numerous publications.?7>-27¢43 The ap-
proach starts with oxanorbornadienes (see Section 2.2.2.),
which are transformed into oxaquadricyclanes by direct
photoexcitation with filtered UV light at low temperatures.
The highly strained tetracyclic photoproducts isomerize
thermally on heating (100-140 °C) to give the seven-mem-
bered ring systems. The 36 — 3m-isomerization starts with
a 1,3-dipolar cycloreversion to give a carbonyl ylide (see
Scheme 13 and Scheme 14) that could be trapped by
Prinzbach and co-workers with dimethyl acetylenedicarbox-
ylate as dipolarophile.?’?! In 1998, Matsumoto and co-
workers also used cyclooctyne (1) as trapping reagent.[*’]
By this procedure we prepared various oxaquadricyclanes
42 and 3,6-hexanooxepines 43 from cyclooctyne (1) and its
hydroxy derivative 2.[%:270:27¢,28-30.44.46]

E
E X
42

AcOH,C
_A,

43
R =
| 0 (CHy,
42e 43e
A .
(m - (CHZ)m ’ (LHZ)G

42,43 X E 43 | R 42,43 m
a HH COOEt e CH,0Ac h | 6
b HH COOMe f CH,0H i 10
c H,OH COOE! g COOH

d 0 COOEt

Scheme 13. Synthesis of 3,6-hexanooxepines 43 from anellated
oxaquadricyclanes 42. Reagents and conditions: toluene or xylene,
reflux.

It is of preparative importance, and of mechanistic inter-
est as well, that the isomerization proceeds with high re-
gioselectivity in the presence of ester groups, giving pre-
dominantly one of two possible products. The preferential
formation of hexanooxepines can be understood in terms
of the concept of donor-acceptor-substituted cyclopro-
panes.27>:47.481

In particular, the oxepinophanes 43a and 43d were pre-
pared on multigram scales, so that their synthetic potential
could be studied in detail. It is noteworthy that compound
43a was found to be stable against sulfuric acid in ethanol
under reflux.*! The rapid acid-catalysed isomerization of
most oxepines and many other reactions proceed via the

Eur. J. Org. Chem. 2005, 4231-4247 WWW.eurjoc.org

(CH)

n

o/
O T

E

Scheme 14. Regioselective formation of alkoxycarbonyl alkanooxe-
pines 43 from 42 via a carbonyl ylide A.

corresponding arene oxides. No valence tautomerism could
be detected here, because the isomer would be a highly
strained [6]paracyclophane oxide.[*’®27¢491 This inertness
was helpful for the intended transformations; treatment of
43a with trifluoroacetic acid, for instance, provides the use-
ful anhydride (Figure 2)** (see Section 4.3).

E

43a E = COOEt

Figure 2. The (not detected) valence tautomerism of the oxepino-
phane 43a.

4. The Synthetic Potential of 3,6-
Hexanooxepines

4.1. Synthesis and Properties of [6]Paracyclophanes

[n]Paracyclophanes with a short bridging methylene
chain (n < 10) are interesting model compounds with which
to explore the extent to which benzene rings can be bent
and distorted. In the last five decades, various different ap-
proaches to these target molecules have been published.”

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4237
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When the length of the bridge is reduced, preparative diffi-
culties in synthesizing these compounds increase. For [6]pa-
racyclophane derivatives the problem was solved by our ap-
proach using cyclooctyne (1) and the furan diester 25g (see
Scheme 8) as starting materials and proceeded via 26g —
42a to the oxepine 43a. The addition of bromine to the
oxepine diesters 43a and 43b occurred in transannular fash-
ion to give the dibromo epoxides 44a and 44b. A modified
McMurry reaction provided the [6]paracyclophanes 45a
and 45b (Scheme 15) in yields between 58 and 70%,5' and
45b, for example, could be prepared on a 10 g scale.’>'l Fur-
ther derivatives 45c-45e are available by classical pro-
cedures.

R (C\Hz)3
/c=x 46 | R X
a | COOEt H, OCOPh
R i) ,0CO
22 b |COOEt H,OH

¢ |COOEt O
46

H 47 | R
(CHy),
a | COOMe
R H b | COOH
47

Scheme 15. Synthesis of [6]paracyclophanes from 3,6-hexanooxep-
ines. Reagents and conditions: a) Br,, CH,Cl,, room temp.
b) TiCls, O,, LiAlH4, THE, ultrasound.

The cyclophanes 46a-46¢ with oxygen functionality in
the bridge were obtained in a similar way from cyclooct-4-
yn-1-ol (2).1 The chiral compound 26d was converted into
the chiral oxepines 43e/f and further into the cyclophanes
47a and 47b.5% Their absolute configurations could be es-
tablished after resolution via diastereomeric deriva-
tives.[*6-331 The accessible amounts of [6]paracyclophanes al-
lowed, in cooperation with other groups, detailed studies of
the structures®'®>4 and the spectroscopic!®>3¢ and chem-
ical propertiesl>?37-381 of these highly strained compounds.

In summary, our studies showed that [6]paracyclophanes
are an interesting borderline case. On the one hand they
possess the spectroscopic properties of aromatic com-
pounds, on the other the high strain in 45 gives rise to a

4238 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

reactivity typical of alkenes and dienes. Compounds 45a
and 45b add bromine, osmium tetroxide, and dihalogen
carbenes, for example, and also react as dienes in Diels—
Alder reactions.’! 38 The angles of deformation of [6]para-
cyclophanes — a = 19.5° and B = 19.9° for 45bl>4 — have a
significant influence on the UV, CD and phosphorescence
spectra of these boat-shaped compounds.[46-36-5]

Unfortunately, the cyclooctyne — oxepine route could
not be extended to [S]paracyclophanes.[*>°01 Other methods
for the generation of small [n]paracyclophanes (n < 6) have
to be used.l*] However, cyclooctyne (1) was also used by
Gleiter and Treptow!®!] for a different synthesis of a [6]para-
cyclophane and its valence isomers.

Treatment of 1 with AICl; produces the cyclobutadiene
c-complex 48. Successive addition of dimethyl acetylene-
dicarboxylate (DMAD) and dimethyl sulfoxide yields a
mixture of the Dewar benzenes 49 and 50. On irradiation,
50 isomerizes into 51. A photochemical equilibrium be-
tween 50 and 51 was established (Scheme 16).

AlCl

©
- (R
48

1
COOMe
b) + C%*COOMe
49 50
COOMe
o
COOMe —
/ COOMe
COOMe
50 51

Scheme 16. A three-step synthesis of the [6]paracyclophane 51 from
1. Reagents and conditions: a) AlCl;, CH,Cl,, 40 °C — room
temp. b) DMAD, DMSO, CH,Cl,, 5-20 °C. ¢) hv, 250 nm, Et,0,
10 °C.

4.2. The Oxidation of 3,6-Alkanooxepines — Expected and
Unexpected Results

The oxidation of the oxepine diesters 43a and 43d
(Scheme 17) under mild conditions with NalO,/KMnO,
produces the enol formates 52a and 52b in 91 and 52%
yields, respectively, by cleavage of one double bond.[#4-6%]

Both esters can be converted into other functionalized
ten-membered ring systems. The regioselectivity of the
cleavage of the bond nearest to the keto group in 43d was
explained in terms of different transannular strain of inter-
mediate products in these medium-sized ring systems.[?!

WWW.eurjoc.org Eur. J. Org. Chem. 2005, 4231-4247



Cyclooctyne and 4-Cyclooctyn-1-ol — Versatile Building Blocks

MICROREVIEW

0
E X
E
OHCO” TH
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a H,H COOEt a HH COOEt
d O  COOEt b O  COOEt
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Scheme 17. Monocyclic ring systems by oxidation of oxepines 43.
Reagents and conditions: a) K,CO;, NalO,, KMnO,, dioxane,
Ce¢Hg, H,O, room temp. b) RuCl;-3H,0O, NalO,, CCl;, MeCN,
H,O, room temp.

Macrocyclic tetraketones 53a and 53b were obtained by
oxidation of 43h and 43i with ruthenium tetroxide gener-
ated by the procedure of Sharpless and co-workers.[30-63-641

Treatment of the oxepine diesters 43a and 43d with the
same reagent!®] took a surprising course, giving the [6](2,5)-
furanophanes 54a and 54b (Scheme 18) through formal loss
of two carbons.[®™] This unusual ring-contraction can be ex-
plained as follows: ruthenium tetroxide oxidizes both enol

(in)z
_ 0 =X
/
(CH,),
54
| X E
a | HH COOEt a | H,H COOEt
d | O COOEt b | O COOEt
HO
E
52a — | o (CH,), — 54a
E
HO
55

Scheme 18. The [6]oxepinophane — [6]furanophane ring contrac-
tion. Reagents and conditions: RuC15:3H,0, NalO,4, CCly, MeCN,
H,O, room temp.
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ether double bonds of 43. The resulting enedione diester
forms the transannular double hemiacetal 55, which elimin-
ates hydrogen peroxide to give 54. The structure of the iso-
lated intermediate 55 was established by X-ray analysis.[®”]

Oxidation of the tetrahydrooxepine 56 obtained from 43h
directly gave the bicyclic diketo macrolide 57
(Scheme 19).1¢

(6]
a) b)
43h — 0 (CH2)6 ——"
(6]

56 57

Scheme 19. Oxidation of the tetrahydrooxepine 56. Reagents and
conditions: a) Pt/C, H,, HOAc, room temp. b) RuC1;3H-0, excess
NalO,4, CCly, MeCN, H,O, 3 d room temp.

4.3. Two Approaches to Hydroazulenes via the Oxepines
42a/b and 42d

About 20 years ago we accidentally found that irradia-
tion of 43a or 43b gives the methanohydroazulenes 58a or
58b in 50-65% yields (Scheme 20).1°7V NMR spectroscopic
studies revealed that the photochemical rearrangement 43
— 58 takes place via dihydrofurans 59, cyclopropane car-
baldehydes 60 and cyclopentadiene carbaldehydes 61. Fi-
nally a transannular hydrogen shift from the hexamethylene
chain to the cyclopentadiene moiety gives 58.1%! Fortu-
nately, irradiation of an aqueous suspension of the crystal-
line di-O-isopropylidene-a-D-glucofuranosyl ester 43j af-
fords the hydroazulenes 58c¢ and 58d in 54% yields with
92% de in favour of 58c¢ on a preparative scale. Different
local conformations of the two ester functions may be re-
sponsible for the high degree of this diastereoselectivity. Iso-
mers 58¢ and 58d could be easily separated, and the abso-
lute (3aS,6R,8aR) configuration of (+)-58a was established.
The enantiomeric series with (R,S,S) configuration was pre-
pared through the use of di-O-isopropylidene-a-L-glucofur-
anose as chiral auxiliary (Scheme 20).[6”]

The photoproducts 58 are useful starting materials for
the synthesis of other hydroazulenes,’” trans-hydrind-
anes!’!l and functionalized piperidines.”?! Some examples
[rac-62, (+) —63, (—) —64] are shown in Scheme 21. The equa-
torial positions of the two ester groups in the piperidine
ring were established by X-ray analysis of the correspond-
ing aldehyde (64, R = CHO instead of CH(OMe),)."?!

Our second approach to hydroazulenes derives a benefit
from the presence of the keto group in 43d. Treatment of
43d (COOMe instead of COOEt) with excess sodium me-
thoxide yields the hydroazulenone 65 by transannular intra-
molecular cyclization.l”3! To our surprise the methylenated
hydroazulene 66 was formed directly in 81% yield from 43d
and triphenylphosphonium methylide (Scheme 22).174.7°]
Normally the Wittig reaction is famous for the olefination
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Scheme 20. Synthesis of methanohydroazulenes 58 from 43. Reagents and conditions: a) 1 L duran photoreactor Hanau TQ 150 or 718.
15-22 °C, 50 h, Et,0. b) 1 L Duran photoreactor, Hanau TQ 718, room temp., aqueous suspension, 3-4 mmol in 1 L H,O, 10 h.

of carbonyl groups in their original position. The unexpec-
ted formation of 66 from 65 can be explained as follows:
carbonyl groups in medium sized rings undergo addition
reactions slowly because of the strain in the resulting inter-
mediates or products. The ylide therefore reacts with 43d as
base to provide 65 in the first step. The carbonyl group in
the seven-membered ring of 65 is now more reactive and
undergoes clean methylenation in excellent yield.

4240 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Compounds 65 and 66 were converted into a large
number of functionalized hydroazulenes.’8! One example,
the synthesis of (%)-8a-epi-tremulenolide 70, a compound
with the skeleton of the tremulane sesquiterpenes,’”-7® is
described in Scheme 23.I747°1 Our approach to 70 proceeds
via the hydroazulenes 67-69.

A preparative route to enantiomerically pure compounds
is possible via the (-)-quinine salt of the monocarboxylic
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R = COCOOMe

..
R

b
I>NTE
H | H
H
(-)-64
E = COOMe
R = CH(OMe),

Scheme 21. Synthesis of trans-hydrindanes and piperidines (+)-62, (+)-63 and (-)-64. Reagents and conditions: a) NalO,4, RuCl;-3H,0,
CCly, MeCN, H,0, room temp. b) NH4Br, NaBH;CN, MeOH, THF, room temp., 2 days.

0
H H ( b
E
E ~ E — \
| =00 —2 4 00 =
E 4< E
H
43d
b)
E = COOMe

H,C 66

Scheme 22. Transannular cyclization of 43d to bridged hydroazul-
enes. Reagents and conditions: a) Excess NaOMe, Et,O. b) (C¢Hs)s-
PCH;Br, KOBu, Et,O, room temp. c) (C¢Hs);PCH;Br, KHDMS,
toluene, 50 °C.

acid (65, COOH instead of COOMe on C-4), which is avail-
able by regioselective saponification of 65 with dilute
NaOH.[™4

4.4. Synthesis of Bridged Deoxyfuranoside and
Deoxypyranoside Derivatives

Unnatural or modified carbohydrate derivatives have at-
tracted much attention in the past decade.®] Our observa-

Eur. J. Org. Chem. 2005, 4231-4247 WWW.eurjoc.org

tion that the oxepine 43b readily undergoes a photochemi-
cal electrocyclic ring-closure to give the cyclobutene inter-
mediate 59 resulted in an approach to bridged deoxyfur-
anosides and pyranosides (Scheme 24). Irradiation of 71
furnished the cyclobutene 72 in excellent yield. Oxidative
cleavage of the C=C double bond, basic degradation of the
o-keto ester function of 73 to give 74, esterification and
stereoselective sodium borohydride reduction provided the
racemic furanoside 75a, and treatment with lithium alumin-
ium hydride afforded 75b. Hydrolysis with dilute acid gave
the free lactols 76a and 76b. Compound rac-75b was re-
solved via diastereomeric dicamphanoates, X-ray analyses
establishing the stereochemistry and absolute configura-
tions.®!l A molecule of 76a is depicted in Figure 3.814!

The ring-enlargement of our furanoside system to a py-
ranoside was performed by addition of dichlorocarbene to
the enol ether 77. The intermediate 78 undergoes a cy-
clopropyl-allyl rearrangement to form the chloropyrane 79.
Oxidation of 79 to 80 and a stereoselective reduction of the
keto group furnished the target 8la. X-ray analysis and
NMR spectra of the monoacetate 81b revealed a 4C' confor-
mation with an axial methoxy group in the six-membered
ring (see Figure 4, with an enantiomer of the molecule 81b
depicted in Scheme 25).821 We have already prepared the
enantiomerically pure enol ethers 77.

4.5. Unexpected Formation of Bridged Bicyclobutane and
Cyclopropane Derivatives

With the aim of testing our approach to furanosides, we
chose the carboxylic acid 43g, for which we had reported
the synthesis of the M-(+)- and P-(-)-43g enantiomers,*¢-3]
as chiral precursor. The addition of methanol to the ester

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4241
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66 .
68a 9.

Scheme 23. Synthesis of ()-8a-epi-tremulenolide 70. Reagents and conditions: a) Wilkinson catalyst, H,, C4Hg. b) RuC1;3:3H,0, NalQOy,,
CCly, MeCN, H,O. c) MeSOs;H, CH,Cl1,. d) Addition of 69 and Mel in THF to KHDMS in THF at -78 °C. ¢) NaCl, H,O, DMSO,
150 °C. f) NaBH4, EtOH. g) POCI‘;, C5H5N.

43b

75 76

Scheme 24. Synthesis of bridged deoxyfuranose derivatives. Reagents and conditions: a) NaOMe, MeOH, Et,O. b) v, Hanau TQ 718,
Etzo C) RUC13'3H20, NalO4, CC14, MCCN, Hzo d) 2M NaOH, MeOH. CHzNz, EtzO e) NaBH4, THE. f) L1A1H4, THF, g) 0.1-1Mm
H,SO,, THE.

M-~(+)-43g (COOMe instead of COOH) gave the acetal (+)- provided a possible explanation for the photochemical be-
82, and irradiation furnished the bicyclobutane (+)-83 haviour of (+)-82.

(Scheme 26) in 77% yield, its structure following from its We next examined the photochemistry of the epoxyoxep-
'H and *3C NMR spectra.l®3 Recent computations®! have ine rac-84, formed from 43b and m-chloroperoxy benzoic
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(CH,),

k‘Hzc H

(+)-83

cr2 i

Scheme 26. Formation of the bicyclobutane (+)-83. Reagents and
conditions: a) CH,N,, Et,O. b) NaOMe, MeOH, MeOAc, room
temp. c) v, Hanau TQ 150, Et,O.

acid (MCPBA). Irradiation of 84 followed the expected
course, giving the cyclobutene 85. However, our attempts
to open the oxirane ring of 85 had a surprising result. X-ray
analyses of the isolated products revealed that two isomeric
cyclopropanes 86 (31%) and 87 (35%) had been formed
(Scheme 27).1%] In a tentative proposal for their formation
we assume an attack by methoxide on the donor-accepted
Figure 4. A molecule of rac-81b in the crystal.8? substituted” cyclobutene, accompanied by a concerted

OMec
n o M

79 80 81

81| R R’
a | CH,OMe H
b | CH,OMe Ac

76c-80 R = CH,OMe

Scheme 25. Synthesis of bridged pyranoside derivatives. Reagents and conditions: a) NaH, Mel, THF, room temp. b) BF;-OEt,, CH,Cl,,
room temp. ¢) CHCl13, TBABr, 50% aq. KOH, 0 °C. d) K,CO3, MeOH reflux. e¢) RuC15-3H,0, NalO,4, CCl;, MeCN, H,O, room temp.
f) LTBAH, THE, 0 °C to room temp. g) Ac,O, CsHsN, room temp.
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43b

c)

8 —

E = COOMe 86

87

Scheme 27. Formation of the bridged cyclopropanes 86 and 87. Reagents and conditions: a) MCPBA, CH,Cl,. b) iv, Hanau TQ 150,

Et,0. ¢c) NaOMe, MeOH, reflux, 1 h.

Scheme 28. Tentative mechanism for the formation of 86 and 87.

ring-opening of the oxirane ring (see Scheme 28) as first
step.

The functionality of 86 and 87 allows the synthesis of
various new bridged cyclopropanes.®”! Moreover, all pro-
ducts could be prepared in enantiomerically pure form
through the highly diastereoselective epoxidation of the di-
isopropylidene-D-glucose ester 43;,18¢1 which furnished the

4244 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(S,S)-oxirane 84 after transesterification with sodium
methoxide.[®

The formation of three-membered rings seems to be fav-
oured in our bridged systems. Thus, experiments to convert
the bromo derivative 89 (obtained by deoxygenation of 88)
into a methyl ether by nucleophilic substitution with me-
thoxide resulted in the formation of the bicyclo[2.1.0]pen-
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89 90
o
_Br_ g9 E = COOMe

Scheme 29. Synthesis of the bicyclo[2.1.0]pentane 90. Reagents and conditions: a) NBS, dibenzoyl peroxide, CCly, reflux. b) WClg, THE,

nBuLi, —78 °C. ¢) NaOMe, MeOH, KI, room temp.

tane 90 with an in configuration of the cyclopropyl hydro-
gen (Scheme 29).187]

5. Conclusion

This microreview has the aim of outlining how the pri-
mary cycloadducts of the title compounds, obtained via 1,3-
dipolar cycloaddition or Diels—Alder reaction, can be con-
verted into a variety of different classes of compounds (Fig-
ure 5). Functional groups can easily be introduced into the
precursors. Many preparative transformations proceed via
bridged oxepines 43. The use of the readily available and
highly reactive cycloalkynes 1 and 2 as starting materials
for organic syntheses is a valuable opportunity that will also
be pursued in the future. This is confirmed by a very recent
experimental and theoretical study by Herges et al.[®® on
the cis-bromination of alkynes, in which cyclooctyne (1) was
used as one of the substrates.

Bridged cyclopropanes
Bridged furanosides

Nitrogen and
sulfur heterocycles

O

Bridged pyranosides y-Lactones and

related compounds

— Furanophanes
Hydroazulenes oxepinophanes
X=H 1;2 X=O0H

|

[6]Paracyclophanes

Figure 5. Survey of classes of compounds synthesized from 1 and
2.
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