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I. Introduction

In 1966 Prinzbach and co-workers' described the
synthesis of the first heteroquadricyclane, 1,5-dicarbo-
methoxy-3-oxaquadricyclane (1);2 2 years later they
reported the synthesis of several 3-azaquadricyclanes.?
Since then, these highly strained systems* have been
the subject of a great number of synthetic, mechanistic,
spectroscopic, and theoretical investigations. The rea-
sons for these fascinating developments have been the
easy availability of many derivatives and their tendency
to undergo manifold, often highly selective, reactions,
especially in the oxygen series.

This review deals in its first two sections with the
synthesis and the spectroscopic and structural prop-
erties of 3-oxo- and 3-azaquadricyclanes. In the third
section an overview of the different reaction types of
heteroquadricyclanes is given. The last section illus-
trates some of the very different applications of the title

Werner Tochtermann was born in Pforzheim, Germany, in 1934.
He studied chemistry at the Universities of Minster and Heidelberg.
In 1960 he received his doctoral degree under the direction of
Georg Wittig. After postdoctoral work as an assistant to his aca-
demic teacher, he started his own research on seven-mem-
bered-ring systems. In 1965 he was appointed Privatdozent at the
University of Heidelberg. He joined the Fachbereich Organische
Chemie und Makromolekulare Chemie at the Technische
Hochschule Darmstadt in 1972. Since 1976 he has been Professor
of Chemistry at the University of Kiel. His research activities cover
the field of synthetic organic chemistry in general. At present his
special interest is focused on the chemistry of polycyclic com-
pounds, large-ring chemistry, and the reactivity and chiroptical
properties of boat-shaped arenes.

Gesa Olsson was born in Liubeck, FRG, in 1960. She received her
diploma degree in 1984 and her doctoral degree in 1988 from the
University of Kiel working under the direction of Werner Tochter-
mann. She was involved in research on chiral bridged oxepines
and [n ]paracyclophanes, annelated tetrahydrofurans, and mech-
anistic photochemical investigations. After a short postdoctoral
period, she joined the plant protection department of the Schering
Co., West Berlin, in November 1988.

compounds. Syntheses that proceed via hetero-
quadricyclanes and/or their thermal rearrangement
products are outlined there.

The literature until 1987 has been fully covered, along
with some contributions published in 1988. Carbocyclic
quadricyclanes and their heterosubstituted derivatives
are not dealt with here.’

II. Synthesis of 3-Heteroquadricyclanes

The synthesis of 3-oxaquadricyclanes usually starts
with the Diels—Alder reaction of furans with alkynes to
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give 7T-oxanorbornadienes. Although furans with a great
variety of substitution patterns can be used for this
cycloaddition, the method is clearly limited because of
the relatively low reactivity of alkynes toward furans.
Only alkynes having either strong electron-withdrawing
substituents (e.g., dimethyl acetylenedicarboxylate,
dicyanoacetylene, and hexafluorobutyne) or ring strain
(e.g., arynes and cycloalkynes, especially cycloctyne and
its derivatives) give good to excellent yields. Thus the
synthesis of the parent compound, 3-oxaquadricyclane
(2, Scheme I)¢ could only be accomplished by using
vinylene carbonate as the alkyne equivalent and by
converting its cycloadduct with furan to 7-oxanor-
bornadiene, according to Corey and Winter.” The use
or development of suitable alkyne equivalents® in order
to increase the scope of the oxanorbornadiene synthesis
would be highly desirable.

7-Oxanorbornadienes with suitable chromophores
(e.g., COOCHy,) are selectively transformed into 3-oxa-
quadricyclanes by direct photoexcitation with filtered
UV light, usually at low temperatures with ether as
solvent.? For oxanorbornadienes that absorb only at
short wavelengths (R = H, alkyl, CF, etc.) or that show
partial overlap of the absorptions with the photopro-
ducts, a sensitized excitation with acetone can be used.
In most cases the yields are good to excellent, despite
some side reactions, such as cycloreversion to give the
starting material or di-r-methane rearrangement!? to
give hydroxyfulvenes (see section IV.D), especially upon
sensitized excitation.!! Thus the parent compound 2
was isolated in 90-95% yield.® It has also been reported
that the highly substituted oxanorbornadienes 3, 5, and
6 afford oxaquadricyclanes 4, 7, and 8 on simple expo-
sure to sunlight (Scheme 2).1213

The corresponding conversion of the 7-azanor-
bornadienes to the 3-azaquadricyclanes raises more
problems than in the oxygen series. First of all, only
pyrroles with strongly electron-withdrawing groups on
the nitrogen atom are sufficiently reactive as dienes in
Diels—Alder reactions. Therefore most 3-aza-
quadricyclanes known hitherto contain NSO,R groups,
though a few examples have NCOOR or *NR,. More-
over, 7-azanorbornenes often under an easy [4 + 2]
cycloreversion,!* so that the use of suitable olefinic
dienophiles as alkyne equivalents or precursors is also
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limited. Consequently, the synthesis of N-p-tosyl-7-
azanorbornadiene (9) could only be achieved in mod-
erate yield by a multistep reaction sequence.

On the other hand, the photoisomerization 9 — 10
is usually performed in the same way as in the oxygen
series (high-pressure UV lamp, Pyrex filter, ether as
solvent) either by direct or by acetone-sensitized exci-
tation (Scheme 3). Yields as high as 94% (e.g., for 10)
have been reported by Prinzbach and co-workers.!* The
photoreaction and work-up procedures have to be car-
ried out at low temperatures because many aza-
quadricyclanes are thermally very unstable and undergo
isomerization to azepines (see section IV.A,B).

111. Spectroscopic and Structural Properties of
Heteroquadricyclanes

In 3-oxa- and 3-azaquadricyclanes the cyclopropane
carbon atoms and the protons attached to them show
very characteristic chemical shifts and coupling con-
stants. This is demonstrated in Scheme 4 for the se-
lected compounds 2,° 10,14 11,1516 and 12.17 The first
numbers are the 1*C NMR data: the !H NMR shifts
are given in parentheses. It thus follows that the for-
mation of the heteroquadricyclanes and their thermo-
lysis to give heteropines (see section IV.A,B) can be
easily monitored by 'H NMR spectroscopy.

In the IR spectra of the quadricyclic compounds cy-
clopropane C-H stretching vibrations in the range
3070-3090 cm™ are detected. The UV spectra show
only end absorption near 220 nm if there are no other
chromophores present (2: ey = 385 in methanol®).

Hogeveen and Nusse!® have reported a detailed NMR
spectroscopic study for 2,4-octano-1,5-dicarbometh-
oxy-3-oxaquadricyclane (13). Temperature-dependent
'H NMR spectra revealed by line-shape analysis two
different conformational interchanges of the octano
bridge in solution, their free enthalpies of activation
being AG*y3; = 10.6 and AG* 33 = 9.4 kcal/mol. The
first one was ascribed to a swinging 131 = 1311 of the
octamethylene chain over the oxygen atom; the second
was ascribed to a conformational change of the pseu-
dorotation type in the 11-membered ring formed by the
methylene chain, two bridgehead carbons, and the ox-
ygen (Scheme 5).
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With the same compound 13 an X-ray structural
analysis has been undertaken.!®?® However, the
structure could only be refined to a final R value of
0.129. The angles in the four-membered ring on the
base possesses values between 89 and 92°; the inner
cyclopropane angles are also quite normal and lie in the
range 56-62° (for a further discussion, see section IV.B).

1V. Reactions of Heteroquadricyclanes

A. Thermal Isomerization

A characteristic and most useful feature (vide infra)
of the highly strained 3-oxa- and 3-azaquadricyclanes
is their tendency to isomerize under thermolytic con-
ditions. As we shall outline in the forthcoming sections,
this skeletal rearrangement proceeds in most cases in
a highly regioselective manner, thus providing a new
route to a great number of different classes of com-
pounds.

The half-life periods for a variety of hetero-
quadricyclanes have been measured by Prinzbach and
co-workers,$%1421 Hogeveen and Nusse,?? and our
group.!” In general, azaquadricyclanes are more labile
than the corresponding oxygen compounds.®!* Some
aza derivatives rearrange rapidly below 0 °C, sometimes
even at temperatures as low as —80 °C.}* On the other
hand, the kinetic parameters in the oxygen series are
usually determined in the temperature range between
70 and 140 °C.

The kinetic stability of all tetracyclic compounds is
highly dependent on their substitution patterns. On
the basis of the data known at the present time, no
general conclusions can be reached, although there are
some consistent trends. For instance, in most,? but no
in all,'” cases carbomethoxy groups lead to a decrease
in kinetic stability; chlorine substituents have an even
larger effect in the same direction in the nitrogen se-
ries,!* while trifluoromethyl groups exhibit a very small
influence in oxaquadricyclanes.’

The reaction rates are considerably increased when
intramolecular cycloadditions are possible.® These ef-
fects may be due to changes in the ground states of the
strained tetracyclic compounds. The first step of the
thermolysis can be considered to be highly exothermic
(vide infra), so that the corresponding early transition
states resemble the ground states. In line with these
considerations Hogeveen and Nusse!®?2 suggested that
the difference in the rates of thermal decomposition of
14 and 13 (14:13 = 0.006:1) results because 13, which
has an 11-membered ring, is at a rather higher energy
than 14.

In most cases the thermolysis of 3-hetereo-
quadricyclanes leads in excellent yields to oxepines and
1-substituted 1H-azepines, which show respectively in
solution the classical valence isomerism with the cor-
responding arene oxides and arene imines.?? Several
mechanistic pathways for this 3¢ — 37 isomerization
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were originally considered (Scheme 6).2!

Experimental evidence,>4172122 a5 well as the MO
considerations of Haselbach and Martin,? are in favor
of the two-step mechanism (B). The isomerization
starts with a 1,3-dipolar cycloreversion to give carbonyl
ylide 15 (X = O) or azomethine ylide 16 (X = N-Ts).
This reaction constitutes a special access to these
nonstabilized 1,3-dipolar species.

The same mechanistic pathway was independently
observed by Tanny and Fowler.?® Using Schleyer’s
value of 101 kcal/mol for the ring strain of quadricy-
clane,*? Huisgen®?’ has estimated a release of 63
kcal/mol of strain energy for the process 2 — 15 (X =
O). In the second step the seven-membered-ring sys-
tems 17 and 19 are formed by a 1,5-electrocyclic ring
opening?’ of intermediates 15 and 16. The 1,3-dipoles
could be trapped by Prinzbach and co-workers with
dimethyl acetylenedicarboxylate as dipolarophile to give
cycloadducts 21 and 22.6214.28

The intermediacy of dipoles 15 and 16 also explains
the thermal behavior of similarly substituted oxa- and
azaquadricyclanes: According to Haselbach and Mar-
tin,?* azomethine ylides 16 are more stable by about 6
kcal/mol than carbonyl ylides 15. This roughly corre-
sponds to the differences in kinetic stabilities of related
tetracyclic oxygen and nitrogen compounds.’* On the
other hand, process B in Scheme 6 is highly unfavorable
for carbocycles, even if the intermediate is considered
to be a diradical.?»?> The special nature of the 3-
heteroquadricyclanes with respect to their thermal
behavior is manifested by the comparison with carbo-
cyclic analogues. The prototypical quadricyclic car-
banion (2, X = CH instead of O) is not known. There
are, however, experimental observations that can be
interpreted in terms of a cycloreversion that is rapid
even below -50 °C.?° In contrast, quadricyclanes are
generally isomerized to norbornadienes®?4% by initial
homolysis of an internal bicyclopentane bond. The
situation with 3-methylene and 3-keto derivatives is
somewhat more complicated. These compounds can be
used for the synthesis of heptafulvenes and tropones.*
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B. Regloselectivity of the Heteroquadricyclane
Cycloreversion

Heteroquadricyclanes 23 with different substituents
R! and R? on the cyclobutane ring can give two different
1,3-dipoles 24 and 25 (Scheme 7). Cleavage of the
bonds B leads to 24 and finally to heteropine/benzene
oxide/imine isomer 26/27; bond breaking of C gives rise
to 25 and 28/29. It is of mechanistic interest as well
as of synthetic importance that in most cases the 3¢ —
37 isomerization occurs with high regioselectivity and
gives predominantly or even exclusively one of the two
possible isomeric systems. For example, hetero-
quadricyclanes in which R! are ester groups (e.g., R! =
COOCH;) always prefer pathway B to give intermedi-
ates and products with a maleic ester partial structure.

In the oxaquadricyclane series bond B is a cyclo-
propane bond between a typical donor and a w-acceptor
substituent.’ Using the concept of donor-acceptor-
substituted cyclopropanes,?! one may easily understand
the preferential cleavage of this bond in these cases.
MNDO calculations for cis- and trans-2-hydroxycyclo-
propanecarboxylic acid indicate this bond to be longer
and therefore more easily activated than the other
ones.3!

Despite the limited quality of the data, the same
conclusion can be drawn from the X-ray structural
analysis of the octano derivative 13 (bond lengths for
B: 1.56 and 1.535 A; bond lengths for C: 1.485 and
1.505 A).22 This “ester effect” enables, for instance, the
preparative synthesis of oxepines 30,1%2! 31 and 32,1822
33-36,1532-35 37 36 and 38%7 and azepines 39-40 (Scheme
8).
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It is much more difficult to explain other substituent
effects on the regioselectivity of the heteroquadricyclane
thermolysis. In the presence of two trifluoromethyl
groups in the oxaquadricyclane framework or of two
chloro substituents in azaquadricyclane 41, the C-C
bonds of the cyclopropane rings opposite to the sub-
stituents are predominantly cleaved. For example,
3,6-dichloro-1-((4-methylphenyl)sulfonyl)-1H-azepine
(42) is isolated from 41 in 97% yield.* Other surprising
examples are the conversions 43 — 4417 in high yield
and the formation of an 86:14 ratio of isomers 46 and
4717 from 45 (Scheme 9).

Many of these seven-membered-ring systems exist in
solution in equilibrium with the corresponding arene
oxides®® or arene imines. However, there are also ex-
amples that prefer one form. This holds for 3,6-alka-
nooxepines 33% and 34% with short pentamethylene and
hexamethylene bridges. In these cases the benzene
oxides (n = 5, 6) could not be detected.32233° The op-
posite situation was found for 484 and for 49,*! at least
in the crystalline state (Scheme 10).

In summary, the thermolysis of heteroquadricyclane
provides a general synthesm of oxepines/arene oxides
and azepines/arene imines.>!* Since these interesting
classes of cyclic compounds can also be obtained by
using the alternative approach of Vogel and co-work-
ers,?342 oreanic chemists currently have two different
preparative methods with a broad scope of application
at their disposal.

C. Further Cycloadditions of
3-Heteroquadricyclanes

The trapping reaction of dipoles 15 and 16 with di-
methyl acetylenedicarboxylate can be considered at
least formally as an attack of the dienophile at the
positions 2 and 4 of the heteroquadricyclane. In this
context these heterocycles behave like bishomofurans
and bishomopyrroles, respectively.?®3°

In the course of their systematic studies, Prinzbach
and co-workers also found other types of cycloadditions.
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7-Oxanorbornadiene and 7-N-p-tosylazanorbornadiene
also react with dimethyl acetylenedicarboxylate to give
[2 + 2 + 2] adducts of the types 50 and 51, which are
formally addition products to the C-1-C-7 bond of
heteroquadricyclanes (Scheme 11).%* When 3-oxa-
quadricyclane (2) was heated with dimethyl acety-
lenedicarboxylate to 100 °C, a 1:1 mixture of adduct 21
to dipole 15 and of Diels—Alder adduct 52 to benzene
oxide was isolated.>%

Oxaquadricyclanes like 53 with suitable bridgehead
substituents were constructed in order to facilitate an
intramolecular cycloaddition. The quantitative for-
mation of tetracyclic compound 54 at relatively low
temperatures (t,;, = 8.1 min for 53 at 82 °C) was in-
terpreted preferably in terms of a concerted symme-
try-allowed [,2 + ,2 + ,2] addition of the alkyne part
to C-2/C-4 of 53.° An exceptional pathway is observed
in the addition of tetracyanoethylene to C-1/C-5 of 2
to give 55.42 The assumption of a concerted [,2 + ,2
+ ,2] addition to the bishomocyclobutadiene unit of 2
is supported here also by the observation that this re-
action does not require the elevated temperatures
nec4e3$sary to generate the corresponding carbonyl ylide
15.

The structure of a dimer of 1,5:dicarboxymethoxy-
3-oxaquadricyclane (1) formed by standing at room
temperature for 2 months was elucidated by Des-
longchamps and Kallos.** Its formation can be ex-
plained by assuming a cycloaddition of the corre-
sponding carbonyl ylide to C-1/C-5 of a second mole-
cule of this tetracyclic compound.

In summary, the strained heteroquadricyclanes have
the possibility of undergoing various types of cyclo-
additions depending on their substitution pattern and
their reaction partners.

Kaupp and Prinzbach® have carried out a systematic
comparative investigation of the reactivity of various
carbocyclic quadricyclanes and their hetero analogues
toward a series of dienophiles.

D. Reactions of Heteroguadricyclanes with
Metal Catalysts: Synthesis of Fulvene and
Benzene Derivatives

The isolation of 6-hydroxyfulvenes by thermolysis
and CuCl-catalyzed rearrangement of oxa-
quadricyclanes was reported first in 1969.4° In a de-
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tailed study Stusche and Prinzbach!! showed that 6-
hydroxyfulvenes are also formed directly from substi-
tuted 7-oxanorbornadienes in yields between 5 and 55%
on acetone-sensitized photoexcitation via the di-=-
methane rearrangement.!® For example, 56 affords 57
in 38% yield (Scheme 12).

According to McCulloch and co-workers.* oxanor-
bornadienes also isomerize rapidly in the presence of
iodine. The reaction is initiated by light. Oxa-
quadricyclanes having bridgehead methyl substituents
undergo slow photoisomerization to the same fulvenes.
In 1971 the Canadian group reported on the synthesis
of hydroxyfulvene 59 by treatment of oxaquadricyclane
14 with concentrated sulfuric acid.*’

The best yields, however, are obtained by the silver
salt catalyzed rearrangement!! of oxaquadricyclanes:
For example, treatment of 13, 14, and 60 with AgClO,
or AgBF, gives fulvenes 58, 59, and 61 in yields between
80 and 95%.%%4% Reaction of 13 and 14 with catalytic
amounts of Pd(C¢H;CN),Cl, or [Rh(CO),Cl],* leads to
product mixtures. The main products with the palla-
dium catalyst are again fulvenes 58 (45%) and 59
(70%).

From a synthetic point of view it is noteworthy that
14 is deoxygenated in 35% yield to give dicarbometh-
oxy[8]paracyclophane 62.2 From their kinetic and
mechanistic investigations Hogeveen and Nusse? have
drawn the conclusion that the different catalysts can
cleave the bonds of the cyclopropane rings and of the
C-0-C fragment as well, depending on the initial attack
of the metal.

Photoisomerization of benzazanorbornadienes to
benzaminofulvenes has also been reported.’® The use
of PdI,((CgH5)3Sbh), led to a clearn 26 — 27 isomeriza-
tion of 2 and 10 in high yield at room temperature®!4
to give the corresponding heteronorbornadienes.

E. Selective Bond Cleavages of
Heteroquadricyclanes

In contrast to the formation of hydroxyfulvenes with
sulfuric acid described above, oxaquadricyclane 14 un-
dergoes a selective cleavage of one cyclopropyl bond in
combination with a formal proton shift when it is
treated with trichloroacetic acid; 3-oxatricycloheptane
63 is obtained in 75% yield (Scheme 13).22 The same
reaction also occurs with octane derivative 13. It was
suggested that oxatricycloheptane 63 is also the primary
product of the sulfuric acid catalyzed reaction of 14 and
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that it is converted subsequently to hydroxyfulvene 59.

Oxatricycloheptanes are also formed under very mild
conditions when the substituent on C-2 has an activated
methylene group in the « position: Thus isomer 65 is
formed in 95% yield on simple filtration of 64 over
alumina with ethyl acetate (Scheme 14). It is note-
worthy that 65 is also the main product (48%) of the
thermolysis of 64 in boiling toluene.®

The system 64 represents a nice example of the gen-
eral behavior of the heteroquadricyclane family. In this
highly strained system the activation barriers for the
different strain-releasing reactions are very similar, so
that a slight change in the substitution pattern can lead
to the preferential formation of other products. In the
present case, deactivation of the methylene group re-
activity in 66 or 67, either by deuteration or by ace-
talization, leads again to oxepine/benzene oxides 68 and
69 as the “normal” main products of the thermolysis.®!

Remarkable acid-catalyzed transformations with cy-
clopropyl bond cleavages of oxaquadricyclane diesters
1 and 70 were reported by Wenkert and co-workers.>?
Exposure of the latter to refluxing aqueous methanolic
hydrochloric acid produced bislactones 71 and 72, while
a reaction of 70 at room temperature afforded mono-
lactones 73/74 (Scheme 15).

A nucleophilic cleavage of the C-1-C-7 bond of di-
carbomethoxyoxaquadricyclane 14 under very mild
conditions was observed by Nelsen and Calabrese.?
Stirring of 14 with sodium iodide in acetonitrile at room
temperature led to a 4:1 mixture of endo and exo iso-
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mers 75 and 76. On catalytic hydrogenation the C-1-
C-7 and C-5-C-6 bonds of 1,5-dicarbomethoxy-3-oxa-
quadricyclane are cleaved to give the corresponding
known 7-oxanorbornane derivative.*

V. Syntheses via Heteroquadricyclanes and
Heteropines

A. General Remarks

3-Heteroquadricyclanes have been used for the syn-
thesis of a great variety of different classes of com-
pounds. Most examples take advantage of the trans-
formation of furans or pyrroles to oxepines or azepines
via the tetracyclic intermediates. The seven-membered
rings or their valence isomers are then converted to the
final products. In this section the usefulness of the
heteroquadricyclane — heteropine sequence for this
purpose is outlined.>

B. Synthesis of Bis- and Tris-c-homobenzene
Derivatives and Eight- and Nine-Membered
Heterocycles

The valence tautomeric oxepine/benzene oxide and
azepine/benzene imine systems 77/78 add 1 or 2 mol
of diazomethane to give mono- or bispyrazolines, re-
spectively (Scheme 16).55 Photolysis of these adducts
affords cis-oxabis-s-homobenzenes, cis- and trans-oxa-
tris-o-homobenzenes, and the corresponding aza ana-
logues.’”® The strained cis-s-homobenzenes 79, 81, 83,
and 85 were prototypes of a rapidly expanding class of
bis- and tris-o-homobenzenes which undergo the pre-
paratively valuable [,2 + ,2 + ,2]/[,2 + ,2 + ,2]cyclo-
reversion reactions to give 4H-oxocines 80, dihydro-
azocines 84, dihydrooxonines 82, or dihydroazonines 86,
respectively (Scheme 17). Prinzbach and his group
have published detailed investigations in this field, in-
cluding stereochemical and mechanistic aspects and the
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influence of various substituents.5%56

C. Synthesis of Oxepinophanes, Cyclophanes,
and Medium and Large Rings

In section IV.A it was pointed out that the influence
of substituents, especially of carbomethoxy groups, on
the course of the 3-oxaquadricyclane thermolysis leads
to the regioselective formation of 3,6-bridged oxepines
33-38 from 6,7-annelated oxaquadricyclane precur-
sors.1517:32-37 Annelation in the 2,4-positions leads to
the 2,7-bridged oxepine 32.22 This synthesis of ansa
compounds has a large scope: it includes heterobridged
systems as 387 and fails only when there are fewer than
five bridging atoms.”” In particular, 4,5-dicarbethoxy-
3,6-hexanooxepine 34 can be easily synthesized on a
multigram scale!®%via oxaquadricyclane 11 obtained
from 3,4-dicarbethoxyfuran and cyclooctyne.®® A new
approach to [n]paracyclophanes® 90-93 could be de-
veloped from oxepine precursors. Heptano and decano
derivatives 35 and 36 undergo deoxygenation in one
step either with McMurry’s reagent® or with [Rh-
(CO),Cl],.2% These reactions probably proceed via the
corresponding arene oxides.?® In contrast, no valence
tautomerism could be detected in the pentano and
hexano series. Compound 34 was found to be stable
even against sulfuric acid in ethanol under reflux!®
However, deoxygenation to [6]paracyclophane 91 could
be realized in a two-step procedure. Transannular ad-
dition of bromine to 34 gave dibromo epoxide 94, which
on subsequent treatment with a modified McMurry
reagent afforded 91 in 61% yield (Scheme 18).335°

The oxaquadricyclane — oxepine approach makes
disubstituted [6]- and [7]paracyclophanes 90-92
available in amounts that can be used in further prep-
arations.?¥3* These boat-shaped benzene derivatives
represent interesting borderline cases. On one hand,
they are typically aromatic benzene derivatives with
respect to their spectroscopic properties; on the other
hand, they very easily undergo the addition and cy-
cloaddition reactions characteristic of alkenes and al-
kadienes.33:34

Ozxaquadricyclane 95 was the starting material for the
synthesis of the enantiomeric (P)-(-)- and (M)-(+)-4-
carboxy-3,6-hexanooxepines [(P)-96 and (M)-96] and
the (M)-(-)- and (P)-(+)-8-carboxy[6]paracyclophanes
[(M)-97 and (P)-97] (Scheme 19).366° The absolute
configurations of these compounds, which show inter-
esting chiroptical properties, were determined by X-ray
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structural analysis of a camphanoyl derivative of 4-
(hydroxymethyl)-3,6-hexanooxepine.5!

Attempted synthesis of [5]paracyclophanes from ox-
epines 33 and 38 have thus far failed.’>*” For shorter
bridged [n]paracyclophanes the photochemical Dewar
benzene approach of Bickelhaupt and Tobe must be
used.6263

The above synthesis of paracyclophanes via oxepines
takes advantage of the easy reduction of the latter. The
synthetic usefulness of oxepinophanes is demonstrated
by the results of their oxidation. Treatment of 34 and
98 with sodium metaperiodate/potassium per-
manganate according to Lemieux and von Rudloff®
affords highly functionalized ten-membered-ring sys-
tems 99 and 100'5% by cleavage of one carbon—carbon
double bond (Scheme 20). It is noteworthy that in the
case of 98 the bond nearer the carbonyl group is cleaved
in a regioselective manner, probably because of less
transannular shielding of this bond.®

The sequence 98 — 100 can also be used for a new
approach to hydroazulene lactones (see section V.G).
The oxidation of oxepinophanes 34 and 98 with ru-
thenium tetraoxide, generated in situ according to the
method of Sharpless and co-workers,® produces [6]-
(2,5)furanophanes 101 and 102 in yields of up to 56%.
The mechanism of this surprising ring contraction is not
clear at the present time.*865 Enol ester 100 is also
oxidized to 102 and therefore may be an intermediate.

An oxidation with ruthenium tetraoxide® was also
used for a new approach to macrocyclic bis-o-diketones:
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Bisannelated oxaquadricyclanes 45 and 103 give on
thermolysis 4,5-annelated 3,6-bridged oxepines (see
section IV.B), all double bonds of which are cleaved to
afford monocyclic tetracarbonyl derivatives’ 104 and
105 in 30-40% yield (Scheme 21).57

D. The Photochemistry of Heteropines:
Synthesis of Polycyclic Compounds

- The symmetry-allowed disrotatory photochemical
ring closure® of oxepine and azepine derivatives to give
2-oxa- and 2-azabicyclo[3.2.0]hepta-3,6-dienes 106 was
first studied by Paquette and co-workers (Scheme 22).%°
Many examples of this photoisomerization are known
at the present time.35¢170 4 5.Djcarbalkoxy-3,6-hexano-
and -heptanooxepines 34, 35, 107, and 108 represent a
remarkable exception. Irradiation of these ansa com-
pounds produces tricyclic aldehydes 109-112 in yields
between 30 and 65% (Schemes 23 and 24).7

It could be shown that this rearrangement proceeds
via dihydrofurans 113-115, cyclopropanecarbaldehydes
116, and cyclopentadienecarbaldehydes 117 as inter-
mediates. In order to explain the occurrence of rear-
ranged dihydrofurans, bicyclobutanes A and cyclo-
butane-1,3-diyl radicals B were suggested .as interme-
diates.” The photochemical rearrangement 107 — 111
can be used for a new approach to a highly function-
alized trans-hexahydroindanes 118 and 119 by oxidative
cleavage of the C=C double bond of aldehyde 111
(Scheme 25).
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With esters of optically active secondary alcohols this
photorearrangement shows chiral induction and pro-
duces enantiomerically pure aldehydes 111.7 The
synthesis of optically active a-keto esters 119 via oxa-
quadricyclane 87 again demonstrates the large scope of
oxaquadricyclane transformations.

E. Synthesls of Benzofurans, Benzoxepines, and
Related Compounds

As was shown in section IV.E oxepine/benzene oxide
69 is the main product of the thermolysis of oxa-
quadricyclane 67 (R = CH,C(OCH3),CH3). Treatment
of 69 with p-toluenesulfonic acid in ether leads to
benzofuran 122 in 70% yield. Phenol 120 and hemi-
acetal 121 are intermediates in this reaction sequence
(Scheme 26).5

Irradiation of benzoannelated oxanorbornadienes
123-126, easily available from benzyne and furans, leads
to rearranged benzoxepines 127-130, albeit in low yields
between 5 and 10% (Scheme 27).727*  Ziegler and
Hammond have shown that this reaction proceeds via
nonisolable oxaquadricyclane intermediates.”? The
analogous reactions with benzazanorbornadienes (123,
NCOOR instead of 0)%7 and epoxyphenanthrenes
131/132"47 give somewhat better yields (133/134:
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25-33%). In the case of the thiepine S,S-dioxide system
oxaquadricyclane 135 can be isolated. It rearranges
cleanly to thiepinooxepine 136 [t,;5(20 °C) ~ 6 h in
CHCI;] (Scheme 28).7

F. Transpositions of Carbonyl and Other Groups
in Ring Systems via Oxaquadricyclanes

According to the mechanism discussed in section
IV.A, the 7-heteronorbornadiene — 3-hetero-
quadricyclane — 1-heteropine sequence is accompanied
by a skeletal rearrangement. Carbon atoms that are in
an o position to one another in the starting material
migrate into @ positions in the final product and vice
versa. This fact can be used to bring about transpo-
sitions of carbonyl and other groups™ in ring systems.
In this way it is possible to synthesize isomeric com-
pounds from one and the same starting material. The
general procedure is outlined in the Scheme 29 by the
reaction sequence 139 < 137 — 143 — 145 — 147.%

On one hand, oxanorbornadienes 137 and 138 can be
deoxygenated by known methods to give tetralone di-
esters 139 and 140 without any migration of the sub-
stituents. On the other hand, irradiation of 137 and 138,
thermolysis of 143 and 144, and subsequent deoxygen-
ation of 145 and 146 lead to an isomeric tetralone
skeleton in which the carbons bearing R%-R* and Y have

moved into other positions relative to the carbometh-

oxy-substituted carbon atoms. In summary, the con-
version of 138 to 148 is equivalent to a combined 1,2-
transposition of the dimethylmethylene group and a
1,4-transposition of the protected carbonyl function.”
This sequence was also applied to the synthesis of
isomerie phenol derivatives.’>"

The transposition concept via isolable oxa-
quadricyclanes has a unique application in that it allows
a shift of heteroatoms in ring systems that is otherwise
not possible. This was demonstrated by the synthesis
of isomeric benz[c]azepines’™ and isochromane deriva-
tives.”® The reaction sequences 152 < 151 — 153 and
155 < 154 — 156 imply the 1,3-transposition of an

Chemical Reviews, 1989, Vol. 89, No. 5 1211

SCHEME 30
0
HyC—C7
Y o S T
C// N C// N R
\N— —
g EH:, R @ \CH3 R R
] " R‘ H R H
H H H
152 151 153
R'=COOCH,; R2=H,CH,
§ g R OCH,
! CH ! !
peeibh o a6
0 Hy
OCHj OCH,
155 154 156
R‘:COOCH:,
SCHEME 31 .
R R
hy
O ———
CH30H
R
R
157| CH,
158 | C,Hg
158 n-C4H, 162\ n-C3Hy
SCHEME 32
R
R AgBF, R
R 95%
C~O0H
/7
60 H
R=COQCH4 61
i 30%|0DQ
W
R R
R
QL O
0 CHO
164 163
SCHEME 33
0 oo
RO0C~ NoBH, RO-C O snHCi/a
ROOC O=¢
OHC\O/C\H 0-CH,
100 165
R=CyHg
0 0 Q °
/. g /C
S § O B
O=(¢ ¢
b-CH, H, 0 i
166 167

amide function and the 1,2-transposition of an acetal
oxygen, respectively (Scheme 30).

G. Synthesis of Azulene Derivatives and
Related Compounds

The syntheses described so far in section V.B-F took
advantage of the rearrangement of the hetero-
quadricyclanes to the seven-membered heteropines.
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The alternative rearrangement of 3-oxaquadricyclanes
to 6-hydroxyfulvenes (section IV.D) offers a new ap-
proach to azulene derivatives.

Irradiation of oxanorbornadienes 157-159, readily
available from 4,5-dehydrotropone and furans in
methanol, gives 6-hydroxyazulenes 160-162 in high
yield (Scheme 31).% The proposed mechanism involves
the formation of a carbene intermediate from the cor-
responding oxaquadricyclane via a diradical, subsequent
addition of methanol, and elimination of RCOOCHj to
give 160-162.%°

Another route to substituted azulenes starts with the
silver ion catalyzed isomerization of oxaquadricyclane
60 to hydroxyfulvene 61. Compound 61 can be dehy-
drogenated with DDQ or NBS to azulenecarbaldehyde
163 (Scheme 32).*8 Several azulenes have been syn-
thesized by selective reactions with the aldehyde group.

A remarkable rearrangement to butenolide 164 takes
place in about 70% yield when hydroxyfulvene 61 is
oxidized with ruthenium tetraoxide.*®

Finally, it should be noted that cyclodecadienedione
100 obtained via the oxaquadricyclane route (section
V.C) can be converted in a two-step sequence to a 1:1
mixture of hydroazulene lactones 166 and 167, which
are easily separated.®> Lactone 166 has the framework
of nsaturally occurring sesquiterpene lactones (Scheme
33).%

VI. Conclusion

The present review has the aim of demonstrating the
broad scope of possible transformations of 3-oxa- and
3-azaquadricyclanes and to invite organic chemists to
use these highly strained compounds for synthetic
purposes. Scheme 34 gives an overview on the reactions
described so far.

We noted earlier that in particular the formation of
oxaquadricyclanes by irradiation of oxanorbornadienes
fails only in a few cases.>'? It is apparent, however, that
at present the clearest need in this area is the devel-
opment of syntheses of new starting materials, such as
suitable furans, pyrroles®? and other heterodienes, re-
active alkynes, or their equivalents. Prinzbach and
co-workers have discussed this aspect earlier and re-
cently in detail %1430

At this point we note that the publication of an easy,
multigram synthesis of only one valuable compound,

Tochtermann and Olsson

namely cyclooctyne, by Brandsma and Verkruijsse in
1978% stimulated new developments in the field of
oxaquadricyclane chemistry.1517:92-86596165,70.11 Therefore
we are looking with optimism into the future.®
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