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ANNELATION REACTION BY USING HETEROCYCLIC COMPOUNDS

Pharmaceutical Institute, Tohoku University

Acbayama, Sendai 980, Japan

This review deals with the recent advances
in the use of heterocyclic compounds as annelat-
ing reagents, especially as applied to the syn-

thesis of natural products.

I. INTRODUCTION

£ 2

have bheen one

of the most widely used synthetic methods in organic chemistry?nlo

Annelations related to the Robinson reactionl

This reaction has proven to be invaluable to the organic chemist
for the gsynthesis of such complex natural nroducts as steroids,
terpenes, and alkaloids. The original wnrocedure involved a nu-
cleaphilic attack of a ketone or ketoester enolate, in a Michael
reaction, on a vinyl ketone to produce the intermediate 1 which
undergoes subsequent aldol-type ring closure to keto alcchol 2
followed by dehydration to the annelation nroduct 3 (Scheme 1).
Although the process is very valuable, the Robinson annelation
is unsuited for ordinary carbonvl substances since strongly basic
enolates initiate polvmerization of the vinyl ketone, ‘A variety

of modifications to overcome this restriction has been reporated
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and includes the use of Mannich base and methiodidell, R-halo

ketonelz-l5, enaminels, tg-silyl enonel7, and oa-methylene cycla-
nonelg. Another kind of modifications is the use of alkyl hali-

- A—
des19 23 24-32

{and sulfonates) and allvlic {or benzylic) halides.
These reagents have potential since they may be abkle to trap re-
giospecifically enolate ions generated under aprotic, nonecuilib-
rating conditions.

- In this reviews we wish to summarize annelation reactions by
means of heterocyclic compounds as annelating reagents and discuss

their anplication to the synthesis of natural nroducts.

IY. THE ISOXAZOLE ANNELATION

The isoxazole annelation which uses 4-halomethylisoxazole de-
rivatives as the reagent are at first introduced by Stork and coworkers>>.
Thev alkylated the sodium enolate of lO—methyl—Al’g—octalin-Z,5—
dione (i) with 4-chloromethyl-3,4-dimethyliscxazole (2) to give
Q in 70 % vield. Selective hydrogenation of 6 where the oxazole
ring survived was carried out with palladium-charcoal by using
ethyl acetate-triethylamine (3 : 1) to afford the compound 7] in
70 % yield. The rate of hydrogenolysis of the isoxazole ring was
shown to be pH dependent since compound g was completely hvdro-
genolyzed with palladium-charcoal for 3 hr in ethyl acetate-tri-
ethylamine (1 : 1} but unaffected in ethyl acetate-acetic acid
(5 : 1) for 20 hr. Based con this observation, quafernization of
1 with triethyloxonium fluoroborate followed by treatment with
5 % sodium hydroxide, gave via 3 the cyclized compound %R in about

35 % .vield. In more satisfactory transformation of the isoxazole
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ring, compounds 1] and 12 were reduced with palladium-charcoal in
ethyl acetate-triethylamine (1 : 1) to give the carbinolamides AR

and 14, respectively, followed by treatment with 10 % potassium

hydroxide to afford an eguilibrium mixture of Al'g—and A9,10_2_
octalone 15 in high vield (Scheme 2a and 2b.)
QViav)
Scheme 2a
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Scheme 2b
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The mechanism of isoxazole conversion suggests that it is the
alkyl group next to nitrogen which is retained in the final 3-
ketoalkyl chain. Evidence for this mechanism was obtained as
followss4. Dehydration of the cyclic carbinolamine 17 obtained
from the hydrogenolysis of isoxazole %é, took place with 10 %
sodium hydroxide to give the hexahydroguinoline i8. Refluxing 138
with 20 % ethanolic potassium hydroxide afforded 20, which was

transformed into lO—_phenyl-Al’9

-2-octalone (%%) on prolonged
heating with agueous base or by hydrolysis with acetate buffer
to the diketone followed by cyclization with hot 5 % ethanolic

potassium hydroxide (Scheme 3).
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Scheme 3
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This observation led to the use of the isoxazole %% as bis-
annelation reagent in the synthesis of D-homotestosterone {%ﬂ) and
progesterone (%1)35. Alkylation of the enolate derived from the
octalcne % with %% gave in moderate yield the isoxazole 23 which
was converted by the usual reaction sequences to the tricyclic
enone %% in 60 % overall yield. Initially the Clg—methyl group

was introduced via sodium tert-amylate or sodium hydride, and
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methyl iodide to afford the usual mixture of Ag'll-IOB 28 and
l0a-epimers %2. Subseguently it was observed that the alkylat-
ion-trapping method directly converts %é inte a single isomer
(23) in almost quantitative yield. Transformation of 25 into
D-homotestosterone (%é) and progesterone (%z) was achieved by

the usual multi-step sequences (Scheme 4a and 4b).

Scheme 4a
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Scheme 4b
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In contrast to the finding 34 that the carbinolamine %@, upon
treatment with base, is rapidly dehydrated to the dihydropyridines
18 and %Q) which are susceptible to oxidation and/or disproportion-
ation, Saucy and coworkers36 imnroved the isoxazole annelation reaction
as follows. The ketals 31 and 32, obtained in 85 % and 86 % yield
by the usual ketalization, were hydrogenated over palladium-
charcoal in 3 ~» 4 %3 ethanolic potassium hydroxide solution. The

Scheme 5

%Q : =1 %% : n=1(85%)
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resulting vinylogous amides %% and %é were heated in 20 % agueocus
potassium hydroxide solution to give the keto ketals <7 and 36

in 83 % and 84 % vyields from 4L and 32, respectively. The keto
ketal 36 was heated with methanolic hydrochloric acid to afford
directly in 76 % yield from the isoxazole 32 the octalone 33,
which contains about 20 % of the isomeric B,y-unsaturated ketone.
These yields compare favorably with the 50 % yield previously
reported33 for the conversion of %% into %2. However, treatment
of the keto ketal 35 with methanolic hydrochloric acid caused
deketalization to %{ which was not cyclized under these conditions
but was converted with methanolic sodium hydroxide intc the inde-
none %@ (57 % vield from the ketal %k) {Scheme 5).

Scott and Saucy37 applied iscoxazole annelation for the syn-
thesis of (i)-estr-4-ene-3,17-dione and (t)-13f-ethylgon-4-ene-
3,17-dione. The desired lactone 44 was synthesized by two di-
fferent routes. TInitially, the anion of diethyl B-oxopimelate
(%Q) was alkylated with 4—ch10romethyl-3,S-dimethylisoxazole (3)
and the crude alkylated diester 4] was saponified with dilute
sodium hydroxide followed by acid treatment to obtain the acid
42 which was subsequently reduced with sodium borohydride to give
the lactone %% in 32 % yield. Alternatively, the chloride q was
converted into the phosphonium salt %§,¢followed bv reaction with
acrolein dimer (%Q) to furnish éz which was then treated with di-
lute sulfuric acid in dioxane to give the hemiacetalrég. After
oxidation of 48 with manganese dioxide, the resulting lactone 49
was hydrogenated over palladium-charcoal to afford the isoxazole

lactone é%, in 76 % yield (Scheme 6a and 6b).
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Scheme 6a
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Scheme 6b
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Reaction of this lactone 24 with vinylmagnesium chloride gave
the vinyl ketone 30 which was treated with diethylamine tco afford

the corresponding Mannich base 3l in 80 - 85 % overall yield. Con-

Scheme 7a
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Scheme 7b
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densation of the Mannich base (E%) with Z-methylcyclopentane-1, 3-
dicne (Q%) in toluene-acetic acid provided in 81 % yield a mixture
of trans and cis dienol ethers 54 and 56. Reduction of this mix-
ture with lithium aluminum hydride gave the trans and cis dienol
ether alecohols 38 which were hydrogenated over palladium to afford

60. Hydration of §Q with 1N sulfuric acid in acetone gave the

A
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hemiketal £2 as a mixture of compounds with unknown configuration
at €C-3a and C-9b. Without isolation, hemiketal Q% was directly
oxidized with Jones reagent to give the trione Q% which was again
directly cyclized with methanolic sodium hydroxide sclution to
give the racemic tricyclic Aione 6, in 33 % overall yield. Si-
milarly the dione QZ was obtained in 37 % vield from the lactocne
(44) (Scheme 7a and 7b).

To complete the synthesis of the steroids 71 and 72, it was
necessary to saturate the 2 double bond in compounds 66 and 7
stereoselectively and to elaborate ring A. Hvdrogenation of the
enones £¢ and pJ over palladium-charcoal in anethanol-triethyl-
amine mixture (3 : 1) gave the diones é@ and §9. When the hydro=
genation mixture containing the dione §8 was made alkaline with
0.1 N in potassium hydroxide, a second equivalent of hydrogen was
rapidly taken up to yield the vinylogous amide zg which was conver-
ted upon heating with agueous base into J1 in 45 % yield from Qﬁ'
Based on the previous work36, it was theorized that if the cycli-
zation of the initial ixosazole hydrogenclysis product to the
carbinolamine from 19 was prevented, the overall yield might be
significantly higher. 1In fact, this proved to be the case. The
crude dione §B was ketalized to give the bis-ketal 73. Hydro-
genolysis of this bis-ketal zé over palladium-charcoalin 4 %
ethanolic potassium hydroxide solution proceeded smoothly. Addi-
tion of 20 % agqueous potassium hydroxide sclution to the hydro-
genated solution, followed by heating, gave the keto bis-ketal
{{- Heating 77 with methanolic hydrochloric acid caused deketali-

zation and cyclization to give the stereid J1 in 80 - 85 % vield
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from g8. 1In a similar manner, 72 was obtained via 74, 16, and 18
from 9 in 70 % yield,

This multi-step synthesis of steroids proved that the isoxazole
ring is verv stable to most reagents but is readily opened by hydro-

genation under the proper conditions (Scheme 8a and 8b).

Scheme 8a
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Scheme 8b
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As an extension of the study described above, Saucy and co-
workers succeeded in synthesizing (+) —estr-4-ene-3,17-dione

(37} from the optically active Mannich base {2. Reaction of the

Scheme %a
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racemic vinyl ketone 22 with (-)-a-phenethylamine gave the di-

astereomeric Mannich base Z% and %2. Similar reaction with (+)-

a-phenethylamine gave the antipodal Mannich bases g% and Q%

(Scheme 9%a and 8%b) .

Reaction of the base 73 with the dione 32 in a toluene-pyridine-

acetic acid mixture gave a mixture of trans %% and cis g% dienol
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ethers which were converted into the dione 83 by using the same
reaction sequences described for the racemic serie$37. The op-
tical purity of the dione (B9) was determined to be 44 % by com-

Scheme 10a
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Scheme 10b
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Scheme 1l0c¢

2

parison with an authentic sample synthesized by alkylation of the
enone 922 with 4-chloromethyl-3,5-dimethylisoxazole (é) followed by
acid~catalyzed cleavage of the ether group and oxidation of the
resulting alcoheol 2%- Alternatively the Mannich base {R was quater-
nized with methyl iodide in the presence of potassium carbonate and
the crude salt was then treated with B2 in agueous tert-butyl alco-
hol to give a mixture cof compounds which is in accord with the
general structure %@. Treatment of this mixture with p-tcluenesul-
fonic acid gave the diencl ethers B3 and 84 in 46 % vield from the
Mannich bhase J9. The enone B9 prepared from this mixture was
fractionally crystallized to give optically pure (+)-19-(3,5-di-

methyl-4-isoxazolyl)-de-A-androst-9-éne-5,17-dicne from the dienol
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ether mixture 3\3}{% and ,Q,% in 31 % yield. Conversion of the op-
tically pure enedione (82) to (+)-estr-4-ene-3,17-dione (37) was
carried out as previously described for the racemic serie537 (
Scheme 10a, 10b and 10c).

9(11)

Optically active A -dehydrotestosterone (l13), a potential

Scheme 1la
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Scheme 11h
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Scheme 1llc

OR'

LR

18 kL7

intermediate for the synthesis of ll-oxygenated steroids has been
synthesized by isoxazole annelation, starting from the optically
active methylene ketone %2 and the isoxazole %§39. Condensation

of 38 and 2?2 in the presence of base led, via intermediates 100

and %Q%, to the acid %Q%, which readily decarboxylated on warming
to give the tricyclic enone 103 in an overall yield of 65 %. Ace-
tylation andbenzoylationof 104, prepared by hydrolysis of 103,
gave esters 105 and l06. The reaction conditions for the stereo-
specific introduction of the Clg-methyl group in compound %Q% were
investigated and methvlation of the enolate, derived by treatment

of 103 with sodium hydride in glyme, with methyl iodide at low tem-
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perature gave %QZ in 78 % yield. Conversion of the tricyclic
compounds 107 and 110 inte L13 and 114 via acetal ils, vinylogous
amide l16, and ketoc acetal Al7 was achieved by the same reaction
sequences described above in 53 % aﬁd 37 % yields from 187 and
%%Q, respectively {(Scheme 1l1la, 1llb and llc}.

Dedimethylamino~l2a-deoxyanhydrotetracycline (128) and l2a-
deoxyanhydrotetracycline (%%2) have been synthesized by using 3-
benzyloxyisoxazole system for the purpose of introducing the B-
keto amide System40. Michael addition of the isoxazole il to
the tricyclic dienolone 118 followed by deesterification-decarbo-
xylation afforded Agl in 86 % yield. Compound Agl was dehydrated
to give 123 which was then cyclized to 126 in 85 % yield. Finally,
(+)-dedimethylamino-l2a-deoxyanhydrotetracycline (%%g) was ob-
tained in more than 90 % yield by the hydrogenolysis of %%Q over
palladium-charceoal. Similarly, for the synthesis of 123 Michael
addition of Al8 to the Schiff base 120 gave a mixture of epimers
122 which was dehydrated (with hydrolysis of the Schiff base) to
&%é by warming with diluted hydrochloric acid. The resulting
crude product was reductively methylated giving 2R in 40 % yield.
Cyclization of %%é furnished in 74 % vield the tetracyclic %%z
whose hydrogenolysis then afforded (*)-12a-deoxyanhydrotetra-
cycline (129).

Thus, annelation seguences involving iscxazole rings have
proven useful in the synthesis of a number of steroids and tetra-

cyclines (Scheme 12a and 12b).
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Scheme 12a
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Scheme 12b
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The successful introduction of 6-vinyl-2-picoline (%%Q) as an
eight-carbon fragment for bis-annelation has been achieved by
Danishefsky and coworkers4l_44. For example in the transformat-
ion of cyclohexanone intoc tricyclic compounds k%%, reaction of
the pyrrolidine enamine of cyclchexanone (%%%) with %%Q gave the
picolylethylated ketone %%% in 54 % yield which was converted to
the ketal 133. Compound %é% was subjected to the successive re-
acticon sequences shown in Scheme 13a to give the tricyclic dienone
138 in 40 % yield. Alternatively, when the precurser enedione
137 was isolated (42 % yield) and treated with 10 % p-tcoluene-
sulfonic acid in acetic acid, a near-guantitative vield of %gé
was obtained. although the 1,4-dihydropyridine 134 was not iden-
tified, 1,4-dihydropyridine derived from 2,6-lutidine through
Birch reducticn was shown to be hydrolyzed with great facility to
give 2,6-heptanedione in 72 % yield. The predominant cyclization
of the presumed intermediate ]335 into the compound 138 was attri-

buted to the avoidance of the serious steric¢ repulsion which arises
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from cyclization in the alternate sense to give the compound 139.

The cyclization of 135 to 136 was further investigated as

follows. TFor this purpose, compound %é% was treated with sodium-

Scheme 1l3a
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Scheme 13b

oy — -

138
A W A48

ammonia-ethanol and the dihydropyridine, assumed tc be present,
was hydrolysed under nearly neutral conditions in order to avoid
premature aldolization and deketalization. The diketone 135

was iscolated in substantially lower yield than was realized for
enone 136. Treatment of 135 with aqueous ethanolic sodium hydro-
xide at room temperature gave, in 95 % combined yield, a 3.8 : 1
ratio of %%g : %%%. This finding is significant since it is the
first demonstration of the preferential formation of a trisub-
stituted cyclenone relative to its tetrasubstituted isomer from
an internal aldclization reaction. However, when the diketone
132 was heated under reflux for 50 hr, ketalenonhes %%Q and %g%
were now isolated in a ratio of 1 : 3.4. This result was inter-
preted by invoking the well-known reversibility of the aldol con-
densation and this transformation was also demonstrated more
convincingly by starting with pure ketalenone 136- When 136 was
heated under the same conditions in aguecus ethanolic alkali, a
mixture (1 : 3.4) of 138 : 139 was isolated. The vinylogous
aldolization was also studied. By using 37, the extended di-

enone 138, not the cross-conjugated dienone 142, was the sole com-
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pound isvlated (Scheme 13a and 13b).

The successful bis-annelation of cyclohexancne was used for

the synthesis of (#)-D-~homoestrone. Michael addition of 141 to

Scheme 14
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methyl vinyl pyridine &%Q followed by selective reduction of the
saturated ketone resulting from acid treatment of the Michael
adduct afforded the encone alcohol 142 in 80 % yield. After stereo-
selective hydrogenation of 142, the saturated ketone was ketalized
to give the hydroxyketal 143 in 58 % yield. Successive treatment
of %éé involving Birch-type reduction of the pyridine ring, base-
catalyzed cyclization, deketalization, and Jones oxidaticn of the
alcohol, afforded %%% in 78 % yield. The dienedione 145, derived
from the acid-catalvzed cyclization af k%%, was converted to {(x)}-
D-homoestrone 14p via the action of acetyl bromide-acetic anhydride
followed by saponification of the intermediate phenolic acetate in
82 & yield (Scheme 14).

The same authors reported45 the novel and improved synthesis of
%éé and %é@ via the tris—annelating agent 120. The vinylpicoline
130 was obtained in low yield via hydroxymethylation of 2,6-luti-
dine. Treatment of 2,6-lutidine (%éz) with phenyllithium followed
by alkylation of the resultant anicen with 3-chleoropropionaldehyde
diethyl acetal and hydrolysis-gave 148 in 70 % yield. Addition of
vinylmagensium chloride to 148 gave the alcohol 149 in 89 % yield
which underwent oxidation by manganese dioxide to afford the de-
sired tris-annelating agent 150 in 88 % yield. Under the influ-
ence of sodium hydride, encne %EQ coupled smoothly with igi to give
i54. Cyclization of 154 in the presence of 3-aminopropionic acid
afforded Jpp in 75 % yield. 1In addition, the one-step condensation
of 151 with 150 in aguecus acid gave the enedione AR in 92 % yield.
Alternatively, %Q% and %QQ could be coupled in the presence of

triethylamine to give the trione A3, which could be cyclized via
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3-aminopropionic acid to give A3z (Scheme 13).

Scheme 15
1)PhLi Et CHO
7 2)cJL/\/<Et ~ | Nyger
> 4 S —————y
M N Me 3)10%HC1 M
147 148
(70%}
- =~ Q
O 0 Me
- Mno,, > I
x | N ¥ CH,)
Me N Me 2'n
148 AR 151 :n=1
(89%) (B82) %é% tn=2
Me
- {CH3)n 2N CHz)n
g — - [
Me N Me N
AR3 =l LA
124 @ n=2 e 2 072

The advantage of using symmetrical intermediates such as 153
and 154 for the preparation of 55 and 156 has been utilized in
the Synthesi§ of optically active estrone46.

A wide variety of amino acid have been tested to effect the
chirally specific cylization of 153. The results of this study
indicate that the optimal optical purity of 86 % for 155 was ob-

tained by using 1 equiv. of to 1.2 eguiv. of L~phenylalanine
g P !
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to 0.5 equiv. of perchleoric acid in refluxing acetonitrile (2.7

ml/mmol of %%3) (Table 1).

v
Table 1
Q 0
<4 B
~ CY
M N Me N
153 155
Ny Ly
Amino aciad HClO4 [OL]D Optical purity gyield of
(1.2 equiv.) equiv. deg. of155,% 138
I-PBhenylalanine 0.5 173.6 86 82
L-Phenylalanine 0.25 172.1 85 82
I~Phenylalanine 1.0 162.3 80 80
Ir~Tyrosine o-methyl 0.25 169.5 84 82
ether
D-Tryptophan 0.25 -156.0 78 70
L~Serine 0.25 70.2 35 77
L-Proline 0.25 53.0 26 67
P-valine 0.25 ~41.7 21 72

The optically enriched Ler s0 cbtained was converted to alcohol
in7, hydrogenated over palladium-charcoal in acidic media, and
ketalized to afford in8 in 45 % yield. The conversion of i3B into
estrone via 159, 160, and 161l was achieved by the same reaction

sequences shown in Scheme 14. Thus, the ovérall yield of estrone

—382—




HETEROCYCLES. Vol 10. 1978

from 158 was 48 % (Scheme 16).

Scheme 16
H
NaBEH,, - N 1)H,-Pd/C,HC10, , EtOH
J55 _—— "3
AN Et0OH Me N 2) EOH
CH
e

£R2 o4 82

(quant.)
(48%from%2£)

IV FURAN ANNELATION
Furan derivatives have also been used for the synthesis of
. 4 . .
condensed ring systems 7 although this method has not been applied

to the synthesis of natural products. Reaction of the «,B-unsatu-
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rated ketones 163, 164, and 165 with 2-methylfuran in refluxing

glyme containing a catalytic amount of sulfuric acid afforded

%QQ, %éz, and %Qg in the yields of 36, 40, and 32 % respectively.

Preparation of the dionenes 172 (47 %) and A73 {35 %) was best

accomplished by refluxing 166 and 167 for 48 hr in agueous acetic

acid containing a trace of
extended treatment (72 hr)

yielded the triketcne parpp

83

n=3

Scheme 17

I | HpS04
I l P —
0 glyme

Me

sulfuric acid. 1In contrast, although
of 168 under the same conditions

no bicyclic dionene 174 could be iso-

1 no
0 5
Me {CHo)
166 : n=1(36%)
167 @ n=2(40%)
168 : n=3(32%)

0
H
Y
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3 5 ]
0 Me O Me
Me
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A4

Mg nm20a7e) o
173 :+ n=2(35%)

B4 0=
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lated from this reaction. When l87 was subjected to variaticns in
the amount of time that it was heated under these acidic con-
ditions, significant changes in the product composition from this
reaction occurred. Thus, while treatment for 24 hr yielded almost
equal amounts of 170 and 173, refluxing for 72 hr afforded both
173 and 175. Heating %Qz for 96 hr produced a tarry reaction
mixture, from which only traces of 170 and 173 could be isolated,
but a 20 % yield of 175 was obtained (Scheme 17).

The low vield in opening the furan ring, the successive cycli-

Scheme 18
O
n
Il ll . SN | | MeCu, "Bu;P S
Me 0 i Me 0
OEL
0
18
AL
{51%)
' l Me Me
M © C.HC1,MeOH N C.HC1,MeOH
room temp. . fe) reflux ’
0 e
AR 172
(62%) {gquant.)
O
Me © AEY

(51%)
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zation of compounds 166 and 167 to 172 and 173, and the difficulty

of setting the reaction conditions was aveoided in the synthesis of
compound %Z§48'49 (Scheme 18).

Reaction of 2-lithio-5-methylfuran, derived from the lithiation
of 5-methylfuran, with enone 17 gave the furan enone kll followed

by 1,4-addition of the methyl group to afford the saturated ketone

Scheme 19

Me
E_I‘\ MeONa d D c HC1
0 CHO MeOH EtOH
A81 A82 AR3
{75%)
e e CH2C02H
0 CH CH,CO,H
2 2 0
2,
[N
CHZ/C 5%KOH
L84 AR3
(28%) (80%)
R’ R
R ) CH,COH
0
0
= = - = =
186: R=H,R’=Me 188 : R=H,R’=Me
=R*'*= H R=R'=Ph
187 : R=R’=Ph 1589
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178. Orening of one furan ring in compound A18, tollowed by the
cvclization of the resulting triketone 179 gave the bicyclic com-
nound 180, a potential intermediate for the eudesman type of
sesquiterpenes.

A new svnthesis of the bicvclo(5.3.0]decane and bicyclo[4.3.0]~-
nonane svstems via furan annelation has also been renortedBO.
Condensation of 2-methvlcvclohentanone (181) with furfural afforded
the furfurvlidene 183 in 75 % yield. Omening of the furan ring in
%Q% (28 %), followed by cvclizaiton (B0 %) of the resulting keto
acid %Q% gave the bicvelic acid %Qé. In a similar manner, compounds

%%@ and %Q% have been nremnared (Scheme 19).
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