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The objective of this study was to explore intra-
molecutar ketene cycloadditions with the anticipated results
of developing new synthetic methodology for the synthesis of
polycyclic compounds difficult to obtain by other procedures.

(o-Alkenyliphenoxy)ketenes were initially selected for
this study because these ketenes provided a favorable
proximity for the intramolecular [2+2] cycloaddition
reactions. The difunctional precursors, (o-alkenylphenoxy)-
acetic acids, were readily prepared from o-alkenyiphencls and
ol-halocarboxylic acids and were converted to the
corresponding acid chlorides by reaction with oxalyl
chloride.

The aéid chlorides were dehydrochlorinated to the
corresponding (o-alkenylphenoxy)ketenes by treatment with
triethyiamine. The ketenes undergo a facile intramolecular
[2+2] cycloaddition to give polycyclic cyclobutanones. The
{o~-vinylphenoxy)ketenes are clearly more reactive than the
(o-allylphenoxy)ketenes and provide much better yields of the
cycloaddition products because of electronic effects in the
transition state in the cycloaddition process.

The intramolecular [2+2] cycloadditions of keteniminium
salts were included in this study as a more electrophilic

alternative to ketenes that will react with less nucleophilic




carbon-carbon double bonds. However, the use of keteniminium
salts instead of ketenes in {ntramolecular cycloadditions
does have some |imitations.

The synthesis of benzofurans via the intramolecular
[2+2] cycleoadditions of (o-acylphenoxylketenes was
accomplished. The infitially formed 3-lactone cycloaddition
products spontaneously underwent decarboxylation to the
benzofurans. The aromaticity of the benzofurans is
apparently a very strong driving force for the cycloaddition.

During the course of this study, two new synthetic
methods were discovered which in many instances represent a
significant improvement over existing methods. The Wittig
Reactions of ketoacids without protecting the carboxy! groups
provide a relifable source of the precursor unsaturated aclds
needed for intramolecular ketene-olefin cycloadditions.

Also, the one-pot preparation of intramolecular ketene
cycloaddition products from the carboxylic acid via the
tosylate represents a new synthetic method. This procedure
eliminates the acid halide preparation, isolation and

purification step, thereby significantly simplifyling the

synthesis.
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CHAPTER 1
INTRODUCT ION )

Ketenes are highly reactive electrophilic organic
compounds which contain an olefinic and a carbonyl group in
‘a cumulative linkage. The simplest member of this family of

compounds is the unsubstituted ketene (1).
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Most aldoketenes (11), monosubstituted ketenes, and
halogenated ketenes (111, defined as ketenes with one or two
halogen atoms directly bonded to the ketene functionality)
are not stable at room temperature and are usually trapped

in situ with suitable ketenophiles (1, 2, 3, 4, 5, 6). Some

ketoketenes (1V), disubstituted ketenmes, such as diphenyl-
ketene, diethylketene, etc, are relatively stable and are
isolable at room temperature (7, 8, 9). Trimethylsilylketene
(V) is, however, an exception inlthat it is a stable isolable
aldoketene that can be stored neat for several weeks under

refrigeration (10),




The first reported synthesis of a ketene was in 1905
when ?taudinger reported the synthesis of the isolable di-
phenylketene (11). Staudinger and coworkers studiéd many re-
actions of a number of substituted ketenes (12, 13, }4. 15,
16, 17) and published in 1912 the first review of the chemis-
try of ketenes (18).

There are many methods which have been reported for the
preparation of ketenes but the most common and synthetical-
ly useful are the dehydrohalogenation of appropriately sub-
stituted acid halides with a tertiary amine such as triethyl-
amine and dehalogenation of d-haloacid halfdes with acti-

vated zinc as 1llustrated (1, 2, 3, 4, 5, 19, 20, 2t, 22).

R
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The pyrolysis of appropriate compounds may be used for
the preparation of a few ketenes, particularly cyanoketenes

(23, 24) and ketenes of low molecular weight (7, 25, 26, 27,

O
R N,

28).
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Recently, several lesser known ketenes such as alkynyl-
ketenes and vinylketenes have been prepared by taking advan-
tage of the thermo— or photochemical properties of some spe-

clally synthesized ketene precursors (24, 29, 30).
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There are essentially four general reactions which
ketenes undergo: cycloaddition, nucleophilic addition,
dimerization and polymerization. These latter two reactions
are usually considered undesirable and efforts are made to
minimize dimerization and polymerization. The nucleophilic
addition of amines, alcohols, acids, water, etc., tO ketenes
to yield acylation products {31) has not received the atten-
tion that cycloaddition reactions have in the literature.

| 9
»:C=0 + HNuy =—+ —-CH-C-Nu
However, theré has recently been considerable activity In

the study of addition reactions of ketenes other than cyclo-




additions that has inciuded both the synthetic and
mechanistic aspects of these processes. The generation,
alkylation and silylation of directed enolates formed by
reaction of ketenes and organol ithium reagents illustrates

this new interest (32).
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Clearly, the most synthetically useful ketene reaction
is the [2+2] cycloaddition with unsaturated compounds to form

compounds with Four-membered rings as iltustrated. This reac-

N
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tion constitutes one of the few routes to synthetically
versatile four-membered rings. The regiospecificity of this
reaction has made it particularly useful in the synthesis of
polycyciic natural products (33, 34, 35, 36). The develop-
ments in the past few years involving halogenated ketenes
have greatly widened the scope and utijity of this important
synthetic reactions (37, 38, 39, 40, 41). In this [2+2]
cyciocaddition reaction, ketenes function as electrophiles,
while the unsaturated ketenophiles are usually electron-rich
nucleophilic reagents. The most electron-deficient atom of
the ketene functionality is the sp~hybridized carbon of the
carpbonyt group (19, 20, 2&, 22). The unsaturated ketenophile
may be composed of carpon-carbon, carbon-oxygen, carbon-
nitrogen, or other unsaturated 1 inkages.

The [2+2] cyclioaddition of a ketene and an olefin yield
a cyclobutanone. The cyclobutanone arises from a [2+2]
cycloaddition process exclusively, even with conjugated
dienes. There are many [2+2] ketene cycloadditions with
symmetrical and unaymmetrical olefins to give stereo- and

regiospecific products (42, 43, 44, 45, 46, 47, 48).
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These results are consistent with a concerted mechanism.
A lot of evideAce including negative activation entropy (49),
negligible solvent effects on rate (49), and observed secon-
dary isotope effects (50, 51) has been reported in the lite-
rature and has suggested a concerted mechanism which follows
a thermal [ﬂz +w2 1 pathway for this cycloaddition reaction.
The conservat?on zF orbital symmetry dictates that there must
be an orthogonal! approach in which the 7 system of the ketene
acts in_an antarafacia] manner and the ;¥ system of the cle-

fin, in a suprafacial manner. Thus, the regiospecificity can

be explained by the fact that the largest coefficient carbon
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of the HOMO of the olefin overlaps with the largest coeffi-

cient carbon of the LUMO of the ketene. The transition state

resulting from the orthogonal approach of the reacting

species, however, accounts for the observed stereochemical

results. The least hindered approach of the reacting species




leads to the most hindered product.

A general order of reactivity for variously substituted
ketenes in cycloaddition reactions with olefinic compounds
is as follows (5)

C1 =C=0 > Ph C=C=0 > Me C=C=0 > H C=C=0.
2 2 2 2

Conversely, the reactivity of olefins in these reactions pa-
rallels their nucleophilicities and the energies of their
HOMO’ s.

As the ketenophiles become more electron-rich, i.e., the

cation-stabilizing acility of the ketenophile substituents is

increased, the typical concerted [ﬂz +“2 ] process no longer
s a

ocCurs., instead, a stepwise mechanism involving a dipolar
intermediate becomes operative. Tetraalkoxyethylenes, Kke-
+ene acetals, imines and carbodiimides are examples of elec-
tron-rich ketenophiles which underqo cycloaddition via a di-
polar intermediate. In some instances, the intermediates have
peen trapped (52, 53, 54, 55). Likewise, the increase in
anion-stabilizing abﬁlity of the ketene substituents favors
the stepwise pathway as demOﬁstrated by the studies of
England and Krespan (56).

Ketenes will undergo [2+2] cycloaddition reactions with
carbony| compounds under the appropriate conditions to yield
2-oxetanones ([3~lactones). Inlmany instances the 2-oxetanones
are quite susceptible to decarboxylation thus oroviding an

olefin synthesis (57, 58, 59, 60).
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The cycloaddition reactions of ketenes with imines

yields 2-azetidinones (-lactams) (6i, 62, €3).

G0 + ¥N- ——= | ]

Despite the preferred tendency of ketenes to undergo
[2+2] cycloaddition reaction with dienes, ketenes do undergo
[4+2] cycloaddition with certain activated vinyl ketones (64,
65, 66, 67) and o.,B-unsaturated imines (68, 69, 70). The
application of [4+2] cycloaddition reaction of ketenes has
been recently reported in the literature to be extremely
useful for the syntheses of a wide variety of cyclic natural
products (71, 72, 73, 74, 75, 76, 77, 18, 7¢, 8o, 81, 82,
83).

The {4+2] cyclcaddition reactions of ketenes have been
rationalized in terms of the stepwise mechanism (36, 64, 65,

67, 71); the initial nucleophtlic attack of the ketenophiie
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on the sp-hybridized carbon of the ketene to give a stabi-
1tzed dipolar intermediate, and the subseqdent cyciization of
this intermediate to give the cycloadduct as {1lustrated with

the following example,

g =
0 NR
I J 2
P
RC1C=C=0 + —
—— _’__,.I.
N
0 0 0
=0 ) DEN =
S0 R
=R 1
NR, NR2

In sharp contrast to the extensively studied intermole-
cular cycloaddition reactions of ketenes with unsaturated
compounds, there are only some scattered reports in the 1ite-
rature on intramolecular ketene cycloadditions. Furthermore,
most all of these reports are on photochemical or pyrolysis
reactions which suffer from uncommon starting materials and
compl fcated feact1on conditions (84, 85, 86, 87, 88, 89, 90).

A few recent reports which describe the six-electron electro-
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cyclic reactions of some coﬁjugated ketenes to generate a
series of phenol, hydroquinone and quinone derivatives have
been the only related exampies that are directed toward syn-

thetic applications (29, 91, 92).

Y — I
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Conversely, {nterest and publications in the area of

intramoiecular Diels-Alder reactions, where the diene and the




dienophile are constrained in the same molecule, has recently
increased exponentially (93, 94, 95). It is anticipated that
intramolecular ketene cycloaddition reactions can be used
effectively to synthesize a wide variety of interesting
bridged polycyclic compounds.

In general, an intramoliecular ketene olefin [(242] cyclo-
addition reaction should result in the simultaneous formation

of two rings.

— el § | Q§§()

An intramolecular ketene carbonyl [2+2] cycloaddition
reaction should result in a bicyclic f3-lactone or, by decar-

boxylation, a cycloalkene.

B C—_O
- -Co,
_._* ____’
0 —

Both of these types of reactions are expected to- lead to
the formation of polycyclic systems that would be gifficult
to synthesize by most conventional methods.

The intramolecular cycloadditions should profit from

14
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entropy factors due to the spatial proximity of the reaction
partners and it is expected that intramolecular cycloaddi-
tions will favorably compete with the usually fast oligomeri-
zation of the ketene and that intramolecular reactions will
occur more readily and smoothly than the corresponding inter-
molecular reactions. [t s anticipated that intramolecutar
cycloadditions will be optimal when the ketene function and
the ketenophiie are linked by a bridge of three or four atoms
so that a five- or six-membered ring will be formed along
with the [2+2] cycloaddition which yields the four-membered
ring. The longer and more flexible this bridge, the more the
conditions resemble those for bimolecular addition. Clearly,
the ease of the intramolecular cycloaddition will be a func-
tion of the length of the bridge between the ketene function
and the ketenophile. It is also anticipated that intramole-
cular cycloaddition reactions, in general, will take place
under considerably milder conditions than are required for
the analogous blmolepular reactions. Consequently, keteno-
philes should be more reactive in an fntramolecular reaction
than in an intermolecular reaction. While activated olefins
(e.g., silyl enol ether, ketene acetals, cyclopentadiene,
etc.) undergo intermolecular [2+2] cycloaddition rgadi]y with
most ketenes (45, 46, 64, 58; 96, 97, 98, 99, 100, 10i), some
sterically hindered olefins only give moderate to poor yields
for the intermoiecular cycloaddition even with dich\oroketene

(102). It is anticipated that the entropy-assisted intramo-




lecular [2+2] cycloaddition should proceed in many cases
where the intermolecuiar counterpart does nolt occur.

The intermolecular cycloaddition of ketenes to carbonyl
compounds {3 significantly different from the corresponding
cycloaddition to olefinic compounds. £levated temperatures,
tewis acid catalysts, or activation of the carbonyl group is
usually required for intermolecular ketene carbonyl compound
cycloadditions (103, 104, 105, 106, 107, 108). However, the
features of intermolecular cycloaddition may change drasti-
cally in the intramolecular counterpart due to the proximity
effect. Other factors such as electronic and steric effects
may function differently in intramoiecular cycloadditions,
and consequently, the regio~ and stereochemistry could be
even more interesting. Due to the difference in chemica)
environment between inter—- and intramolecular cyclcoaddition,
some favorable driving force or frontier orbital overlap
could become more important when considering intramolecular
cyclioadditions than intermolecular cyclioadditions as
demonstrated by the above mentioned six-electron electro-
cycltic reactions.

[t should be noted that any approach to the intra-
molecular cyclcaddition precursors shouid eventually provide
the difunctional compounds, i.e.; molecules containiné both

ketene functionality and ketenophile, or their equivalents

without serious conflicts during the course of the synthesis;

The most obvious compatible difunctional precursors are unsa-

16
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turated carboxylic acids with a 3 or 4 atom bridge between
the two functional groups. Consequently, the reaction
sequence from unsaturated carboxylic acid to unsaturated acid
halide folliowed by triethylamine~promoted dehydrohaiogenation
to generate the difunctional precursor was the initial

approach to this study.

COzH cox ~HX

—— ——
o w— ——

in summary, the objective of this research project was
to explore intramclecular ketene cycloadditions with the
anticipated results of developing new synthetic methodology

for the synthesis of polycyclic compounds difficult to obtain

by other procedbres.
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CHAPTER 11

EXPERIMENTAL

|
Proton nuclear magnetic resonance ( H-NMR) spectra were

recorded on a 60 MHz Hitachi Perkin-Elmer R-248 spectrometer,
employing deuteriochloroform or dimethyl-d6 sulfoxide as

the solvent with tetramethylsilane as the internal standard.
The 13C—-NMR spectra were determined at 90 MHz on a
JEOL-FX-90Q FT nuclear magnetic resonance spectrometer
equipped with a JEC-980B computer. Deuteriochlioroform or
dimethyl-d6 suifoxide was used as a lock solvent and as the
internal standard, and all chemical shifts are reported in
parts per miilion {(ppm). The infrared (IR) spectra were
obtained on a Perkin-Elmer 1330 spectrometer using neat
samples, solutions {(taken from nmr samples) or fluorolube oil
films. Chromatographic separations were performed on

Davisil silica gel 62, Davison Chemical, or Aldrich silica
gel, 70-27C mesh using ethyl acetate-hexane as eluent.
Preparative TLC separations were performed on Aldrich pre-
coated TLC plates (250 um thick 2-25 um silica gel-on glass)
using ethyl acetate-hexane as the developing solvent. The
GC/MS spectra were obtained on & Hewlett Packard 5790A
Series GC/Mass spectrophctometer. All melting points were

determined on a Thomas Hoover capillary meiting point
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apparatus and, like boiling points, are uncorrected.
Elemental analyses were carried out by Midwest Microlab,
Indiana. High-resolution mass spectra were cobtained at the
Micdwest Center for Mass Spectrometry, Department of
Chemistry, University of Nebraska, Lincoln, Nebraska.
Hexane, benzene, tetrahydrofuran, ether and triethyl-
amine were dried and purified by distillation from a sodium-
potassium alloy under a nitrogen atmosphere prior to use.
Dimethyl sulfoxide (DMSO) and N,N-Dimethylformamide (DMF)
were distilled from BaO and stored over molecular sieve 4A.

All reagents were distilled or recrystallized prior to use.

Intramolecutar [2+2] Cycloadditions of Phenoxyketenes

to Carbon-Carbon Double Bonds

Starting Materials. o-Allyiphenol, o-propenylphencl,
and the haloacids were commercially avaiilable. o-Vinylphe-
‘nol was prepared by a literature procedures (1, 2).

o-(1-Phenylvinyl)phenol. To a Grignard solution pre-
' pared from 17.3 g (0.11 m) of bromobenzene, 2.9 g (0.12 g.
atom) of magnesium, and 100 mL of THF was added 6.8 g (O.GS

m) of o-hydroxyacetophenone in 50 mL of THF with efficient




stirring and cooling. The resulting solution was refluxed
for & h and was then condensed to ca. 75 mL on a rotatory

evaporator, cooled, and treated with 100 mL of 15 % agueous
O
acetic acid at 0 C. The organic layer was separated, and

the aqueous layer extracted with two 75-mL portions of
benzene. The combined organic solution was washed with a
small amount of aqueocus sodium bicarbonate followed by
saturated brine and dried over anhydrous magnesium sulfate.
Evaporation of the solvent resulted in 9.7 g (91 %) of

sufficiently pure l-phenyl-1-(2’-hydroxyphenyl)ethanol as
white crystals: mp 110—111.500; 1H-NMR (CDC1 ), &, 7.82-6.78
{m, 11 H), 2.23 (s, 3 H); 13C—NMR (CDC1 ), Sf 185.0 (s),
147.0 (s), 131.4 (s), 128.0 (d), 127.3 ?d), 126.4 (d), 126.2

(d), 124.9 (d), 118.6 (d), 116.4 (d), 77.0 (s}, 29.8 (q); IR
-1
(CDCY ), 3650-2500, 1603, 1583 cm . The alcohol was
3
dissolved in 50 mL of benzene to which 50 mg of iodine was

added. This mixture was refluxed overnight and then coocled
and washed wlth aqueous sodium thiosulfate. Upon drying and
removal of the solvent a quantitative yield of o-{l-phenyl-
vinyl)phenol was obtained as a pale vellow oil: IR (neat),
3570, 1620, 1582 cm_l; 1H—NMR (€COCY ), &, 7.34-6.77 (m, 9 H),
5.67 (s, | H)Y, 5.44 (s, 1 H), 5.24 ?s, 1 H), s 13C—NMR

(coc1 ), &, 152.9 (s), 145.0 (s), 139.3 (s), 130.3 (d), 129.2
(a), ?23.3'(d), 128.2 (d), 127.5 (s), 126.7 (d), 120.2 (d),

116.3 (t), 115.7 (d).
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General Procedure for (o-Alkenylphenoxyl)acetic Acid
Preparation.

Method A. This method utilizes water as a solvent and
was used for the preparation of 2a, 3a, and Ba (Table I,
p.65, 66). To a mixture of equal equivalents (30 mmol) of
the o-atkenyliphenol and d-chlorocarboxylic acid in 15 mL of
water was slowly added with cooling and stirring 20 mL.oF a
cold agueous solution containing 65 mmo!l of NaOH. The
mixture was stirred for 20 min and then refluxed for 4-16 h,
Upon cooling, the solution was acidified to pH 1| with dilute
HC1 and extracted with two 30-~mL portions of benzene. The
combined benzene extracts were washed with water, dried over
anhydrous magnesium sulfate, and evaporated under vacuum to
yvield the crude acid as an ojl which was purified by
recrystallization from hexane.

Method B. This method utilizes THF as a solvent and
was used for the preparation of la, 4a, 5a, %a, 7a, and %93
(Table 1, p.65, 66). To a mixture of equal equivalents *
{30 mmol) of the o-alkenylphenol and (-halo carboxylic acid
in 30 mL of THF was slowly added with cooling and stirring 65
mmol ** of sodium hydride as an 80 % dispersion in mineral
oll. The mixture was stirred for 20 min and then refluxed

for 4-16 h, The solution was cooled and acidified to pH 1

* To simplify the purification, 35 mmcl of o-propenylphenol
was used for 5a.
** To avoid the isomerization of o-allylphenol to o-propenyi-
phenol, 60 mmol of sodium hydride was used for 9a.




2%

with dilute HCl1. An 80-mL portion of benzene and 20 mL of
saturated brine was added to this solution. The organic
layer was washed with four portions of 10 mL of saturated
brine, dried over anhydrous magnesium sulfate, and evaporated
under vacuum to yield the crude acids. Compounds la, 4a, 5a,
and 9a were purified by recrystaliization from hexane and the
others by column chromatography using silica gel (20 % EtQAc-

hexane).

2-(o-Vinylphenoxy)propancic Acid, la. A 4.3 g (75 %
yield) portion of this acid was obtained with mp 105—1060C;
IR (CDCt ), 3650-2300, 1703, 1625 cm_l; 1H-NMR (coct ), §.
11.24 (s? i H), 7.19-5.16 (m, 7 H), 4.53 (g, | H, ng.4 Hz)
13C—NI"IR (CDC1 ), 6, 178.4 (s), 154.4 (s), 72.5 (d), 8.4 (q).

(o-Propeiylphenoxy)acetic Acid, 2a. A 3.5 g (61 % vyield
) portion of this acid was obtained with mp 101—1020C; IR
{bM50-d6), 3650-2250, 1710, 1628 cm_l; 1H-NMR (DMSO-d6), B

2.61 (s, 1| H), 7.63-5.69 (m, 6 H), 4.69 (s, 2 H), 1.9% (m, 3
13

H)s C-NMR (DMSO-d6), &, 169.2 (s), 153.2 (s). 63.9 (t),

17.6 (q).

2-{o-Propenylphenoxy}propancic Acid, 3a. A 3.3 g (54 7

yield) portion of this acid was obtained with mp 95—97°C; IR
(ChCi ), 3680-2200, 1705, 1634 Cm_i; 1H-NMR (coc1 ), §,
11.053(5, 1 HY, 7.55-5.65 (m, & H), 4.63 (g, 1 H,3d=5;3 H2) ,
1.86 (m, 6 H);3 13C—NHR (cDC1 ), &, 178.1 (s), 153.9 (s),
72.6 (d), 18.7 (q), 18.2 (q)?

2-{o-Propenylphenoxylbutanoic Acid, 4a. A 5.8 g (88 %




e}

yield) portion of this acid was obtained with mp 105-106 3
-1 1

IR (CDC1 ), 3600-2300, 1697, 1632 c¢cm ; H-NMR (CDC1 ), &,

3 3
11.0%5 (s, 1 H), 7.55-5.65 (m, 6 H), 4.59 (t, | H, J=6 Hz),
13
1.91 {m, 2 H), 1.18 (t, 3 H, J=6 Hz); C-NMR (CDC1 ), 6,
3

177.6 (s}, 154.1 (s}, 77.5 (d), 26.0 (t), 18.7 (Q), 95 (q).
(o-Propeny i phenoxy)phenylacetic Adid. %a. A 6.4 g

(79 % vield) portion of this acid was obtained with mp 156-

o -1 1
159 C; IR (CDCY ), 3700-2700, 1720, 1645 cm ;3 H-NMR (DMSO-
3
dé), § 7.62-5.84 (m, 11 H), 5.47 (s, | H), 1.72 (d, 3 H,
13

J = 6 Hz); C-NMR (DMSO-d6), &, 171.0 (s), 153.9 (s), 136.3
(s), 78.4 (d), 18.9 (qg).
o-{1-Phenylivinyl)phenoxyacetic Acid, 6a. A 6.2 g (71

% yield) portion of this acid was obtained as a pale vellow
-1 1

oil; IR (CDCl ), 3700-2380, 1710, 1623 cm ; H-NMR (CDCi ),
3 3
8§ 9.53 (s, | H), 7.65-6.63 (m, 9 H), 5.60 (s, 1 H), 5.25
13
(sy 1 H), 4.28 (s, 2 H), C-NMR (CDCl )}, &, 172.8 (s), 155.0
3

{(s), 146.5 (s}, 75.6 (t).

2-{o~-{1-Phenylvinyl)phenoxy]lpropancic Acid, 7a. A 5.6

g (70 % yield) portion of this acid was obtained as a pale
-1 i

yellow oil; IR (neat), 3600-2250, 1723, 1612 cm 3 H-NMR

(COC1 ), &, 10.41 (s, i H), 7.45-6.67 (m, 9 H), 5.71 (s,

1 H),35.42 (dy 1 H, J = 2.8 Hz), 4.62 (g, t H, J = 5.4 Hz),
S 1.31 (d, 3 Hy J = 5.4 Hz); 13C—NMR (CDCL ), &, 176.8 (s),

3
154.5 (s), 146.9 (s), 141.3 (s}, 72.6 (d), 17.6 (Q).

2~(o=Allyphenoxy)propancic Acid, 8a. A 3.1 g (50 %

yvield) portion of this acid was obtained with a mp of 62-64
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OC; [R (CDCl ), 3680-2250, 1710, 1629 cm_l; 1H~NHR (Coct ),
§,10.53 (s, 13H), 6.96-6.29 (m, 4 H), 6.17-5.52 (m, 1 H).3
5.24-4,.45 (m, 3 H), 3.23 (d, 2 H, J=5.6 Hz), 1.44 (d, 3 H,
J=5.5 Hz)3s lachnR (CDCY ), b, 177.8 (s), 154.8 (s), 136.6
(d), 129.0 (s), 72.0 (d}? 34.1 (t), 18.1 (qQ).
2-(o—-Allylphenoxy)butancic Acid, §a. A 5.3 g (81 7
vield) portion of this acid was obtained with mp 53—550C;
IR (CDC1 ) 3700-2230, 1715, 1630 cm-1; IH—NMR (CDCt ¥, %,
10.56 (s? 1 H), 7.18-6.46 (m, 4 H), 6.31-5.56 (m, 13H),
5.21-4.95 (m, 1 H), 4.95-4.76 (m, | H), 4.52 (t, | H, J =
5.9 Hz), 3.48 (¢, 2 H, J=6 Hz), 2.00 (m, 2 H), 1.21 (t, 3 H,
J=6.8 Hz); 136—NMR (CDC13), &, 177.6 (s), 155.2 (s), 136.8

(d), 129.1 (s), 76.6 (d), 34.3 (t), 26.0 (t), 9.4 (a).

General Procedure for Intramolecular Cycloaddition,

Method A. This method utilized acid chlorides to
generate the corresponding ketenes and was used for the
preparation of lb through % (Table 1, p.65, 66). The
(o—alkenylphenoxy)acetic acids were converted to the
corresponding acid chlorides by reaction with 5-8 eq. of
oxalyl chioride in benzene at ambient temperature for 3 h.
The excess oxalyl chloride was removed under vacuum and the
crude acid chloride diluted with benzene and slowly added to
a solution of 2 eqg. of triethylamine_in benzene at gentie
reflux. The addition was usually over a period of 2-6 hr;

and the total! amount of solvent was 300-450 mL for a 5-10
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mmel preparation. (In some instances, such as 8b and Sb,
where the olefin functionality is not very reactive toward
the cycloaddition process, it would be necessary to keep an
even lower concentration of the reacting ketene.) After the
addition was complete, the mixture was gently refluxed for
4-8 h. Upon cociing, the salt was removed by filtration and
the solvent and excess amine were removed under reduced
pressure. The crude cycloaddition product was purified by
recrystallization from hexane (5b, 8b) or by column
chromatography using silica gel (2-7% EtQAc-hexane; tb, 2b,
3b, 4b, 6b, 7b, 9b).

Method B. This method utilized acyl tosylates to
generate the ketenes and was tried for 5b and 8b (Table V,
P. 95 ). A5 mmol-portion of {(o-alkenylphenoxylacetic
acid in 50 mL of benzene was added over 5 h through a syringe
to a refluxing .sclution of 4 equiv of triethy}amine and 2
equiv of p-toluenesulfonyl chloride in 50 ml of benzene.
After the addition was complete, the mixture was gently
refluxed for 6 h. Upon cooling, the reaction mixture was
washed with three 50-ml. portions of water and then
concentrated in vacuo to a volume of about 30 ml.. This
concentrate was stirred with 250 mL of 3 9 agqueocus NaOH
solution for 10 h to remove éxcess tosyl chloride. The
benzene layer was dried (anhydrous magnesium sulfate),
filtered, and then the benzene evaporated under reduced

pressure. The residue was purified by column chromatograpny
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using a silica gel column as described above for Method A.
1-Methyl-2-oxa-3,4~-benzobicyclof{3.2.0]heptan-7-one, 1b.

A 0.54-g (60 % yield) portion of ib was obtained from | g of

o -1 1

la with mp 49-50 C; IR (CbCl )}, 1784, 1612, 1593 cm ; H-NMR

' 3

(cbct ), 8, 7.23-6.60 (m, 4 H}, 3.70-2.76 (m, 3 H), 1.58 (s,
313

3 H); C-NMR (CDC! ), &, 207.3 (s), 160.1 (s), 128.8 (s3),

3 ﬂ
128.6 (d), 125.4 (d), 121.5 (d), 109.9 (d), 102.3 (s), 53.7

(t), 39.9 (d), 15.9 (q).

Anal. Caled., for ¢ H O : C, 75.84; H, 5.79. Found:
i1 10 2
c, 75.563 H, 5.86.

6-Methyl-2-oxa-3,4-benzobicyclo[3.2.0]heptan-7-one, 2b.

A 0,65~-g (72 % vield) portion of 2 b was obtained from | g of
2a with a mp of 65—6606; IR (CDCt ), 1781, 1608, 1589 cm_l
lH—NMR (COC1 ), &, 7.15-6.58 (m, i H), 5.63-5.36 (m, | H),
4.23-3.38 (m? 2 HY, 1.21 (d, exo-Me, J=7.3 Hz), 0.84 (d,
endo-Me, J=7.3 Hz); l3C—NMR (CDCIL ), &, 2.08.6 (s), 161.1
(s), 128.7 (d), 127.0 (d), 125.2 ?s), 121.2 (d), 110.6 (d),

.
’

91.9 (d), 59.0 (d), 39.9 (d), 8.6 (q).

Anal. Calcd. for C H O : C, 75.84; H, 5.79. Found:
11 10 2
C, 75.64; H, 5.70.

1,6-Dimethyi-2-oxa-3,4-benzobicyclof{3.2.0]heptan-7-cone,

3b. A 0.69-g (76 % yield) portion of 3b was obtained from
I g of 3a with mp 69—700C; IR (CbC1 ), 1778, 1609, 1590 t:rn_l
lH—NMR (COC1 ), 9, 7.08-6.87 (m, i H), 3.83-3.81 (m, 2 H),
1.66 (s, 3 H);3O.96 (d, 3 H, J=6.6 Hz); 13C*NHR (CDCL ), &,
210.% (s), 160.7 (s}, 128.6 (d), 126.9 (d), 124.5 (S)? 121.0
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(d), 110.4 (d), 100.2 (s), 57.3 (d), 45.1 (d), 16.3 (q), 8.4

(q).

Anal. Caled. for C H O : C, 76.57; H, 6.43. Found:
12 12 2
c, 76.513 H, 6.39.

I-Ethyl~-6-methyl-2-oxa-3, 4-benzobicyclo[3.2.0]heptan-T7-

one, 4b., A 1.31~g (71 % vield) portion of a colorless oil

was obtained from 2 g of 4a; IR {(Neat), 1781, 1608, 1590 cm_l
; 1H—NMR (coct ), §, 7.10-6.45 (m, 4 H), 3.84-0.79 (m, 10 H);
laC—NMR (CDCt ?, § 210.4 (s), 160,8 (s), 128.4 (d), 126.7
(d), 124.4 (s?, 120.8 (d), 110.1 (d), 104.0 (s), 57.5 (d),

42.9 (d), 23.2 (t), 8.3 (q), 7.4 (a).

Anal. Calcd. for C H O : C, 77.20; H, 6.98. Found:
13 14 2
C, 76.98; H, 6.78.

6-Methyli-2-oxa-1-phenyl-3,4-benzobicycle[3.2.01heptan-7~
one, Sb. A l1.6-g (85 % yield) portion and a ¢.9-g (83 %
yvield} portion of 5 b were obtained from 2 g and 1.2 g,

respectively, of 5a by Method A and Method B with a mp of
95—960C; IR (film), 1783, 1611, 1592 cm_l: lH—NMR (CBCL1 ), 5,
7.65~6.86 {(m, 9 H), 4.50-3.76 (m, 2 H), 1.19 (d, 3 H, J26 Hz)
$ 13C—NHR (cbct ), 8§, 208.4 (s), 160.7 (s), 133.5 (s), 129.0
(d), 128.8 (d).3126.9 {(s), 126.1 {(d}, 121.5 (d), 110.8B (s),

59.2 (d), 46.1 (d), 8.7 (q).
Anat. Calcd., for C H O ¢ C, 81.58; H, 5.64. found:
. . 17 14 2
C, 81.40; H, S.61.
2-Oxa-5-phenyi-3,4~-benzobicyclo(3.2.0]heptan-7-one, 6bL.

A 1.3t-g (88 % yvield) portion of b6b was obtained from 1.6 g
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of 6a with mp 162—1630C; IR (CDCL ), 1789, 1608, 1590 cm_l
1H—NMR (coct ), &, 8.32-7.41 (m, 3 H), 6.37 (t, | H, J=2.5
Hz), 4.71 <d§, 1 H, J=16.2, 2.5 Hz), 4.22 (dd, | H, J=16.2,
2.5 Hz); 13c—NMR (CDCY ), §,203.9 (s), 142.0 {(s), 131.7 (s),
129.3 (d), 128.8 (d), ?27.2 (d), 126.1 (d), 12.5 (dy, t22.7

-
’

(dy, 1l1.1 (d), 99.5 (d), 59.3 (t), 50.7 (s).
Anal. Caled. for ¢ H O ¢ C, 81.343 H, 5.12. fFound:

16 12 2
c, 81.113 H, 4.95.

i-Methyl-2-oxa-5~phenyl~3,4-benzobicyclio[3.2.0}heptan-7~
ong, 7Tb. A 2.35-g (84 % vield) portion of colorless oil was
obtained from 3 g of 7a; IR (neat), 1788, 1718, 1658, 1593
cmwl; IH—NMR (CoCt ), b, B.16-7.35 (m, 9 H), 4.86 (d, 1 H,
J=16.4 HzZ), 4.03 (3, 1 H, J=16.4 Hz), 2.05 (s, 3 H): l3C--NI"1R
(CDC1 ), &, 207.1 (s), 159.9 (s), 138.5 (s), 133.1 (d), 129.0
(d), ?28.4 (d)y, 127.% (d), 127.0 (d), 125.7 (d), 122.3 {(d4d),
110.% (d), 1l04.1 (s), 55.5 (t), 53.2 (s), 13.4 (q).

Anal. Calcd. for C H O : C, B81.58; H, 5.64, Found:

17 14 2
C, 81.35; H, 5.65.

1-Methyl-2-oxa-3,4-benzobicyclol(4d4.2.0]}octan-8-one, 8b.
A 0.39-g (43 % yield) portion and a 0.54-g (50 % vield)

portion of 8b were obtained from 1| g and 1.2 g, respectively,

o -1
of B8a with mp 65-66 C; IR (CDCL ), 1777, 1610, 1591 cm 3
1 3
H-NMR (CDC1 ), §, 7.07-6.84 (m, 4 H), 3.05-2.17 {(m, 5 H),
3 13 :
1.48 (s, 3 H): C-NMR (CDC1l ), O, 209.9 (s), 154.6 (s),
3 _

129.1 (o), 127.5 (s), 123.8 (d), 122.2 (d), 117.3 {(d), 92.6

(s}, 46.9 (t), 34.4 (d), 28.2 (t), 19.5 (qg).
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Anal. Caicd. for C HO ¢« C, 76.57; H, 6.43. Found:
12 1 2
C, 76.65; H, 6.47.

1-Ethyit-2-oxa-3,4-benzoblicyclof4.2.0]loctan-8~-one, S9Sb.

A 0.45-g {49 % vield) portion of a coloriess oil was obhtained
-1 1

from 1 g of 9a; IR (Neat), 1780, 1605, 1583 cm ; H-NMR

(COC1 ), &, 7.04-6.89 (m, 4 H), 2.84-2.17 (m, 5 H, 1.72 (q.
3 13

2 H, J=4.8 Hz), 0.92 (t, 3 H, J=4.8 Hz); C-NMR (CDC! ), §,

3
209.9 (s), 154.8 (s), 129.06 (d), 127.49 (d), 123.86 (s),

122.0 (dy, 117.3 {(d), 95.8 (s), 47.0 (t), 32.5 (d), 28.5 (t),

26.3 (t), 7.06 (q).

Anal. Caled. for € H 0O : C, 77.20; H, 6.98. found:
13 14 2
C, 77.44; H, 7.15.




Intramolecuylar [2+2] Cycloadditions of Keteniminium

Salts to Carbon-Carbon Double Bonds

Starting Materfals. o-Allylphenol, 3-chloropropancic
acid, and 1,4-dibromobutane were commercially available. The
halocamides and (o-allylphenoxylacetic acid (needed for 13a in
Table 11, p.72) were prepared by literature procedures (3, 4,
5, 6). S—-{(Ethoxycarbonylimethy!l)cyeclooctanone and 8- {(ethoxy-

2,6 3,10 5,9
carbonyimethyl}pentacycio{5.4.0.0 .0 .0 Jundecan-11-
one were synthesized by Wu (7). {(o~-Alkenylphenoxy)acetic
acids Sa, 7a, and 5a (needed for 10a, lla, and [2a,
respectively, in Table 1, p.72) were prepared previously in
this study.

3-(o-Al lylphenoxy)propancic Acid. To a solution of
10.9 g (0.1 mo}) of 3-chloropropancic acid in 20 mL of ice
water was added with cooling and stirring a sbiution of 4 g
(0.1 mol) of NaCH in 20 mL of ice water. The resulting cold
solution was stirred-For 20 min and added dropwise to a
refiuxing agueous solution containing 0.09 mol of sodium
o—allyiphenclate {prepared From 12.1 g of o-allylphencl and
4 g of NaOH) and 36 mb of water. After the addition was
complete, the reaction mixture was refluxed for an additiconal
15 h. Upon cooling, the agueous scliution was washed with
three 20-mb pdrtions of chloroform. The agueocus solution

was then acidified to pH | with dil. HC! and extracted with

37
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three 30-mL portions of ether. The combined ether extracts
were washed with water and brine, dried over anhydrous

magnesium sulfate and evaporated in vacuo. A 5.13~-g (28 %)
O-
portion of pure acid was obtaind as white solid: mp 98-100 C;
-1 1
IR (CDC1 ), 3060, 1710, 1638 cm H-NMR (CDC1! 1}, 8, 10.53

3 3

(s, 1 HY, 7.04-6.38 (m, 4 H), 6.22-5.65 (m, ! H), 5.35-4.,60
13 )

(m, 4 H), 3.56-3.27 (m, 4 H); C-NMR (CDC! ), &, 177.3 (s),

3
156.1 (s), 137.8 (d), 129.8 {(d), 128.3 (s), 127.0 (d}, 120.4

(), t14.8 (t), 111.3 (d), 64.5 (t), 41.8 (t), 34.0 (t).
5-(o-Al lylphenoxy)pentanoic Acid. A mixture of sodium
o~-allyliphenolate (37 mmol, prepared from 5.1 g of o-allyl-
phenol and 2.1 g of 60 % sodium hydride in mineral oil) and
l,4-dibromobutane (24.2 g, 0.11 mot) in 30 m. of THF was
refluxed for 8 h, The reaction mixture was cooled and filter-
ed. The filtrate was evaporated and vacuum distillied toc give
6.8 g (68 %, bp 85~900C/0.03 mm Hg) of 1-allyt-2-(4’-bromo-
butoxy)benzene. This bromo- compound was reacted with pota-
ssium cyanide followed by basic hydrolysis according to the
standard procedure (8, 9) to give the crude acid. A 4,4~g
(75 %) portion of pure acid as a pale vellow 0il was obtained
via a siltica gel coiumn filtration: IR (neat), 3065, 1700,
1635 cm_l; 1H—NMR (CDC1 ), &, 9.95 (s, 1 H), 7.18-5.46 (m, 5
H), 4.85 (s, 1 H), 4.633(3. b HY, 3.59-1.70 (m, 10 H); 13C—
NMR (CDCt ), &, 179.3 (8), 156.3 (s), 136.8 (d), 129.5 (d),
128.4 (s)? 127.0 (d), i20.2 (d}, 115.0 (t), 110.9 (d), 67.0

(t), 34.1 (t), 33.3 (t), 28B.4 (t), 21.2 (t).




6-Oxo-6-phenylhexancoic acid, 20c. This acid was
prepared in 67 % (90 % for the Grignard Reaction step, the
intermediate product being l1-phenylcyclohexanol, and 74 % for
the following oxidation step) overall yield by a procedure
reported for the preparations of some other keto acids (10,

o -1
11): mp 71-73 €; IR (film), 3300-2550, 1695, 1682 cm ;
1

H-NMR (CDCY ), &, 10.37 (s, 1 H), 7.93 (m, 2 H), 7.67-7.43

3
{m, 3 H), 3.13-2.96 (m, 2 H), 2.54-2.38 {m, 2 H), 1.88~1.66
13
(m, 4 H); C-NMR (CDC1 ), &, 199.8 (s), 179.4 (s), 136.8

3
(s), 132.9 (d), 128.4 (d, 2C), 127.9 (d, 2C), 37.9 (t), 33.8

(€)Y, 24.2 (), 23.5 (L).

1-Allyicyclopentanci. This alcohol was prepared from

altlyl bromide and cyclopentanone by standard Grignard Reac-
Q
tion in 75 % distilled yield: bp 45-47 C (2.5 mm Hg): IR (
-1 1
neat), 3400, 3080, 1638 cm ; H-NMR (CDC} ), &, 6.17-5.74

3 13
{(m, 2 H), 5.22-4.98 (m. 2 H), 2.38-1.42 (m, 10 H); C-NMR

(CDC1 ), S, 134.5 (d), 118.0 (t), 81.2 (s), 45.6 (t), 39.2
3

(t), 23.7 (t).

(1’-Allyicyclopentanoxylacetic Acid., This acid was pre-
pared from l-allylcyclopentancl and bromoacetic acid by
the procedure previously described for (o~alkenylphenoxy)-

acetic acids (Method B) in 83 % vield as a pale yellow oil.
-1 1 .
IR (neat), 3095, 1733, 1640 cm ; H-NMR (CDCi )}, 6, 10.57
3
(s, 1 H), 5.68-5.82 (m, 1 H), 5.13 (m, 2 H), 4.05 (s, 2 H),

13
2.39 (d, 2 H, J = 6.4 Hz), 1.84-1.56 (m, 8 H); C-NMR

(CDC1 ), §, 172.2 (5), 133.4 (d), 118.0 (t), 88.7 (s), 60.2
3

39
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(ty, 40.9 (t), 35.8 (t), 23.7 (t).
S-Oxocyclooctylacetic Acid, 22c. A mixture of 5-(

ethoxycarbonylmethyl)cyclooctanone (1.06 g, 5.0 mmol), sodium
(o)
hydroxide (2.0 g) and water (50 mL) was heated at 70 C for 24

h. The reaction mixture was then cooled and washed with

chloroform (3 x 30 mL). The aqueous léyer was acidified to
o
pH 1| with dil. HCl at 5 C and extracted with ether (4 x 40 mi

y. The combined ether extracts were dried over anhydrous
magnesium sulfate and evaporated under vacuum to give the
crude keto acid. A 0.80-g (87 %) portion of the pure keto

acid was obtained via column chromatography on silica gel
({25-30 7% EtOAc-hexane) as white scolid: mp 82—83OC; IR
(Fitm), 3200, 1725, 1690 cm_l; 1H-NMR (CDC1 ), &, 10.30 (s,
t H), 2.64-1.42 (m, 15 H); 13C—NMR (Coch ),35, 217.6 (s),
177.6 {s), 42.8 (t), 41.9 (d), 33.5 {t).332.9 (£), 24.7 (t);

GC/MS (70 eVv), m/e (relative intensity), 184.1 (molecular
ion, 4.8), i66.0 (7.2) 156.1 (14.4), 124.\ (21.7), 97.1
{(46.3), 41.0 (100.0).

Anal. Calecd. for C H O : C, 65.19; H, 8.75. Found:
10 16 3
C, 65.16; H, 8.57,
2,6 3,10 5,9
11-Oxopentacyclo[5.4.0.0 .0 .0 Jundecyl~8~acetic

Agcid, 23¢. A 2.46-g (10.0 mmol) portion of 8-(ethoxycarbo-
2,6 3,10 5,9
nyimethy!)pentacyclo[5.4.0.0 .0 .0 Jundecan-11l—-one was

treated in the same manner as was for S-oxocyclooctylacetic

acid to give 1.75 g (81 %) of the ketoacid as white solid: mp
o -1 i
108-109 C; IR (fitm), 3440, 1730, 1695 cm ; H-NMR (CDCY1 ),
3
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§ 10.30 (s, 1 H), 2.52-2.18 (m, 11 H), 1.60 (AB, J=12.5 Hz,
i H), t.33 (AB, J=12.5 Hz, | H); i3C—NMR (coct Yy, §, 218.0
(s}, 174.0 (s), 51.0 (t), 50.0 (d), 47.8 (d), 33.1 (d), 42.3
(d), 41.8 (d), 41.6 (d), 39.0 (d), 36.8 (d), 35.4 (d), 31.5
(£): GC/MS (70 eV), m/e (relative intensity)) 219.0 (3.6),
218.1 (molecular ion, 23.0), 200.1 (25.5), 172.0 (100.0),
129.0 (41.9), 124.0 (77.7)y, 91.0 (62.8).

Anal., Calcd., for C H O : C, 71.54; H, 6.47. Found:

13 14 3

C, 71.23; H, 6.59.

Preparation of Alkenoic Acids by Wittig Reaction (Table
[I1l, p.80).

6-Phenyl-6-heptenoic Acid, 20d. To 2.73 g (7.63
mmol) of methyl triphenylphosphonium bromide in 15 mL of dry
DMSQ under nitrogen and at ampient temperature was added
dropwise with stirring 7.1 mL (1.0 M solution in Hexane) of
n-butyllithium over 10 min. The mixture was stirred at room
temperature for an additional 1.5 h. A solution of 582 mg
(2.82 mmol) of 20c in 10 mL of DMSO was added dropwise to tThe
ylide over 30 min. The mixture was then heated at 6UOC for
an additional 10 h. Upon cooling, the reaction mixture was
quenched with 80 mlL of water and washed with three 20-mL
portions of chloroform. The agueous solution was écidified
topH 1 in the cold and extracted with four 30—mp portions of

ether. The combined ether extracts were washed with brine,

dried over anhydrous magnesium sulfate and evaporated under
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vacuum. The residue was passed through a silica gei column

using 20-25 % EtOAc-hexane as the eluent to give 409 mg (71 %
) of pure 20d as white solid: mp 44—470C; IR (CDC! ), 3600-
2300, 1703, 1625 cnfl: 1H-NMR (coct ), &, 10.36 (s? 1 H),
7.33-7.2% (m, 5 H), 5.26 (s, 1 H), 2.05 (s, ¥ H), 2.50-1.53
(m, 8 H)3; IBCnNMR (CBCY )}, &, 180.t (s), 148.0 (s), 14i.1
(s), 128.2 (d), 127.3 (3), 126.0 (d), 112.4 {(t), 34.9 (&),

33.8 (t), 27.5 (t), 24.2 (t); GC/MS (70 eV), m/e (reiative
intensity), 205.2 (1.8), 204.2 (molecuiar ion, 12.4), 144.2
(18.5). 131.2 (18.7), 118.1 (100.0), 9i.1 (25.3), 77.1
(19.4).

Arnal., Caled. for C H 0 : M 204.1151. Found (high-
13 16 2 r
resolution mass spectrometry): M 204.1156.
r
5-Methylenecyclooctylacetic Acid, 22d. The same Wittig

Reaction procedure as for 20c --> 20d afforded 552 mg (79 %,

as a pale yellow oiil) of 22d from 706 mg (3.84 mmol) of 22c;
-1 1
IR (neat), 3060, 1705, 1638 cm ; H-NMR (CDC1 ), &, 10.30
33
(sy, 1 H), 4,74 (s, 2 H), 2.66-1.44 (m, 15 H); C-NMR (

cpcl )y, §, 177.5 (s), 151.2 (s), 111.6 (t), 43.1 (t), 40.3
3
{cdd), 35.4 (t), 32.8 (t), 26.4 (t); GC/MS (70 eV), m/e (

relative intensity), 182.2 (molecutar ion, 5.3), 140.1 ¢
44,2y, 122.2 (35.8), 107.1 (35.0), 94.1 (97.3), 41.1 (l00.0).

Anal. Calcd. for C H O : ﬂ 182.1307. Found (high-
11 18 2 r
resolution mass spectrometry): M 182.1308.
r 2,6 3,10 5,9

l1~Methylenepentacyclo(5.4.0.0 .0 .0 Jundecyi~8-

acetic Acid, 23d. The same Wittig Reaction procedure as for
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20c --> 20d afforded 0.87 g (82 %) of 23d from 1.09 g (5.0
O

mmol) of 23c with mp 86-87.5 C. IR (film), 3445, 3050, 1700,
1635 Cm—lz 1H—NMR (coci ), 6, 10.70 (s, 1 H), 4.71 (d, J =
3.0 Hz, { H), 4.64 (d, i = 3,0 Hz, | H), 2.66~-1.88 (m, 11 H),
1.72 (AB, 4 = 11.0 Hz, 1 H), 1.25 (AB, J = 11.0 Hz, 1 H);
13C—NMR (CDCY ), &, 180.0 (s), 155.1 (s), 103.1 (t), 48.2
{(d), 48.0 (d)? 47.2 (dy, 47.1 (d), 42.2 (d), 41.4 (d); 41.3
(d), 40.9 (d), 39.5 (d), 35.4 (t), 32.4 (t); GC/MS (70 eV},
m/e (relative intensity), 217.1 (3.5}, 216.1 (molecular fion,
33.9), 171.2 (12.2), 156.2 (28.7), 128.1 (20.9), 115.1
30.4), 105.1 (41.7), 91.1 (1080.0), 78.1 (40.0), 77.2 (45.2).

Anal. Caled. for € H O : C, 77.75; H, 7.46. Found:

14 le 2

C, 77.453 H, 7.75.

General Procedure for Unsaturated Amide Preparation.

Method A.‘ This method was used for the preparation of
all unsaturated amides except for 15a (Table 11, p.72). The
corresponding precursor unsaturated acids were treated with
5~8 eq. of oxalyl cHloride in benzene at ambient temperature
for 3-5 h. The excess oxalyl chloride was removed in vacuo
and the crude acid chloride was diluted with benzene. To the
acid chloride solution was added slowly with stirring and
cooling 3-4 eq. of diethylamine. The mixture was stirred
ovérnight at ambient temperature. Upon filtration, the

filtrate was evaporated and passed through a silica gel

column using 25 % EtCAc-hexane as the eluent. Yields of 85-
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g2 % were cobtained for this two-step transformation. The
purities and structures of these unsaturated amides were
determined by TLC (one spot), IR (strong amide | band at
1635-65 cm_l). 1H-—NMR. 13C-NHR (The two ethyl groups on the
nitrogen atom show four decoupled peaks.), and GC/MS.

Method B. This method was used for the preparation of
unsaturated amide 15a. To a solution of 10 g (73 mmol) of
o-allylphenol in 60 mL of dry THF was added 3.37 g (80 mmotl)
of unwashed 60 % NaH and the solution was stirred for 20 min
under nitrogen. AMB8.88-g (50 mmol) portion of N,N-diethyl-4-
chlorobutyramide was added, and the reaction mixture was
refluxed overnight. Upon cooling, 100 mL of dry hexane was
added and stirred for 10 min. The salt was filtered and the
fFiltrate evaporated. The excess o-allylphencl was removed
by vacuum distillation. The crude i%a was further purified
by column chromatography on sitica gel (15 % EtOAc-hexane)
to give 9.5 g (69 %) of pure i5a. IR (neat), 3075, 1638 Cmﬂl;
lH—NMR (cocC! ), §, 7.23-6.56 (m, 4 H)Y, 6.18-5.67 (m, 2 H),
5.15-4.84 (m? 3 HY, 3.98 (t, J = 5.6 Hz, 2 H), 3.36 (g, J =
5.7 Hz, 4 H), 2.61-1.92 (m, 4 H), 1.12 (t, Jd = 7.2 Hz, 6 H);
lBC—NMR {COC1 ), &, 171.1 (s), 156.3 (s), 136.8 (d), 129.5
(d), 128.2 (s?. 127.1 (d), 120.2 (d), 114.8 (t), 111.0 (d),
66.9 (t), 41.6 (t), 39.9 (t), 34.2 (t), 29.2 (t), 25.b {(t),

14.1 (q), 12.9 (a).

General Procedure for Intramolecular [2+2] Cycloadd!l-
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tions of Keteniminium Salts to Carbon-Carbon Double Bonds.
All keteniminium salts were prepared and reacted by the
procedure of Snider et al (12) as described for 10b. A}l
crude hydrolyzed cycloadducts were routinely chromatographed
three times; the first column chromatography on 70-270 mesh
silica gel afforded spectroscopically pure products (Table
11, p.72, 73) which were mostly yellow oils. The anaiytical
samples were obtained via preparative TLC (30 % EtOAc-hexane
as the developing solvent) followed by another column
chromatography on silica gel (4-12 % EtOAc—-hexane). The
yields were reported based on the initially obtained
spectroscopically pure products. Good yields were not
achieved for 17b and 18b until 5 % aqueous NaOH was added to
the two-phase hydrolyzing mixture (The methylene chloride was
displaced by benzene.). However, 5 % aqueous NaOH would
destroy such cycloadducts as 19b at ambient temperaturre but
not such cycloadducts as 10b, llb, 12b, or 13b at ambient
temperature for a prolonged time.

l1-Ethyl-2-oxa-3,4-benzobicycltof4.2.0]octan-8-one, 10 b.
To a solution of 10a (1.36 g, 4.95 mmol) in 80 mL of dry
benzene under N was added 0.74 mL (1.05 equiv) of collidine
and the Solutioi was heated at reflux. A solution of 1.02
ml. (1.1 equiv) of triflic anhydride (trifluoromethanesulfonic
anhydride, Tf QO) in |5 mL of dry benzene was added over 30
min via a syr?nge. An orange to brownish oil gradually

formed and separated. The solution was heated at reflux for
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o)
2 h, cooled to 25(, and evaporated in vacuo. The residual

oil was washed‘with ether and then taken up in 50 mL of
CH Ct and 50 mL of water. The two-phase mixture was stirred
Foi Zi h at room temperature, and the methylene chlioride was
removed in vacuo at 1OOC to leave a yellow aqueous layer
containing brownish gum. This was ext?acted-with three 40-mbL
portions of CC! . The combined CCI layers were washed with
water and brine? The combined aquegus layers were extracted
with two 20~mL portions of CH Cl . The combined CH C!
layers were washed with waterzang brine. The two FEaciions
were combined and submitted to a silica gel column. A 317-mg
(32 % yield) portion of 10b was obtained. The spectra of 10b
were identical with those of Sh,

1-Methyl1-5-phenyl-2-oxa~3, 4-benzobicyclof3.2.0]heptan-7-
one, 1ib., A 401-mg (70 % yieid) portion of llb was obtained
from 738 mg of 11a. The 11b was spectroscopically identical
with 7b.

6-Methyli-~i~-phenyl-2-oxa-3, 4-benzobicyclo(3.2.0]heptan-7~-
one, 12b. A 469~mg (66 7% yield) portion of 12b was obtained
from 922 mg of 12a. The mp and spectra were identical with
those of Sb.

2-Oxa-3,4~benzobicyclo[4.2.0)octan-8-one, 13b. A 0.95-g
(44 7 yield) portion of oil was obtained from 3.06 g of 13a.
IR (neat), 1786 cm_l; 1H~NMR (CDC1 ), &, 7.19-6.74 (m, 4 H),
3.21-2.16 (m, & H); 13C—NMR (CBC1 ?, 5. 205.8 (s),-iSA.O

3
{s), 129.1 (d) 127.5 (d), 123.1 (s8), 121.9 (d), }117.0 (d),
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85.3 (d), 48.0 (t), 27.8 (t), 26.2 (d); GC/MS (70 eV), m/e
(relative intensity), 174.1 (molecular icn 0.8), 146.0 (1.6),
145.0 (11.7), 132.0 (62.06), 131.0 (100.0), 77.0 (11.8).

Anal. Catcd, for C H O =« C, 75.84; H, B5.79. Found:
11 10 2
c, 75.70; H, 5.73.

3-0Oxa-4,5-benzobicyclo[5.2.0]nonan-9-one, i4b. A 62-mg

(18 % vield) portion of oil was obtained from 479 mg of l4a.

IR (COC1 ), 1777 cmﬂl; 1H—NMR (CDC1 ), &, 7.09-6.87 (m, 4 H),
3.08—2.12 (m, 8 H); i3c—NMR (CDC )? §,206.1 (s), 153.8 (s),

130.3 (d), 28.8 (d), 124.5 (s), 130.? (d), 118.2 (d), 84.2

(t), 53.1 (&), 49.2 (t), 29.0 (t), 27.8 (d).

Anal. Calcd, for C H O : C, 76.57: H, 6.43. found :
12 12 2
C, 76.19; H, 6.28.

4-Oxa—5,6-benzobicyclo[6.2.08]decan-10-one, 15bh., A 96-mg

{10 % yield) portion of oil was obtained from 1.31 g of [5a.
IR (CDC1 ), 1775 cm_l; lH—NMR (cpct ¥, 5, 7.32-6.97 (m, 4 H),
3.35—2.2? (M, 10 H)3 13C—NHR (CbCl ?, §, 209.1 (s), 155.9
(s), 129.9 (d), 129.2 (d), 127.1 (g), 120.5 (d), 115.0 (d),

66.3 (t), 64.7 (t), 62.9 (d), 62.5 (d), 50.4 (t), 50.0 (t),
36.5 (t), 35.6 (t), 31.5 (), 31.3 (t), 28.7 (d), 28.5 (d).

Anal. Calcd. for C H O : C, 77.20: H, 6.98. Found:
13 14 2
C, 76.99; H, 7.06.

5-0Oxa-6,7-benzoblicyclic[7.2.0]lundecan-11-one, 16b. A

55-mg (4 % yield) portion of oil was obtained from 1.84 g of
-1 1
16a. IR (CDCY ), 1774 em ; H=-NMR (COC! ), &, 7.27-6.90
3 13 3
(m, 4 H), 3.28-2.20 (m, 12 H); C-NMR (CDC} ), Q. 208.7 (s),
3
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156.1 (s}, 133.8 (d), 129.7 (d), 127.5 (s), 120.8 (d), 115.3
(d), 63.8 (), 3.3 (t), 61.4 (d), 61.0 (d), 50.7 (t), 50.3
(t), 35.9 (t), 35.4 (t), 32.5 (t), 32.3 (t), 31.7 (t), 31.5
(), 29.3 (d), 29.0 (4d).

Anal. Caled. for ¢ H O : C, 77.78; H, 7.41. Found:
14 16 2
c, 77.88; H, 7.40.

1-Phenyibicycio[3.2.0]heptan~-6~0one, 17b. A 68-mg (73 %
yield) portion of oil was obtained from 130 mg of 17a by

using normal hydrotysis followed by basic hydrolysis. IR
(CDC1 ), 1778 cm_l; lH—NMR (COC1 ), & 7.35-6.88 (m, 5 H),
3.91—3.69 (m, 3 H), 2.28-1.20 (m? 6 H); 13c—NMR (coct ), b,
2i2.2 (s), 147.1 (s), 128.4 (d), 126.0 (d), 125.7 (d)? 67.0

(d)y, 57.6 (t), 45.2 (s), 42.6 (t), 30.8 (t), 26.3 (t). GC/MS
(70 eV), m/e (relative intensity), 159.0 (2.3), 158.,0
{(molecular ion -~ (CO], 18.5), 145.1 (10.9), 144.1 (molecular

ion -[H C=C=03}, 100.0), 129.1 (79.2), 115.1 (39.1).
2
Anal. Calcd. for Cl3H140: Mr 186.1045. Found (high-

resolution mass spectrometry): M 186.1034.

1,4 r
Tricycioe{3.3.3.0 Jundecan-3-one, 18b. A 322-mg (77 %

yield) portion was obtained from 604 mg of 18a by using norma)
hydrolysis followed by basic hydrolysis: mp 82-83 Ci IR
(Film), 1774 cm_l; leNMR (COC1 ), § 2.49-2.25 (m, 2 H),
2.24~1.07 (m, 12 H), 1.00 (s, 13H); lSC-NMR (cncra). 5, 213.8

(s), 64.4 (d), €3.9 (d), 40.0 (s), 36.3 (t), 36.1 (t), 29.9
(t), 29.5 (t), 28.1 (t), 23.5 (t), 18.9 (t). GC/MS (70 eV),

m/e (relative intensity), 164.1 (molecular jon, 11.1), 136.1
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(10.4), 121.1 (60.8), 108.0 (64.8), 93.3 (100.0).

Apal. Calcd. for C H ©O: C, 80.44; H, 9.82. Found:
11 16
C, 80.46; H, 9.65.

Calcd., for C H O: M 164.1202. Found (high-resolution mass
11 16 r
spectrometry): M 164.1198.

r )
2-Oxa-3-tetramethytenebicyclo[3.2.0)heptan-7-one, 19b.

A 117-mg (50 % yieid) portion of 19b was obtained from 338 mg
-1 1
of 19%a as a pale yellow 0il: IR (neat), 1786 cm ; H-NMR

(CDCY ), & 4.10 (m, 1 H), 3.50 (m, 2 H), 2.44-0.92 (m, 11
13
H);  C-NMR (CDC1 ), §, 212.1 (s), 96.5 (s), 93.7 (d), 50.0
3
(t), 42.3 (d), 39.4 (t, 2 C), 31.5 (t), 24.8 (£), 23.7 (t);

GC/MS (70 eV), m/e (retative intensity), 139.00 (0.%), 138.10
(moltecular ion ~ [CO}, 5.1), 124.00 (molecular ion -
(H C=C=0]1, 23.9), 120.10 (10.6), 109.10 (16.0), 95.00 (21.1),
81?00 (23.9), 67.00 (100.00), 55.00 (22.5), 41.00 (39.5),
39.00 (43.0).
Anal. Caled. for € H O : M 166.0994. Found (high-
10 14 2 r

resolution mass spectrometry): M T 166.0993.
r
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Intramolecular [2+2] Cycloaddition Reactions
of Ketene and Carbonyl Groups. A New Synthesis of

Benzofurans

Starting Materfals. Salicylaldehyde, 2’ -hydroxyaceto-
phenone, 2Z2-hydroxy-3-methoxybenzalidehyde (o-vanillin),
2-hydroxy-4-methoxybenzophenone, 2’ -hydroxy-3-phenyipropio-
phenone, 2-hydroxy-l-naphthaidehyde, and the halocacids were
commercially availabie. 5-Ch10rosa1icy1a1deﬁyde was prepared
by a lIiterature procedure (13). 6-0Oxo-6-phenylihexanoic acid

was prepared previously in this study.

General Procedure for the Preparation of {(o-Acyl~
phenoxylacetic Acids.

Method A. This method utilizes water as a solvent and
was used for the preparation of 26a (Table IV, p.86). To a
mixture of 8 g (65 mmol) of salicylaldehyde and 7.05 g (695
mmol) of 2-chloropropancic acid in 20 mL of water was slowly
added with cooling and stirring a 20 mL cold aqueous solution
containing 6 g (0.15 mol) of NaOH. The mixture was stirred
for 20 min and then refluxed overnight. Upon cooling, the
solution was washed with three 25-mL portions of chloroform.
The agqueous solution was then acidified to pH 1 with dil. HCI
and extracted with three 30-mL portions of benzene. The
combined benzene extracts were washed with water and brine,

dried over anhydrous magnesium sulfate and evaporated in
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vacuo to yield the crude acid which was recrystallized from a
mixture of hexane and methylene chioride.

Method B, This method utilizes THF as a solvent and was
used for the preparation of 24a, 27a, 28a, 2%9a, 3la, and 32a
(Table 1V, p.86, 87). To a mixture of equal equivalents *
(50 mmol) of o-acylphenol and dl-halocarboxylic acid in
sufficient amount (100-15%0 mL) of dry THF was slowly added
with effective stirring 2.3 eq of unwashed 60 % NaH in
mineral oil. The mixture was stirred for 20 min and then
refluxed for 12-24 h. Upon cooling, the reaction mixture was
quenched with 180 mbL of water and washed with three 40-mlL
pertions of chloroform. The agqueous solution was then
acidified to pH 1 with dil. HCl and extracted with three
60-mL portions of benzene. The combined benzene extracts
were washed with water and brine, dried over anhydrous
magnesium sulfate and evaporated in vacuo to vield the crude
(o-acylphenoxylacetic acid which was recrystallized from a
mixture of methylene chioride and hexane. The crude 32a was
purified by column chromatography on silica gel (12 % EtOAc-
hexane) or by method D.

Method C. This method was identical with method B
except a cold sodium o-acylphenclate solution and a cold

sodium ol-halocarboxylate solution were first separately

* TJo simptify the purification, 55 mmol of the corresponding
o-acyiphencl was used for 24a, 25a, 28a, and 30a.




52

prepared and then mixed together followed by refliuxing.
Ketoaclids 25a and 30a (Table 1V, p.86, 87) were prepared by
this method.

Method 0. This method was identical with method A, B
or C except dicyclohexylammonium salt of the crude acyl acid
was prepared which was e asily purified by washing with
petroieum ether. A portion of crude 32a was tried with this
method. The ammonium salt was suitable directly for the
cycloaddition reaction without reconversion to the original

acid.

{ (o-Formy | phenoxy}}phenyl]lacetic Acid, 24a. A 9.98-g (78
o )
% yield) portion was obtained as a white solid: mp 140-142 C;
-1 1
IR (DMSO-d6), 3650-2700, 1742, 1665 cm ;3 H-~NMR (DMSO-de),
i3

% 10.55 (s, t H), 7.67-6.85 (m, 9 H), 5.95 (s, | H), C-NMR
(DMSO-d6), &, 189.3 (d), 170.5 (s), 159.5 (s), 136.1 (d),
135.7 (s), 128.9 (d), 128.8 (d), 127.9 (d), 127.4 (d), 125.3
{s), 121.7 (d), 114.7 (4), 78.1 (d).

[ (o-Acetyliphenoxy)phenyl Jacetic Acid, 25a. A 6.89-g
(51 % yield) portion of 25a was obtained as a white solid: mp
185—187OC; IR (DMSO-dé6), 3700-2930, 1735, 1675 cm_l; 1H—NMR
(DMSO-d6), &, 9.47 (s, I H), 7.35-6.46 (m, 9 H), 5.49 (s, |
H), 2.59 (s, 3 H); 1BC—NMR (DMSO-¢6), §, 199.2 (s), 170.5
(s), 156.1 (s), 135.7 (s), 133.5 (d), 129.8 (d), 128.9 (d,
s), 128.8 (d), 127.6 (d), 121.2 (d), 113.8 (d), 77.9 (d),
31.8 (q).

2~ (o-Formylphenoxy)propancic Acid, 26éa. An 8.83-g (70
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7 yield) portion of 26a was obtained as a white sotid: mp 72-
o ~1 1

74 C; IR {(CDCt ), 3700-2470, 1755, 1660 cm ;3 H-NMR (CDC1 ),
3 3
% 10.05 (s, ' H), 7.35~6.38 (m, 4 H), 4.45 (g, J = 6.3 Hz,
13
1 HY, 1.24 (d, J = 6.2 HZz, 3 H); C-NMR (CDCY ), 6, i90.7
3

(d), 174.3 (s), 159.5 (s}, 136.0 (d), 128.6 (d), 124.5 (s),

121.3 (d4), 113.2 (d), 72.5 (), 17.7 (q).
2-(2°-Formyl-6"-methoxyphenoxy)butanoic Acid, 27a.

An B8.45-g (7! % vield) portion of 27a was obtained with mp
o -1 i

113~114.4 C; IR (DMSO-d6), 3700-2850, 1728, 1690 cm ; H-NMR

?

(DMSO-d6), &, 10.49 (s, | H), 6.74-6.31 (m, 3 H), 4.75 (t,

1 H, J = 5.2 Hz}, 3.64 (s, 3 H), 1.86 (m, 2 H), 0.98 (t, 3 H,
13

J = 5.6 Hz); C-NMR (DMSO-d6), §, 206.5 (s), 186.8 (s),
163.7 (s), 161.2 (s), 139.4 (d), 132.9 (s), 126.9 (d), 85.1

(dy, 58.2 (9), 25.3 (t), 6.8 {(q).

[(2’-Benzoyl-5"-methoxyphenoxy)pheny! Jacetic Acid, 28a.

A 16.8-g (93 % yield) portion of 28a was obtained with mp
129—13106; IR (CDCY )}, 3750~-2600, 1734, 1665 cm_l); lH—NMR
(COC1 ), &, B8.73 (s? t H), 7.92-6.39 (m, 13 H), 5.47 (s, I
H), 3?62 {s, 3 H):; 13C~NHR (CbBbC1lt ), S, 195.0 (s), 170.2 (s),
162.8 (s), 156.5 (s}, 138.2 (s),3134.3 (s), 132.1 (s), 131.7

(d), 129.1 (d), 128.2 (d), 127.6 (d)}, 127.4 (d), 126.0 (d),
120.9 (d), 105.4 (d), 77.9 (d), 54.7 (q9).

(2'-Benzoy1—5'—methoxyphenoxy)acetic Acid, 29a. A

12.2-g (85 % vield) portion of 29a was obtained with mp 110~
o} -1 |

112 C3 IR (film), 3700-2550, 1742, 1670 cm ;3 H-NMR (CDC1 ),

3
S 9.12 (s, 1 H), 7.68-6.24 (m, 8 HY, 4.25 (s, 2 H), 3.62 (s,
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3 H): 13c—Nan (CDC1 ), §, 195.2 (s), 169.7 (s), 163.3 (s),
158.1 (s}, 138.1 (S?, 132.6 (d), 132.3 (d), 129.6 (d), 128.4
{(d), 128.0 (d), 127.8 (d), 121.1 (s}, 105.9 (d), 100.4 (d),
66.0 {(t), 55.3 (q).

[o-(3-Phenylpropionyl })phenoxylphenyiacetic Acid, 30a.

A 16.4-g (91 % yield) portion of 30a was obtained with mp

o -1 1
115-117 C3 IR (CDC1 ), 3700-2600, 1739, 1668 cm ; H-NMR
3
(COC1 ), &, 10.35 (s, 1 H), 7.64-6.75 (m, 14 H), 5.68 (s, |
3 13
H), 3.53-2.87 (m, 4 H); C-NMR (CDCI ), §, 202.1 (s), 172.3
3

(s), 155.9 (s), 141.0 (s), 134.5 (s}, 134.0 (d), 129.3-122.2
(m), 79.5 (d), 44.2 (t), 30.2 (t).

2=-(1’-Formy1-2 " -naphthoxy)butanoic Acid, 3la. An 8.39-g
(65 % vield) peortion was obtained with mp 115—11800; IR
(CDCY ), 3700-2680, 1732, 1671 cmﬂl; 1H—NHR (CDCY ), &,
10.973(5, 1 H), 9.25 (s, | H), 7.79-6.88 (m, & H), 4?91 (t,

i Hy Jd = 6.3 Hz), 2.12 (m, 2 H), 1.15 (t, 3 H, Jd = 7.0 Hz);
13
C-NMR (CDC1 ), &, 193.3 (d), 174.9 (s), 161.9 (s), 139.2
3
(s), 137.7 (), 131.5-113.6 (m), 78.3 (d), 26.0 (t)y, 9.4 {(q).

2-(2’-Formyl—-4’-chlorophenoxy)hexanoic Acid, 32a. A

10.28-g (76 % yieid) portion was obtained as a coloriess oitl:
- { 1
IR (neat), 3650-2180, 1738, 1685 cm ; H-NMR (CDCI ), &,
3
11.08 (s, 1| HY, 10.42 (s, | H), 7.53 (s, 1| W), 7.21 {(d, { H,

J =8.2 Hz), 6.83 (d, | H, J = 8.2 KHz), 4.62 (t, |l H, J = 5.6
13
H2), 2.25-0.74 (m, 9 H): C-NMR (CDC1 >, 8, 188.6 (d), 174.6
3
(s) 158.6 (s}, 135.0 (d), 127.7 (d), 126.8 (s), 126.2 (s),

114.8 (d), 53.5 (d), 3z2.0 (t), 27.1 (), 24.1 (t), 13.5 (a).
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Dicycliohexylammonium 2-(2'-Formyl-4°-chlorophenoxy)-

hexanoate, 33a. A pale yellow dicyclohexylammonium salt was
o
obtained from a portion of crude 32a: mp 183-184 ;3 IR (film),
-1 1
3280-2150, 1678, 1639 cm ;3 HM-~NMR (CDC1 ), 5. 10.51 (s, |

3
Ky, 7.77 (s, 1| H), 7.38-6.84 (m, 2 H), 4.46 (t, Jd = 6.2 HzZ,
13
1 H), 2.63 (m, 2 H), 2.07-0.84 (m, 31 H); C-~NMR (CDC} ), o,

3
188.7 (d), 174.5 (s), 160.1 (s}, 134.6 (d), 126.9 (d), 125.5

(s), 125.4 (s), 115.4 (d), 79.8 (d), 52.2 (d), 32.9 (t), 28.8

(t), 28.1 (t), 25.1 (), 24.6 (t), 22.6 (t), 14.0 (q).

General Procedure for Intramolecular Cycloadditions of
Ketenes to Carbony!l Groups.

Method A. This method was similar to the previously
described Method A for the intramoleculqr cycloadditions of
phenoxyketenes to carbon-carbon double bonds except the re-~
actions of aCy{ acids with oxalyl chloride took a longer
time (4~8 h). QOuring the cycloadditions carbén dioxide was
evolved and could be trapped as carbonate by using agueous
calcium oxide. Benszurans 24b, 25b, 26b, 27b, 28b, and 29
(Table 1V, p.86) were prepared by this method.

Method B. This method was identical with the previous-
ly described Method B for the intramclecular cyclicadditions
of phenoxyketenes to carbon-carbon double bonds. Benzofurans
24b, 28b, 30b, 3lb, and 32b (Table [V, p.86, 87) were
prepared by this method.

Method C. This method was identical with Method B
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except the washed dicyclohexylammonium salts were used
instead of the free acyl acids. Benzofuran 32b was also

prepared by this method.

2-Phenylbenzofuran, 24b. A 0.8%-g (75 % yield) portion
and a 0.87-g (78 % vield) portion of 24b were obtained as
white crystals from 1.5 g of 24a by Methods A and B,
respectively. The mp (120—1216C) and spectra were ideﬁtical
with those in the 1iterature (14, 15).

3-Methyl-2-phenylibenzofuran, 25p., A 1.32-g (78 9 vyield)
portion was obtained from 2.2 g of 25a as white solid. The

o

mp (34-34.5 C) and spectra were jidentical with those in the
literature (16, 17, 18, 19).
2-Methylbenzofuran, 26b. A 0.97-g (57 % vield) portion
of 26a as a colorless oil was obtained from 2.5 g of 26a.
The spectra were identical with those in the literature (20).
2-Ethyi~7-methoxybenzofuran, 27b. A 0.98~g (53 % yield)

portion of 27b as a colorless oil was obtained from 2.5 g of
27a. IR (neat), 1625 cmﬂl; tH~NMR (CDCY ), &, 6.92-6.05 (m,
4 H), 3.72 (s, 3 H), 2.61 (g, 2 H, J = 7?5 Hz), 1.57 (t, 3 H,
J = 7.5 Hz); 13C—NMR (COC1 ), &, 160.8 (s), 144.8 (s), 142.6
(s), 130.5 (s), 122.8 {d),3112.6 (d), 105.4 (d), t01.1 (),

55.6 (q), 21.%5 (t), 11.7 (qg).
Anal. Calcd., for C H O : C, 74.98; H, 6.86., Found:
1t 12 2
C, 74.81; H, 6.92.

6~-Methoxy-2,3-diphenylbenzeofuran, 28b. A 1.36-g (82 %

yietd) portion and a 1.39-g (84 % yield) pertion of 28b were
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obtained from 2 g of 28a by Methods A and B, respectively,
with mp IZO—IZIOC; IR (Film), 1614 Cm_lg lH—NMR (CbCi )y, 6,
7.89-6.68 (m, 13 H), 3.71 (s, 3 H); 13C—NMR (CpCt ), g, 158.4
{(s), 154.9 (s), l49.5 (s), 132.9 (s}, 130.8 (s), ?29.6—126.5

(m), 123.6 (d), 120.1 (d), 117.4 (d), 111.8 (d), 55.5 (qg).

Anal. Calcd. for C H O : C, 83.98; H, 5.37. Found:
21 16 2
cC, 84.09; H, 5.34.

6-Methoxy-~3-phenylbenzofuran, 29b. A 1.28-g9 (74 %

yvield) portion was obtained from 2.2 g of 29a with mp 43-44
Oc; IR (CDCl ), 1624 cm-l; 1H~NHR (CDCI ), &, 7.74-6.70 (m,
9 H), 3.68 (2, 3 H)s 13C—NMR (coci ), 5? 158.1 (s), 156.8

(s), t40.1 (d), 132.1 (s), 128.8 (3), 127.1 (d), 121.9 (s},

120.4 (d), 119.6 (s), 112.0 (4}, 96.1 (d}, 55.3 (qg).

Anal. Calcd. for C H O : C, 80.32: H, 5.40, Found:
15 12 2
C, 79.963 H, 5.43,

2-Phenyl1-3-(2’-phenylethyil)benzofuran, 30b. A 1.47-9g

(89 % vyield) portion was obtained as a coloriess oil from
-1 1
2 g of 30a. IR (neat), 1622 cm ; H-NMR (CDCl1 ), &, 7.62-
13 3
6.85 (m, 14 H), 3.28-2.80 (m, 4 H); C-NMR (CDCI! ), &, 154.0
3

(s}, 151.1 (s), 141.3 (s), 131.1 (s), 130.3 (s}, 128.5 (d),
128.4 (d), 128.0 (d), 126.8 (d), 126.1 (d), 124.3 (d), 122.3
(d), 119.5 (d), 115.3 (s), 111.0 (d), 35.6 (v), 26.3 (t).

Anal, Calecd. for ¢ H O0O: C, 88.5%6; H, 6.08. Found:
22 18
C, 88.34; H, 6.13.

2-Ethylnaphtho[2,1-b]furan, 3lb. A 1.24-g (74 % yield)

portion was obtained as a colorless oil from 2.2 g of 3la.
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IR (neat), 1632 cm_l; 1H—NMR (CDC1 ), &, 8.38-7.51 (m, 6 H),
7.13 (s, L H), 3.17 (g, 2 H, J = 7?6 Hz), 1.64 (t, 3 H, J =
7.6 Hz)3 laC~NHR (CDC) ), &, 160.2 (s), 151.9 (s), 130.3 (s),
128.6 (d). 125.8—123.83(m). 112.1 (d), 180.1 (d), 21.9 (t),

12.1 (q}.

Anal. Caled. for C H 0: C, 85.68; H, 6.16. Found:

14 12

C, 85.68; H, 5.91.

2=-n-Butyl-5-chlorobenzofuran, 32b. A 1.29-g (72 %
yield) portion and a 0.63-g (70 % yieild) portion were
obtained as colorless oils from 2.4 g of 323 (Method B) and
2.0 g of 33a (Method C), respectively. IR (neat), 1613 cm—lz
lH-NMR (Coct ¥y, &, 7.24~6.78 (m, 3 H), 6.02 (s, | H), 2.87-
0.68 (m, 9 H?; 13C—NMR (CDC1 ), S, 161.3 (s), 153.0 (s},
130.5 (s), 127.9 (s), 123.1 ?d), 119.7 (d), 111.4 (d), 101.4
(d), 29.6 (t), 28.1 (t), 22.2 (t), 13.7 ().

Anal. Calcd. for C H OCl1: C, 69.07; H, 6.28. Found:

12 13

C, 68.94; H, 6.10.

Demonstration of the Intermediacy of Phenoxyketenes in
the Benzofuran Synthesis.

T7-(2"-Formylphenoxy)}-7-phenylbicyclo[3.2.0}hept-2-en-
6-one, 24c., A solution of 2.53 g (25 mmol) of triethyl-
amine in L0 mL of dry benzene was added dropwise with stir-
rihg to a solution Containing 13.2 g (0.2 mol) of fresh cyclo-

pentadiene and a crude (2*Formylphenoxy)phenylacétyi chioride

{prepared from 5.12 g, 20 mmol, of 24a) in 50 mlL of benzene
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at ice temperature. After 3 h of stirring with an ice bath
the reaction mixture was allowed to warm up to room tempera-
ture and stirred for an additional 6 h. The salt was
filtered and the filtrate evaporated. A column chroma-

tography on silica gel afforded 2.74 g (45 % yieid) of 24c as
-1 1

a pale yellow oil: IR (neat), 1783, 1687 cm ; H-NMR

(cpcl ), &, 10.32 (s, 1| H), 7.72-6.63 (m, 9 H), 5.96-5.50 (m,
3 13

2 H), 4.28-3.49 (m, 2 H), 2.80-2.28 (m, 2 H);  C-NMR

(cocy ), 8, 208.7 (s), 189.5 (d), 158.0 (s), 135.9 -124.1
3

{(m), 121.7 (d), 117.5 {(d}), 98.9 (s), 59.7 (d), 51.2 (d), 34.5
(t)y, 13.4 (q).
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CHAPTER 111

RESULTS AND OISCUSSION

Intramolecutlar [{2+42] Cycloadditions of Phenoxyketenes. to

Carbon-Carbon Double Bonds

(o-Alkenylphenoxy)acetic acids were initially chosen as
precursors to the difunctfonal compounds needed for the
intramolécular [2+2] ketene-olefin cycicadditions. These
acids provided the most favorable pro;imity for the cyclo-
addition reactions and were readily prepared from commer-
.c!ally évailable or easily made o-alkenylphencis and d~-halo-
carboxylic acids as illustrated for {(o-propenylphenoxy)ace-

tic acid. A solution of sodium ¢-bromo- or chlorocarboxylate

N 5 X
OH 07~ cooM
and sodium o-alkény\phenolate in THF or water was refluxed

for 4-16 h. Yields of S0-88% were obtained after recrystal-

lization from hexane or water.

62
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The (o-alkenylphenoxylacetic acids were converted to the
corresponding acid chlorides by reaction with an excess of
oxalyl chloride * in benzene at ambient temperature for 3 h.
The excess oxalyl chloride was removed under vacuum and the
crude acid chloride diluted with benzene and slowly added to
a solution of 2-3 equivalents of triethylamine in benzene at
gentle reflux. This dehydrochlorination resulted in the
phenoxyketene which underwent the [2+2] cycloaddition with
the carbon-carbon double bond in the ortho position as

iltlustrated with (o-propenylphenoxylacetic acid. The cyclo-

A 1)(c0ct), | X

Me

2EtN 7 — O
0™ COOH |

addition products were purified by column chromatography
(3-77 EtOAc-hexane) or recrystallization from hexane. In the
above scheme the intramolecular [2+2] cycloaddition reaction
occurs with the simultaneocus formation of a five-membered
ring, i.e., the ketene functionality and the doub]e bond are

~separated by a bridge of three atoms. These Cycloaddftions

* Oxalyl chloride gives a cleaner reaction and is easier to
handle fthan thionyl! chloride.

77
o
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occurred in yields of 43-88% and the resuits are tabulated in
Table 1. The structures of the cycloaddition products were
determined by the presence of the carbonyl band in the
{nfrared spectra at 1777-1789 cm_l, the IH* and 13C—NMR
spectra and elemental analysis.

To reduce the probability of dimerization or interncle-
cular cycloaddition, it is necessary to keep a low concen-
tration of the reacting ketene. This is accomplished by the
slow addition of a ditute solution of the acid chloride to a
dilute solution of triethylamine.

It is very interesting to note that these intramolecu-
lar {242] cycloadditions are quite stereoge]écgjvg. We were
unable to assign all stereoijsomers based solely on the NMR
spectra due to the complexity of the compounds and the limit-
ed resolution of the spectra. However, a comparison of the
abundances and fragmentation patterns of the isomers in the
GC/MS spectra of all the cycloaddition products strongly
suggested that one of the possible sterecisomers aiways
predominated in a cvycleoaddition reaction. As illustrated
with entry 8, there were obtained two diastereomeric pairs of
enantiomers resulting from two chiral centers. The ratio of
the two pairs was about 5 : 1. These results were similar to
those from the intermolecular [(2+42] cycloadditions of ketenes
to olefins and suggested a concerted [nz +"2 ] mechanism with
a little leading bond formation between ihe :p—hybridized

carbon of the ketene and the 1ess substituted end of the




Table I. Intrameolecular [2+2] Cycloadditions of
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Phenoxyketenes Derived from (o-Alkenyiphenoxy)acetic Acids

Entry Acid, a Cycloagduct, b

=
(4]

9
]
©

MNe
AN ‘ e
. O~ (©Or
0" cooH ~0
Me
N
3 O
077 o0k 0 N0
Me Me
Me
N
HOGENNCO ws
0-T™ coou 0 0
Et £t
Me
N
5 ©Or
077 cooH 0 g
Ph Ph

X
S

COOH

Yield (%)

60

72

76
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Entry Acid, a
Ph
O/M"e\ COOH
o ©/\/
™ 0 “T™NCO0H

Me

Cycloadduct, b

Ph

Et

Yield (%)

84

43

43
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carbon-carbon double pbond in the transition state for the
jntramolecutar counterparts (1, 2, 3, 4, 5, 6, 7, 8, 9, 10).
The (o-vinylphenoxylketenes cliearly give much better
yields of the intramolecular [2+2] cycloaddition products
than the (o-allylphenoxy)ketenes as revealed in Table 1.
This is probabiy due to the greater reactivity of (o-vinyl-
phenoxy)ketenes because in the initial bond formation between
the sp-hybridized carbon atoﬁ of the ketene and the carbon-
carbon double bond any positive charge develdped in the

transition state is on a benzylic carbon atom.
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Substitution in the (o-alkenylphenoxylacetic acids
at the position O to the carboxyl group (acids that would
lead to disubstituted ketenes) does not provide any steric
problems for the cycloaddition as evidenced by entries 1, 3,
4, 5, and 7. Also._substitut{on of a methyl or phenyl group
on the vinyl substituent as in.entries 2-7 provides no
difficulties for the cycioaddition.

This study clearty indicates the usefulness of intramo-
lecular [2+2] cyclcaddition reactions of ketenes which
_ promises to be a powerful syhthetic toocl for the synthesis of

a wide variety of polycyclic compounds.
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Intramolecular [2+2]) Cyclcadditions of Keteniminium

Salts to Carbon-Carbon Doubte Bonds

The intermolecular [2+2] cycloaddition reaction of
keteniminium salts was developed by Ghosez and coworkers
{11). Treatment of an appropriate amide with 1 equivalent of
trifluoromethanesul fonic anhydride (triflic anhydride, Tf Q)
and | equivalent of collidine by the procedure of Ghosez zt

al. gives a keteniminium salt that can add to a carbon-carbon

double bond to give, after hydrolysis, a cyclobutanone.

120 |
— eOT: ‘@\
\

!
H,0 > c=
EARS - m S=_ oTF

Keteniminium saits are more electrophilic than ketenes
and will react with less nucleophilic olefins and do not
undergoe dimerization and oligomerization like many ketgnes,
particutarly aldoketenes. Thererre, since both Ketenes and
keteniminium saits are readily obtained from the same acid

halide, the intramolecular cycloaddition of keteniminium
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salts should complement ketene cycloadditions. However,

the use of keteniminium salts instead of ketenes in intra-
molecular cycloadditions does have some limitations. This
study describes the intramolecular [(2+2] cycloaddition of
keteniminium salts with carbon-carbon double bonds and
compares these cycloadditions with the corresponding ketene
cycloadditions. During the course of this dissertation
study, two communications and one full paper appeared in the
literature on intramolecular [2+2] cycloadditions of keten-
iminium salts to carbon-carbon double bonds (12, 13, 14).

We have attempted the intramolecular [2+2] cycloaddition
of (o-allyliphenoxy)ketene (an aldoketene connected to an
unreactive carbon-carbon double bond) many times under a
variety of reaction conditions but have not been able to

isolate the cycloaddition product. It is well known that

°7=;ﬂ0 KOS 07 N

H

aldoketenes are unstable and susceptibie to dimerization and
oligomerization and evidence suggests that this was the fate
of the aldoketene in this reaction. Converseiy, the intra-

molecular [2+23 cycloaddition of the corresponding (D—a]]yl—‘
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phenoxy)keteniminium salit occurred In a 44% yield {entry 13

0

NEt

. wo _
— 2
—
@fgj\f‘:$Etz O No NP — O 0~

44 v

in Table [1). The fnability of the keteniminium salt to
dimerize and the greater reactivity with the less nucleophi-
1ic carbon-carbon double bond is apparently responsible for
this éycloaddit!on.

An examination of the results presented in Table 11}
clearly shows that for ketoketenes tﬁe ketene cycloaddition
process-provides better vields than the keteniminium sait
method as indicated by entries 10-12. However, the aldoke-
tenes in Table [l give much poorer yields than the ketenimi-
nfum salt method as fllustrated with entries 13-19., This
difference is very dramatic with entries 17-19. However,
it should be noted that entries 17-18 are not alkoxyketenes
or alkoxyketeniminium saits but rather just alky]aldokétenes
which are less reactive than alkoxyketenes,

Increasing the bridge between the keteniminium salt
function and the carpon-carbon double bond from 3 to 7 atoms
(ehtries 12—16) resuits in a significant reduction in yield.

However, thils s not believed to be due to the i{ncreased




Table [I. Intramolecular [2+2] Cycloadditions of
Keteniminfum Saits

Entry Amide, a Cvclobutanone, b* Yield (F)**

ToCONEt, ke |

t
n Ph
M @o | 70 B4
J‘:CONEtz Me\\o |
e
12 A @ 66 85
Oh NEt, Ph%
s @7, 00, «
O/\CONEtz O
" 7 wo 18 0
ONEt2 - !

* 10b=%b, llb=7b, 12b=5b; see Table |, p.65, 66.
** The undertined yvields are those obtained by the
corresponding ketene cycloadditions.
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Table 1l. Continued

Entry - Amide, a3 Cycliobutanone, D Yield (%)

. _ wo 4 .
/”“x/”\u/<:(:PJEEt2 0

H /0
17 @\/\/\CONEt2 4 73 12
\
18 77 O
ONEt, 0
19 4 -
O7CONEt, Y
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bridge but rather the ability of the nucleopnhilic oxygen atom

to become involived in the reaction as has been previcusly
shown. Since the [2+2]) cycloaddition of keteniminfum salts
to the carbon-carbon double bond likely proceeds via a step-
wise mechanism (14), the oxygen atom of the ether 1imnkage of
the alkenyloxyketeniminium salt may undergo a nucleophilic
attack on the positive-charged carbon in the inftially Forﬁed
tntermediate to generate an oxonium salt if the bridge
between the two reacting functional groups is no less than

four atoms.

' NEt
v E

® o

NEt2

Entries 15 and 16 also provide another possibility for a
fFaclle cyctlization without involvement in the olefin function

as {llustrated with entry 16.

|
20
°d

NEt




75

Although the size of the keteniminium salt function may

provide steric hindrance to the cycloaddition, the cyclo-

additions of entries 10-12 gave good vyields. The generally
low yields for the keteniminium salt cyclcocaddition may be

largely attributed to the intrinsic formation of N-acylated

side products which cannot give rise to the keteniminium salt

in the presence of collidine.
0 TF O 0 ° " o
2
\/k - \)I\om > ==,
NR, NR, '

Tf

Probably due to steric hindrance, the cycloaddition of

entry 12 did not have much competing ene reaction which would

usually vield the Friedel-Crafts adduct upon hydrolysis as

® 7
H ’ ‘,ﬁ,‘?’ H O 0
H } ..JL* '
—
H 07 phn
Ph

intramolecutar ketene and keten-

illustrated.

dr‘b

&
elJH

Cil ¢

0’“\\‘Ph

The comparison of the

iminium salt procedures in entry 17 is particularly note-
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worthy. This is an example of an aldoketene or aldoketen-
iminium salt separated by a three atom bridge and the keten-
iminium salt gives a 73 % vield and the ketene procedure
gives only a 12 % yield. Aiso, in entry 18 the keteniminium
salt procedure gives a 77 % yield of the adduct and the
ketene gave no detectable cycloaddition product.

Despite the low yields, the products of entries 13-16
have not been availablie by any conventional method. The
cycloadduct obtained from entry 18 is a very interesting
polycyclic compound and the cycloaddition of the keteniminium
salt of amide 19a provides a new approach to spiro compounds.

The hydrolysis of the initially formed cycloadduct, an
iminium salt, for entries 17 and 18 could only be accomplish-
ed by an alkaline agueous solution. However, these basic
hydrolysis conditions would destroy 19p even at ambient
temperature.

Uniike the sterecselective intramolecular [2+2] ketene-
olefin ¢ycloadditions, the intramolecular [2+2] keteniminium

salt-otefin cycloadditions gave different mixtures of stereo-




i somers because of the change from a concerted to a stepwise
mechanism as iliustrated with entry 13.

During the course of this study, a convenient method for
the synthesis of precursors for intramolecutlar cyclioadditions
of ketenes to carbon-carbon double bonds was discovered as a
collaporation effort with Wu (15). That is, the Wittig
Reaction of ketocacids without protecting the carboxyl groups
to yvield alkenoic acids.

1n a literature search for the preparation of suitable
unsaturated acids, the precursors needed for the intramole-

cular ketene- or keteniminium salt-olefin cycloadditions, we

77

found only a few reports. Most of these reports utilized the

conventional Wittig Reaction. There are generally three

types of Wittig Reactions most often found in the literature.

0
i

+ PhP=X —
[I]C_C\OZR PX O

m A C:OZRQZR
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Routes [1] (16, 17, 18) and [II] (19. 20, 21, 22)
require esterification of the ketoacid and then removal of
this protecting group, which considerably reduces the
efficiency of the reaction. In route [I111] (23, 24, 25), the
starting haloacids in which the halogen atoms are nct in the
od~position are relatively unavailable. -

The direct conversion of readily available Ketoacids to
unsaturated acids in one step without protecting the carboxyl
groups by using an excess of the Wittig reagent was accom-
plished in this study.

The only available report on such a procedure in the
literature was a Japanese Patent which describes the

synthesis of a prostaglandin-related compound (26).

(CH,)gCOOH  R,P=CHCOR (CH, );COOH

N\
CH=C

H=CHCOR’

The Wittig Reaction of salicylaldehyde without

protecting the hydroxyl group (27) prompted the exploration

of this procedure.

HO PhPCHRBI CH=CHR

»
o KCG OH
MeOH
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The Wittig Reaction of ketocacids proceeds readily and

smoothly with an excess of the reagent and usually will take
o
place at ambient temperature or lower than 60 C as

illustrated with the preparation of &6-phenyl-6-heptencic

acid.

| eq
2.7eq Ph{>CHBr

. |
@/I'\(CHz)&/COzH
' —> CHZLCO;‘

2 6eq n-Buli

The starting ketoacids are usually quite accessible and
it was for this reason the one-step Wittig Reaction was the
most reliable source of alkencic acids. The conversion of
four ketoacids to unsaturated acids along with yields are
shown in Table [11. Ketoacid 20c was prepared by a standard
procedure for ketoacids (28, 29} and 2lc was easily prepared
from salicylaldenyde and 2-chioropropancoic acid. The ethyt
esters of 22¢ and 23c were provided by Wu (15).

Entries 20, 22, and 23 are all new compounds which wouild
likely be difficult to prepare b? other methods. For
instance, the application of the Peterson Reactfon (30, 31,

32, 33) and the Grignard Reaction to the syntheses of 22d and




Table 111. Conversion of Ketoacids to Unsaturated Acids by

Wittig Reaction

Entry Ketoacid, ¢ Unsaturated Acid, d * Yield (%)
0
. _AQCH (CHI)/COOH
c
20 { HQ4 4 71
H
~ 0
0T coon /"/:tooﬂ
Me
0
22 |
79
COOH COOH
' ,,H 82
N\

0,85}
Np

* 2ic = 26a in Table 1V,

\—coon

p.86; 21d = la in Table I, p.65.




81

23d have been unsuccessful either with or without protecting
the carboxy! groups. Although 21d (= la in Table [, p.65)
has been prepared from o-vinylphenol and 2-halopropancic acid
previously, the instability of o-vinylphenocl has made the
preparation very difficult.

Table 111 shows that both a1dehydés and ketones, either
with or without a ether Jinkage, will undergo this con?enient
reaction in satisfactory yields and usually the alkenocic
acids are sufficiently pure for the direct use in the cyclo~
additions. Although this reaction requires more than two
equivalents of the corresponding vlide, this procedure is
still more efficient than the carboxyl-protected route
because it essentially eliminates two steps and also provides
much easier purification.

It is proposed that the conditions suitable for this
reaction will generally parallel those for ordinary Wittig
Reactions. The following bases and solvents have been
successfully utilized in this procedure: dry n-8utLi/DMSQO,

NaH/DMS0, NaH/THF, NaH/DMF.
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Intramolecular [2+42] Cycloaddition Reactions of Ketene

and Carbonyl Groups. A New Synthesi{s of Benzofurans

The intermolecular cycioaddition of ketenes to carbonyl
compounds is significantiy different from the cycloagdition
to olefinic compounds. Elevated temperatures, Lewis Acid
catalysts or activation of the carbonyl group is usually
required for intermoliecular ketene-carbony! compound cyclo-

additfions (34, 35, 36, 37, 38, 39). However, {n an appro-
O
PhC=C=0 + PhCHO'®Ee PhC=CHPR 20 %

Zn e L0 A
ccrcoct Ewciescz0 S0

Zfﬂ:lz Cl 0
CCly
CCl, HJ__
RHC=C=0 + =) —*

H” N

H O

prtate intramolecular cyclicaddition of a ketene function
with a carbonyl group the proximity of the two functiochal
groups provides a more favorable condition for cycloaddition.
We found that the cycloadditions occur readily with both
aljdehydic and ketone carbony! groups.

The dianct#ona1 compounds used as precursors for the

fmtramolecular cycloadditions were {(o-acylphenoxyj)acetic
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acids. The reason for this choice was threefold. First,
these aclds can be readily prepared from commercially avai-
lable or easily made o~acylphenols and d-halocarboxylic
acids. Second, the proxmity of the two functionai groups,
the high-lying HOMO (raised by conjugation with the benzene
ring) of the carbonyl group (40), and the aromaticity of the
anticipated product (benzofuran) were all expected to provide
most Favorable conditions for cycloaddition. Third, the
convenient synthesis of benzofurans by the decarboxylation

of the cycloaddition products should in many cases serve as a
much improved procedure for the preparation of many
substituted benzofurans.

As illustrated for (o-formylphenoxy)phenylacetic acid,
equal molar amount * of salicylaldehyde and {-bromophenyl -
acetic acid in dry THF upon treatment with sodium hydride and
refluxing gave a 78% yield of the desired difunctional com-

pound. Yields of 51-93 % of the {o-acyliphenoxyl)acetic acids

H
0 0
. R-CH-COD @
0 Ph 0-7~c00
Ph

H

* See page 51.
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were obtained after recrystallization from a mixture of

hexane and methylene chioride.

The ketenes were generated from either the acid
chlorides or acyl tosylates. The conversion of appropriate
acyl! tosylates to ketenes is a new procedure and will be
discussed in the next section.

The (o-acylphenoxy)acetic acids were converted to the
corresponding acid chioride by reaction with 5-8 equivalents
of oxalyl chloride * in benzene at ambient temperature for
4-8 h. The excess oxalyl chloride was removed under vacuum
and the crude acid chloride diluted with dry benzene and very
slowly added to a dilute solution of 3 equiv of triethytamine.
in benzene at reflux. The dehydrochliorination of the acid
chloride was evident by the immediate formation of the amine
salt. The reaction mixture was refluxed for up to 3-4 h
during which time carbon dioxide was evolved as evidenced by
trapping as the carbonate. We believe this dehydrochlorina-
tion resulted in the phenoxyketene which underwent a [2+2]
cycloaddition reaction with the carbonyl group in the ortho
position to yield the 3-lactone as illustrated with (o-for-

my tphenoxy)phenylacetic acid.

* The use of thionyl chlioride instead of oxalyl chloride may
cause an attack on the carbonyl! group (41). Also, oxalyl
chloride gives a cleaner reaction.
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The tricycliic f-lactone cycloaddfition product spontane-
ocusiy uhderwent decarboxylation to yield the benzofuran as
evidenced by the elimination of carbon dioxide. The workup
simply involived filtration to remove the amine salt and
purification by use of a siltica gel column fhexane or 0.5 %
ethyl écetate in hexane). Pure benzofurans were obtained In
vields of 53-82 % » from the corresponding carboxyiic aclds
as illustrated in Table 1V. Refluxing benzene or tolukne may
be used as the solvent for the cycloaddition.

It §is of interest to note Iin Table IV that unlike inter-

molecular cycloadditions, there is little difference In

* These yields are only refered to those from the acid
chloride method.
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Table IV. The Synthesis of Benzofurans via Intramolecular
[2+2] Cycloadditions of (o-Acylphenoxy)ketenes

Entry Acic, a Benzofyran, b "Yielad (%)

H
0
24 | 75
07> cooH 0~ ~Ph
Ph
. .
0 Me
25 | 78
0T cooH 0 Ph
Ph
H
26 0 @j )
Me
0 7™ coo 0
Me
H
O @fj
53
27
0T cooH 0~ Et
Me Et OMe
P
0 Ph
28 ; 82
Ph
Ph

0 ' Ph
23 [ 74
e 07 copn M0 0
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Tabte V. Continued

Entry Acid, a Benzofuran, b Yield (%)

0

Fh h
76, 0" Ph

H
3 A @ 74
St . h )
t

f{

Cl
32 0 Ct@;ﬂ\ 72
0 7\C02H Bu—n
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whether the carbonyl group is an aldehyde or ketene (37). To
demonstrate the tremendous 1mportanée of the proximity effect
oF.the two reacting functions, we attempted the ig;ggmolecu-
lar cycloaddition of benzaldehyde with phenoxyphenylketene
under the same conditfons as described above for the intramo-
lecutar cycloadditions (This is the exact counterpart of

entry 24 in Table IV,). We found no evidence of the f3-lac-

Ph Ph ,OPh
Ph Ph O \/O
Seec=0s om0 3T A ]
PhO H H .0 2N
Ph H” ey,

tone or the decarboxylated product, 1,Z2-diphenyiphenoxy-
ethene; however, a considerable amount of black tar was
formed. This result is consistent with that reported by
Staudinger (37).

The described reaction is very similar to the well-known
Perkin Reaction for the preparation of benzofuran (42):
therefore, we felt it necessary to demonstrate that thése
reactions were indeed occurring via ketene intermediates.
We were unable to detect the ketene and/or the 3-lactone
bands in the IR upon examining the spectra of the reaction
solutfons. However, we have demonstrated the intermediacy

of phenoxyketenes in these reactlons by trapping the ketene
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with cyclopentadiene and isolating this cycloaddition product.
The [2+2] cyclopentadiene adduct of the phenoxyketene (entry
24 in-Table 1V) has been isolated and charécterized by the
presence of the carbonyl band in the IR at 1783 1::mml and by

1 13
analysis of the H- and C-NMR spectra. Furthermore, the

0 . 0 |[1)
0 — ©CL
07=*=0
Ph

Perkin Reaction s normally only applicable to aromatic alde-
hydes aﬁd not ketones and of course the present procedure
works quite weli for ketone carbonyl groups as evidenced by
entries 25, 28, 29 and 30 in Table V.

The Frontier Orbital Theory and the aromaticity of the
benzoF;rans also play important roles in this cycloaddition.
In entry 24, for example, both of the ketene function and the
carbonyl group are conjugated with a phenyl group. The
effect of the conjugation Is to raise both HOMO’s but lower
both LUMO’s of the two reacting partners. Therefore, the two
HOMO-LUMO interactions are both considerably enhanced as
fliustrated. Besides the intriguing benzofuran system, we

héve attempted the cycloadditions of a few other ketenes
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Rh Ph ,_
=0 ,C=0 ,C=C=0 3¢=C=0

derived from their ketoacid precursors. However, the absence
of the-driving force which the benzofuran system posesses for
the cycloaddition resuited in little or no cycloaddition.

For instance, we have attempted the cycloaddition of 23¢c in
Table [II many times under a variety of reaction conditions
but have not been ablie to detect or isoléte the cycloadduct

even though 23c provides the most favorable proximity. Also,

N/ ~ /
AN A B

(an anti-Bregt compound)
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the intramolecular ketene-carbony! cyclioadditions derived
from 20c In Table 11l and 3-(27-benzoyl-5"-methoxyphenoxy}-
propanoic acid, where the carbonyl groups ére conjugated with
one or twoe phenyl groups, afforded only 7 % and 0 %, respec-

tively, yields of the decarboxylated cycloadducts. The tack

>==0 _..@6 7 %

O O

=0 MeO
of aromaticity of the products * and the unregactivity of the

0
p H

aldoketene are likely responsible for these results,
The benzofurans or coumarones have long been known to be
widely used in many areas but principaliy in pharmacolcgy.

Most of the syniheses suffer from uncommon starting mate-

»

In many cases where the ketene cycloadditicon products
suffer from high steric strain or are unstable for some
reasons, the retro cyclioaddition may occur appreciably and
the cycloadditicon reaction will be considered as being
reversible. However, in the scheme on page 85, the
decarboxylation of the initially formed 3-tactone gives a
very stable aromatic benzofuran thus driving the whole
reaction sequence to the final product.
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rials, compiicated reaction conditions, poor yields or leng-
thy procedures (43, 44, 45, 46, 47, 48). The synthesis we

describe is generally applicable to substituted benzofurans
and should serve as a much improved procedure for the prepa-

ration of many substituted coumarones.
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A New Preparation of Ketenes for Intramolecular

Cycloadditions

During the course of this research on intramolecular
cycloaddition reactions of ketenes, a new method for ketene
generation was discovered as a collaboration effort with Wu
(15). This method in most instances is a substantial
improvement over existing methods.

The traditional methods for ketene generation include
the dehydrohalogenation of an appropriately substituted acid
halide and the zinc dehalogenation of an ¢l-haloacid halide.
Both methods normally require the preparation, isolation and
purification of an acid halide.

This new preparative method utilizes tosylate as a
leaving group rather than the traditional halide. [t is not
necessary to isolate the tosylate and hence, we have a one-
pot synthesis from the carboxylic acid to the ketene cyclo-
addition product. This method is illustrated in the follow-
ing scheme with {(o-propenyliphenoxy)phenylacetic acid (which
is readily obtained from o-propenyiphenol and %-bromophenyl-
acetic acid). The acid is converted to the tosylate and
subsequent trisethylamine-promoted elimination of p-toluene-
sulfonic acid results in the formation of the correspénding
phenoxyketene. Under ouf reaction conditions, the ketene
spontaneously undergoes an intramolecular [2+2] cycloaddition

to afford the corresponding tricyclic ketone. The overall
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yield of the cycloadduct from the acid is 83 %. 1t is of

AN 2 EtN
TsCl
0“7 COo0H 0-7¢00Ts
Ph |

Ph

Me

D NG
- Cr
Of/:: —0 0 \\0

Ph*

interest to note that the intermediate tosylate in this
elimination reaction is in fact a mixed anhydride.

The results obtained by using this new procedure with
four different intramolecular systems are contrasted with the
conventional acid chloride procedure in Table V. It is
apparent that the two procedures afford essentially
equivalent yields of cycloadducts. The first two examples in
Table V involve in situ cyc10addition of the phenoxyketene to
a carbon-carbon double bond, and the latter two exampies
fllustrate in situ cycloaddition of the phenoxyketene to the
carbonyl group of an aldehyde and a ketone, respectively.
The.carbonyl group cycloadditions afford 2-oxetanones which
spontaneous ly decarboxylate to the corresponding benzofurans.

The one-pot preparation of the ketene cycloaddition
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Table V. I[ntramolecular [2+2] Cycloadditions of
Phenoxyketenes Generated by the Tosylate (07s) and the Acid
Chleride (X) Procedures

Entry  Acid or Cycioadduct, b Yield (%)
Ammonium Salt, & (OTs) {X)

Me
AN
5 N 83 85
~ 0 ~7~COO0H 0 0 .
Ph Ph
/ .
8 | N 50 43
07> CO0H 0 ~0
Me Me

M
0
]
24 (:) | 78 75
0~ T COO0H 0~ Ph
Ph
Ph
\0 Ph
28 | \ 84 82
Me0 0-T~CO0H MeD o Ph
Ph
H

1
33




96

product from the carboxylic acid via the ketene eliminates
the acid halide preparation, isolation and purification step,
thereby significantly simpiifying the synthesis. The rea-
gents used to prepare the acid chlorides (e.g., thionyl
chloride and oxalyl chioride) are lachrymators and usually
generate hydrogen chloride as a by~product. The inexpensive
p-toluenesul fonyl chloride is much easier to handle thén
these lachrymators and the troublesome hydrogen chloride gas
is not generated when an excess of triethytamine is used. We
have tried other sulFonyl.chlorides and found that benzene-
sulfonyl chloride and tosy! chloride are equally effective,
nowever, methanesulfonyl chloride is not effective because
this reagent reacts with triethylamine.

This tosylate procedure can also be used in such a
manner that the purification of the precursor acids can be
accompl ished by preparing the dicyclohexylammonium salts and

the washed ammonium salts can be reacted directly with tosyl

}* (Crude) | }{

Cl
07>coH ©§2Ni Oﬁ%zﬁ'*z@)z
n-Bu n-Bu

'Qashed with

| | - H pet. ether
Bu—n TEA Of\c%zf?m @1

n-8u

Cl




chloride as iilustrated with entry 33, Advantage was taken
of the outstanding crystallizing property of the dicyclio-
hexylammonium salts (49). Usually, a dirty and oily crude
carboxyliic acid was dissolved in ethanol and upon treatment
with about 1 equivalent of diecyclohexylamine the salt
crystallized immediately. After adding an appropriate amount
of petroleum ether, the salt was filtered, washed with
petroleum ether and reacted by the one-pot tosylate procedure
described above.

The utilization of the tosylate procedure for the prepa-
ration of diphenylketene (an isolable ketoketene, 37) from
diphenylacetic acid is not effective because the initially
formed diphenylketene competes for the diphenylacetic acid.
We have demonstrated that diphenylketense is formed by this
procedure as evidenced by the ketene band in the infrared
spectrum of the reaction solution at 2100 cm_i.

A serious drawback of the use of p-tosyl chloride is
that the removal of this excess reagent requires a prolonged
stirring with alkaline aqueocus and clearly this would destroy
such cycloadducts as (3-lactones and (3-lactams. It is pro-
posed that trifuoromethanesulfony! chloride can be used
instead for this purpose due to its ease to remove under
vacuum.

Many intermolecular cycicadducts have been reported to
be potential biclogically active compounds or important

intermediates in organic synthesis. it is clear that Intra-

97
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molecular ketene cycleoaddition reactions as well as the
secondary synthetic application of the intramolecular cyclo-
adducts will prove to be a powerful synthetic tooi for the
organic chemist. This tosyliate method provides an improved
and simplified one~pot synthesis of the cyclocadduct from the
carboxylic acid. It is hoped that these initial results will

help bring about more success in further related studies.
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