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SYNTHESIS OF ECDYSTEROIDS AND RELATED COMPOUNDS

N. V. Kovganko, Zh. N. Kashkan, Yu. G. Chernov, UDC 547.92
S. K. Ananich, S. N. Sokolov, and V. L. Survilo

Literature data published in 1998-2002 on the chemical synthesis of ecdysteroids and their structural analogs
were reviewed.

Key words: ecdysteroids, chemical synthesis.

Ecdysteroids are important steroidal hormones [1, 2] that form a large group of natural and synthetic compounds with
chemical structures similar to that of the first representativexdysoneX), which was isolated from silkworm cocoons. A
large number of these compounds has been observed in invertebrates, plants, and fungi [1-3]. They are divided inte,zoo-, phyto
and mycoecdysteroids depending on the source from which they are isolated. The most characteristic features of the biological
activity of ecdysteroids are hormonal control of molting and metamorphosis processes in insects at very low concentrations.
Some ecdysteroids are toxic for insects if included in feed as a result of significant hormonal disruptions [1, 4-6]cifszich spe
hormonal functions of ecdysteroids make it possible to develop selective insecticides that are harmless for man and higher warm
blooded animals.
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The chemical structures of ecdysteroids consist of polyhydroxysteroids containing characteristic structural elements
that join them into a single group. These elements include the 2,3-diol asitydrbxy-A’-6-ketone groupsis-fusion of the
A and Brings, and a steryl side chain with several hydroxyls. Characteristic representatives of ecdystereitl/aoael),
20-hydroxyecdysone?), and ajugasterone G)(

It is becoming more obvious that progress on the study of the biological activity of ecdysteroids and the prospects for
their practical use depend on their availability. Their chemical synthesis from available starting materials is a di¢ical pro
because the natural sources of ecdysteroids are very limited. Considering the uniqueness of the ecdysteroid chemsgal structure
this problem can be solved successfully only with the invention of special synthetic methods that can introduesgéig/ n
functional groups into the starting compounds. Special research on novel syntheses of ecdysteroides and their strgstural analo
is constantly conducted with this goal in mind.

Steroidal 5,6-epoxides are widely used in syntheses of ecdysteroids [1]. In particular, epoxidgBionlafo@A®-
stigmastaneshb-c by m-chloroperbenzoic acid produced,ba-epoxidessb-¢, which then were used further to synthesize
5a-hydroxy derivatives of brassinosteroids [7]. Oxidatiob®f by trifluoroperacetic acid was studied in a search for new
synthetic routes tods6a-epoxides of théa-c type [8]. The starting@chloro-A°-steroidssa-c were prepared by previously
developed methods using reactions of cholesti,gB-sitosteroldb, and stigmasteralc with thionylchloride (Scheme 1).
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Scheme 1.

It was found that the reaction of3&hloroA>-steroids5a-c with trifluoroperacetic acid in CHglor CH,Cl, is
complicated and forms three products as a minimum. Thus, a mixturgatépoxideba, the 6-trifluoroacetate oich6a-diol
7a, and pure &,63-diol 8awas isolated after oxidation g8&hlorocholest-5-engawith this reagent in CHGgland subsequent
chromatographic purification. The structure of compoBadias proven by Jones oxidation with chromic acid in acetone to
the known B-chloro-5a-hydroxy-6-keton®a. Hydrolysis of a mixture ddaand7aby aqueous NaOH in a mixture of ethanol
and THF resulted in the isolation of unreacteq6a-epoxide6a and %r,6a-diol 8a. Oxidation of -chlorostigmastengb
by trifluoroperacetic acid occurs analogously. Chromatographic separation of the reaction-product mixture prtoéuced
5a,6a-epoxidebb, its mixture with the 6-trifluoroacetaf, and %r,63-diol 8b. Base hydrolysis of the mixture @b and7b
by aqueous NaOH in an ethanol—THF mixture isolated additional amourtisGof-Bpoxidebb and %r,63-diol 8b. The total
yields of these compounds were 15 and 53%, respectively.

Reaction products from oxidation g8&hlorostigmasta-5,22-dierse by trifluoroperacetic acid were hydrolyzed by
NaOH solution immediately without separationa,&3-Dihydroxy-22,23-epoxysteroifld was isolated in 65.4% yield as a
mixture of the (2R,23R)- and (2%,239)-epimers.

Next we studied oxidation by trifluoroperacetic acid of pregnane stet@igisd11 [9]. We found that the principal
products from reaction of pregnenoldi®with trifluoroperacetic acid are trifluoroacetalésand13in yields of 29 and 52%,
respectively. Base hydrolysis of trifluoroacet@esmdl10forms 3B,5a,65-triol 14. We also determined whether pregnenolone
10 could be converted to trid4 in high yield by oxidation with trifluoroperacetic acid and subsequent base hydrolysis of the
resulting trifluoroacetates without separating and purifying them (Scheme 2).
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Scheme 2.
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Trifluoroacetated2andl3are produced by reactionIif with trifluoroperacetic acid. They are most probably formed
by initial isomerization ofL1 by trifluoroacetic acid intd0, which is then oxidized by trifluoroperacetic acid.

Thus, this reaction can be viewed as a synthetic method for introducing, fdiol group into steroids. We note
that 5a,643-dihydroxysteroids have been isolated from various natural sources. They are also interesting independently as
biologically active compounds. In particular, it has been demonstrated [10] that the 6-form@tehlafr8-5a,65-diol 8a
exhibits high insecticidal activity for Colorado-beetle larvae.

One of the most probable paths to formation of trifluoroacetatesnay conclude with the opening of the
5a,6a-epoxide ring in6a-b by trifluoroacetic acid, which is present in the reaction mixture. A special inaéstigwas
performed to confirm this [11]. StartingrBa-epoxidesa-c were prepared by reaction of steréésc with thionylchloride
and subsequent epoxidation of the resultifigBloroA°-derivativesSa-c by m-chloroperbenzoic acid. As it turned out, the
only products from reaction 6&-c with trifluoroacetic acid in CHGlare the 6-trifluoroacetates affBS-diols7a-c. They are
rather stable thermally and were isolated from the reaction mixture in high yield. The structtiegeswére confirmed
convincingly by hydrolysis with NaOH solution in an ethanol—THF mixtureat®8-diols 8a-c (Scheme 3).
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Scheme 3.

An important structural fragment that distinguishes ecdysteroids from other natural steroids is the 6-ketone. The most
common method for introducing it is the rearrangement of tosylates (or mesylafegydf8xy-A°- or 33-hydroxyA°>:’-sterols
into 3a,5-cyclo-§3-hydroxysteroids and their subsequent oxidation todte-8yclo-6-ketones [1]. However, the rearrangement
in aqueous acetone in the presence of K (or Na) acetate that is usually used in experiments with stetals tfitbdas
several drawbacks. Therefore, solvolysis of tosylates of stEsals in aqueous DMF was studied in order to develop a new
method for synthesizingd35-cyclo-§3-hydroxysteroids [12]. Heating a solution of the tosylate of cholestBeih aqueous
DMF in the presence of NaOAc formed four products. milaén product was @ 5-cyclo-6-alcoholl6a, which was isolated
in about 50% yield. The second compound was cholesgtaralhich was isolated in >10% yield. Besides these compounds,
the formate of cholester@Bawas prepared in 25% yield from the reaction mixture. A minor product that was isolated from
the reaction mixture in insignificant yield was 3,5-di@@ which was formed by an elimination reaction (Scheme 4).
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Scheme 4.
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Solvolysis of the tosylate @Fsitosteroll5b produces mainly&,5-cyclo-6-alcoholl6b. Minor reaction products are
3,5-dienel 7band the 3-format&8b. It was found that solvolysis of the tosylate of stigmasfisounder conditions analogous
to those described above produced ats®2yclo-6-alcoholl6c, stigmasterofic, and the formate of stigmastefddc which
were isolated from the reaction mixture in yields of 41.3, 19.4, and 32.6%, respectively.

Steroidal $-chloro-5a,6a-epoxides and@chloro-5a-hydroxy-6-ketones were used further to preparagdroxy-2,7-
dien-6-ketosteroids, which are important intermediates in the synthesis of ecdysteroids [13]. Thus, redbtigithof
thionylchloride synthesized in 82% vyield the correspondifigt8oro derivativebb. Further oxidation dbb by H,O, in a
mixture of formic acid and THF formedr%a-epoxidebb, which then underwent Jones oxidation Sechloro-5a-hydroxy-6-
ketone9bin 62% yield. Bromination @b in acetic acid in the presence of HBr with heating produBech®ro-7a-bromo-6-
ketonel9in quantitative yield (Scheme 5).

21

Scheme 5.

Dehydrohalogenation by lithium carbonate and bromideMF was used to introdua#?- andA’-bonds intal9.
Performing the elimination reaction with boiling produced a complicated product mixture. Isomerization {8-fmoma-6-
ketone20in 65% yield was the main reaction at 100 The dehydrobromination prodt was isolated in 13% yield and
small quantities of the starting material were isolated in addition to the main product. It was then found that th20yield of
increased to 71% by reactiond in DMF with only Li,CO;. Significant quantities of tha’-6-ketone were not observed.

This can be explained by the fact that the absence of LiBr in the reaction mixture hindered markedly the dehydrobromination.
As a result, the main reaction became the isomerization.

We studied the reaction &9 with lithium carbonate and bromide DMF at 130-138C. Carrying out the reaction
for 1.5 h produced @chloro-50-hydroxy-A’-6-ketone21 and -hydroxy-A27-6-ketone22 in yields of 42 and 33%,
respectively. Extending the reaction time at°’L3® 6 h avoided the formation 2f and forme®2in 50% yield. It was also
demonstrated that bofi® and21 were dehydrohalogenated2®in yields of 47 and 38%, respectively, after reaction at@35
for 6 h.

A second method for preparing-hydroxy-2,7-dien-6-ketones is based on the use of sterols containing a 5,7-diene
as the starting materials [14]. Therefore, ergosg3afirst reacted with methanesulfonyl chloride in pyridine to give mesylate
23Db, which was converted without purification by oxidation with chromic acid in a mixture of ether gyi@l,Cl$teroid24
was isolated in 33% overall yield. THé-bond was introduced in@# by elimination using LiCO; in DMF with bdling and
a mixture of L,COg and LiBr under analogous conditions. In both instanaelsyslroxy-2,7,22-trien-6-on25was produced
in approximately identical yields of 44-48% (Scheme 6).
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Scheme 6.

Dehydration of &-hydroxy-2,7-dien-6-ketosteroids was studied to prepare the corresponding 2,4,7-trien-6-ketosteroids,
which we examined as intermediates in the synthesis of 4-dehydroecdysteroids [15]. We used a scheme that was developet
earlier for the stigmastane series to synthesizhysiroxy-2,7-dien-6-keton27. The starting cholesterdhfirst reacted with
thionylchloride to give B-chloro derivativeba in quantitative yield. Then, treatments@with H,O, in a formic acid—THF
mixture followed by Jones oxidation with chromic acid formed the three progéictd @& o-5a,63-diol 8, its 6-monoformate,
and 3-chloro-5a-hydroxy-6-ketoné®a, which were isolated in yields of 12, 15, and 30%, respectively [10]. Jones oxidation
of a mixture ofBaand its 6-formate gave additional quantitie®ain 77% yield. Repeated oxidation produ@sdn 44%
overall yield from5a [16].

Bromination of keton®a with heating in acetic acid in the presence of HBr produ@ch®ro-Sa-hydroxy-7a-
bromo-6-ketone€6 in 60% yield. Dehydrohalogenation of compouttiby Li,CO5; and LiBr with heating irDMF under
conditions used earlier for the stigmastane series gave the required 2, trdigdrdxy-6-keton@7in 41% vyield [16].

It was proposed to study the dehydration conditior2¥ ér subsequent syntheses [15]. Several attempts to eliminate
the 5a-hydroxyl in this compound by reaction with thionylchloride in pyridine were unsuccessful. Better results for dehydration
of compoun®7 were obtained with basic aluminum hydroxide in toluene with heating. Depending on the reaction conditions,
5-hydroxy-14x-hydroperoxy-5r-cholesta-2,7-dien-6-or#8and 14r-hydroperoxycholesta-2,4,7-trien-6-a2@awere isolated
in yields of about 20 and 30%, respectively, in addition to unreacted starting material. We noted that the principaf product o
Woodwarctis-hydroxyation oR9awas 2-iodo-3a-acetoxyA* 7 146-ketosteroi®0a which was isolated after chromatographic
purification in 36% yield [15] (Scheme 7).

Scheme 7.
The comparatively low yield of compou2®aby dehydration o7 prompted us to develop alternative methods for

synthesizing 1d-hydroperoxy-2,4,7-trien-6-ketosteroids [17]. Thereteayas first converted by reaction with thionylchloride
in 96% yield to B-chloro derivativéba. Then, addition of HOBr to the 5(6)-double bondatind oxidation of the resulting
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bromohydrin with chromic acid synthesize-éhloro-50-bromo-6-ketosteroi@lain an overall yield of >70%. It should be
noted that the preparation3fafrom 33-chloro-A°-steroid5awithout isolation of the intermediate bromohydrin has a certain
advantage over the previously developed method [18] (Scheme 8).
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Scheme 8.

Analogously, reaction afb with thionylchloride gave 3-chloro derivativésb. Addition of HOBr to the 5(6)-double
bond of5b in aqueous THF and subsequent oxidation with chromic acid without isolation of the resulting bromohydrin
synthesized 3-chloro-5a-bromo-6-ketosteroi@1bin about 40% yield. It was also found that a side product in this synthesis
is 3B-chloro-5a-hydroxy-6-ketonedb in 10% vyield. In the next step, bromination 3ffa by heating in a mixture of
HOAc—CHCl; in the presence of HBr gavg8-8hloro-5a,7a-dibromo-6-ketone82a in ~80% yield. Bromination under
analogous conditions 8fLb gave %, 7a-dibromo-6-keton&2bin >70% yield. Then steroi8?awas dehydrohalogenated by
Li,COz and LiBr in DMF with brief bding to isolate &-bromo-2,4-dien-6-on84a, 14a-hydroperoxy-2,4,7-trien-6-orz9a,
and 2,4-dien-6-on83ain yields of 25, 21, and 23%, respectively. Analogous dehydrohalogenafi@t fifrms also @-
bromo-2,4-dien-6-on84b, 14a-hydroperoxy-2,4,7-trien-6-on29b, and 2,4-dien-6-ond3b in yields of 36, 30, and 17%,
respectively.

It was found that Woodward hydroxylation3#b and subsequent acetylation forms mainfyi@o-7a-bromo-3-
acetoxyA*-6-ketone36 and tr-bromo-2r,3a-diacetoxyA?-6-ketone35 in yields of 22 and 30%, respectively. Woodward
hydroxylation of29b and subsequent acetylation givgksi@do-3a-acetoxyA* 7-14trien-6-one30b, which was isolated from
the reaction products in 23% vyield.
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We also studied the comparative reactivity of the hydroxy- and ketone groups on C-6 and @;3-¢itl®androstane
derivatives in an attempt to use rubroster8iién the synthesis of the,Gecdysteroid [19]. The starting material in these
syntheses is commercially available androsten@8agwhich was converted to mesyl&&b. Rearrangement 88bby KOAc
in aqueous acetone and subsequent oxidation of the resuttBgy&lo-§3-ol 39with chromic acid produced 6,17-diketosteroid
41in overall yield of 61%. Rearrangement of tosylae by K,CO; in aqueous acetone and subsequent oxidation of the
intermediate steroi@9were used in a second approach. The required diketosténoeis obtained frori8awithout isolation
of the intermediate38c and39 in overall yield of 74%.

One of the intermediates in previously developed synthetic schendgsfas 1 3-hydroxy-6-ketonel2. We hoped
to synthesize alcohdl2 either by selective oxidation of3aL73-diol 40 or reduction of 6,17-diketordl. First, the usual
rearrangement of androstenolone mesygatie synthesized B-hydroxy-17-ketone89 in 65% yield. Reduction &9 with
NaBH, gave40in 91% yield. Further oxidation @0 with the calculated amount of chromic acid in acetone produced four
compounds. The principal product wélkin 62% yield. The required? was isolated as a mixture wid® in overall yield of
only 29%. The minor products we38 and starting!O in yields of 5 and 3%, respectively (Scheme 9).
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Next, reduction of1 with NaBH, in CH;OH forms a mixture of two compounds, the requiref-tiydroxy-6-ketone
42 and @-hydroxy-17-keton&3 with the former predominating. However, the selectivity of this reaction is still insufficient
to use it as a synthetic method for preparing rubrosterone. Oxida#ddnaith trifluoroacetic acid was also studied. The
principal reaction product was lacto#¢in 32% yield.

Reaction oft1with HBr in CH;CO,H produced B-bromo-6-ketond5in 91% yield. However, its dehydrobromination
by Li,COz and LiBr in DMF with bding was unsatisfactory. The desiréé steroid46 could be isolated pure with a yield of
only 23%. 3r-5-Cyclosteroidd1 was formed as a side product. Direct isomerizatiagtl diy reaction withp-toluenesulfonic
acid in sulfolane with heating was a more convenient method for pregéring1% yield.

Then the reactivity of 2 33-diacetoxytransA/B-6,17-diketosteroid 7awas studied. This compound can be prepared
through Woodwardis-hydroxylation of theA?-bond in46. Therefore46was first hydroxylated by AgOAc andin aqueous
acetic acid. Then, the reaction product was isomerized willOKin aqueous methanol. Naturally, hydrolysis of the acetoxy
group also occurred. Therefore, the resulting 2,3-diols were converted to acetates by acetylation with acetic anhydride in
pyridine. A mixture ofrans-A/B-6,17-diketosteroid7aand itscis-A/B-isomer48 could be isolated in an overall yield of 25%
as a result of these chemical transformations and subsequent chromatographic separation. In addition to these compounds
insignificant quantities dfb could also be isolated from the reaction mixture. Further acetylatifbeiith acetic anhydride
in pyridine in the presence of 4-dimethylaminopyridine over 4 d produced practicallfairequantitative yield.

In the final step, mesylation of androstenol@8a, reduction of the 17-ketone in the ritkBug mesyate 38b, and
acetylation of the 1Fhydroxyl and isomerization in rings A and B with NaOAc in aqueous acetone proggjt&g-@iol 17-
monoacetatel9 in overall yield of about 30%. Compourd® was previously used to synthesize structural analogs of
rubrosterone [1]. The method developed by us for its synthesis without isolation of the intermediates has several advantages
over the previously described method and is therefore interesting for preparing androstane ecdysteroids.

Various ergosterol derivatives with structures similar to ecdysteroids were isolated from various fungi [4]. The
syntheses of (2 24R)-ergosta-4,7,22-trien-8;dione51 and its @,14a-dihydroxy derivativeb4, which is known as the
previously identified calvaster® [20, 21], have been reported [22, 23]. Interest in compounds of such structure has risen
considerably. In particular, it was found [24, 25] that cholestane derivatives related to them participate in the biagynthesis
ecdysteroids in crustaceans (Scheme 10).

23a

Scheme 10.

418



First ergostera3awas oxidized according to Oppenauer. This proddfed?23-ketosteroids0in 74% yield. In
the next stefh0was oxidized with Cr@in a CH,Cl,—CsHsN mixture. The principal isolated reaction products were starting
50, the desiredi*7223,6-diketones1, andA*6:8(14).223-ketones2. In the final stegh1 was oxidized with Segin dioxane.
This formed 14-hydroxyA*7:223 6-diketones3 and r,14a-dihydroxy-A*7:223 6-diketones4, which were isolated from
the reaction mixture in yields of 24 and 23%, respectively [22, 23].

Sponges are a rich source of a large number of polyhydroxysteroids of various structure [26]. Aecepdst r
appeared on the isolation fra@inachyrella allocladaandC. apionof two steroid oximes [27]. One of these has the structure
(24R,6E)-24-ethylcholest-6-hydroxyimino-4-en-3-088 We developed a synthetic scheme that enables the preparation of the
required oxime59 by a short route in rather high overall yields [28]. Thus, stadingastranshydroxylated in the first
step with HO, in HCO,H. This produced 35a,653-triol 55 in quantitative yield. Thenp5 was oxidized with
N-bromosuccinimide in agueous dioxane in 78% yield3®&-dihydroxy-6-ketoné&6. Reaction ob6 with hydroxylamine
in ethanol in the presence of NaOAc produced oXiimia greater than 80% yield. Oxidationsafwith chromic acid in THF
synthesized 3-ketosterof8 in 55% vyield. In the final stef»8 was dehydrated by basic,8); with boiling in dioxane t&9
in 83% vyield (Scheme 11).
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Scheme 11.

It should be noted that steroidal oximes of analogous structures were synthesized specially and turned out to be
exceedingly active inhibitors of amatase [29]. Therefore, studies of the syntheses of steroidal oximes were continued [30] with
[-sitosterol. As in the previous work [28], start#tgwastrans-hydroxylated by HO, in HCO,H in the first step and converted
in quantitative yield to 8,5a,603-triol 55. Oxidation of it with N-bromosuccinimide in aqueous dioxane produfcsh3
dihydroxy-6-keton&6in yields up to 80%. Isomerization with KOH iplzOH converted it in 70% yield tq3353-dihydroxy-
6-ketone60. Reaction 060 with hydroxylamine in GHsOH in the presence of NaOAc gave oxififein quantitative yield.

Then, 61 was oxidized with chromic acid in THF to form a mixture Bftg/droxy-3-ketosteroid2 and unsaturated steroid
59. Dehydration of the mixture &2 and59 with Al(OH); in dioxane with boiling produced pure unsaturated ox&®e
(Scheme 11).

Phytosterols physanol &3 and B64 were isolated from fruit dPhysalis franchettj31]. Carpesterdd5aand its
14a-hydroxy derivatives5b from Solanum xanthocarputrave similar structures [32-35]. Structural analogs of these steroids
have been prepared [36, 37]. Thdiswas reacted with benzoyichloride ighzN to give benzoat@5in 95% vyield. Addition
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of HOBFr to the 5(6)-double bond 65 produced bromohydrii6é in 56% vyield. Oxidation of the hydroxyl 86 with chromic
acid formed B-bromo-6-keton@&7in quantitative yield. Reaction 6¥ with HBr with heating in acetic acid gave the required
7a-bromo-6-keton@8in 16% yield. Dehydrobromination 68 with Li,COg and LiBr in DMF with bding producedA’-6-
ketone69in 62% yield. Analogous dehydrobrominatior6@fformedA*-6-ketone70. Allylic hydroxylation of69 with SeG

in dioxane synthesized &4hydroxy derivativer1in 37% yield. It was shown that reaction of 6-ket@8a&vith HBr in acetic
acid givesr3 and74in yields of 38 and 40%, respectively (Scheme 12).

BzO BzO

HO

BzO

AcO

o

73

Scheme 12.

In addition to the laove compounds, thosdated to physanols A and B that contain an additionah¥droxyl were
also synthesized [38]. First, startifgitosterodb wastrans-hydroxylated with HO, in HCO,H. Further selective oxidation
of the resulting B,5a,66-triol converted it to B,5a-dihydroxy-6-ketosteroi&6. In the next steh6 was reacted with
benzoylchloride in pyridine to give benzoatd in 81% vyield. Further bromination @b in acetic acid produced
7a-bromoketon&6in 92% yield. Dehydrobromination @6 formedA’-6-ketone77. Allylic oxidation by Se@in dioxane
was used to introduce thed-hydroxyl into77. This reaction produced the desired ster@ih 82% yield (Scheme 13).
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Scheme 13.

4-Dehydroecdysterone, a natural compound that conta88,24a-trihydroxy-A%-6-ketone as a characteristic
feature, was identified [39] as the 4-dehydroecdysterone. Thus, we developed a method for syntB&8ziAg-Zrihydroxy-
A%7-6-ketosteroids [40]. Firstghydroxy-2,7-dien-6-one2Q) was synthesized frofsitosterodb. Further transformations
of 22 includedcis-hydroxylation of the 2(3)-double bond by AgOAc agdn aqueous acetic acid and the Woodward reaction
with subsequent acetylation t@,33-diacetate/9 in 48% yield. The second product of this reactionasaB8etoxy-2r,5a-
epoxysteroid0in 31% yield. Compound@d9was dehydrated by thionyl chloride in Py. This produced the required 4,7-dien-6-
one82in 18% vyield and 1(10),7-dien-6-08& and 14r-hydroperoxide83in yields of 7 and 51%, respectively. Dehydration
of 79 with methanesulfonic acid and $M a Py—DMF mixture gav82 and81in yields of 38 and 28%, respectively. Then,
82 underwent allylic hydroxylation with Sen dioxane to give ledhydroxy derivativeB5ain 51% yield. It was noted that
85acan also be produced by reductio8®fvith Nal in acetic acid in 32% yield and subsequent acetylation by acetic anhydride
in pyridine in the presence of 4-dimethylaminopyridine. The second compg®88,12a-triacetate836, was isolated in 25%
yield. Next, reaction 081 with SeG in dioxane producedd@hydroxy derivativeB4 in 44% yield. Hydrolysis o85awith
K,CO; in CH;OH gave the desired3Bp, 14a-trinydroxy-4,7-dien-6-one85b) in 46% yield (Scheme 14).

=Ac;
b: R=H

Scheme 14.
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Natural ecdysteroids includeaBa-dihydroxy-A*’-6-ketosteroids in addition toS238,14a-trihydroxy-A*’-6-
ketosteroids. Some of these are diaulusterols A and B, which were isolated from extracts of dRiatfhola sandiegensis
[41]. We also synthesizedrBa-dihydroxy-A*-6-ketosteroids [15], in particular, fronB&hloro-7a-bromo-5x-hydroxy-6-
ketosteroid®a. Dehydration o®awith thionylchloride in pyridine formed?-6-ketosteroid7in about 60% yield. Elimination
of the sterically more caessible and reactive allyl Cl atom with,CO3 and LiBr in DMF with hating produced fron87
7a-bromoA24-6-ketosteroicB4ain >20% yield. Dehydrochlorination 87 with heating in 2,6-lutidine gave 2,4-dien-6-one
34ain >40% yield. The principal products from Woodwargthydroxyation of84aand subsequent acetylation wefei@do-
3a-acetoxyA*-6-ketosteroidB8 and 2r,3a-diacetoxyA*-6-ketosteroidB9 in yields of 18 and 42%, respectively. In the next
step,89 was reacted with LCO; and LiBr with heating irDMF. As it turned out, the principal product wAs6-ketoned0
(Scheme 15).

Cl

AcOy,, AcOy,,

Aco!' Acol'

Scheme 15.

The approach studied above for synthesizim@a-dihydroxy-4,7-dien-6-ketosteroids did not give the expected results.
Therefore, we used for this purpass-hydroxylation of the 2(3)-double bond im8$ydroxy-2,7-dien-6-ketosteroi@l7 with
0sQ, via the Criegee reaction with subsequent elimination ofdhleyslroxyl. It was found that reaction ¥ with OsQ, and
subsequent acetylation formed stero®1s93. The products gB-attack91-92 were isolated in overall yield of about 30%
whereas the yield of the productmhttack93 was only 15%. Steroféfl was dehydrated with thionylchloride in pyridine. The
principal product of this reaction waé:’-6-ketoned5in 21% vield. The formation of two more side produg#and96, was
also noticed. Reaction 88 with thionylchloride in pyridine produced ster®din >70% vyield. This is a synthetic analog of
diaulusterol B. A minor product of this reaction wasrd#/droperoxideé8in 8% vyield (Scheme 16).

Scheme 16.
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We synthesized ecdysteroids and their analogs containingtieesary functional groups not only in the cyclic part
of the molecule but also in the side chain. The starting material used to synthesize analogs of ecdysteroids with functional
groups in the side chain was stigmastdj42]. In the first step, it was converted with acetic anhydride into a@Qate
>90% vyield. Then, selective addition of HOBFr to the sterically more available 5(6)-double bond and subsequent Jones oxidation
of the bromhydrin with chromic acid synthesizediromo-6-ketond00in 51% overall yield. Reaction @bOwith aqueous
HBr in acetic acid produceda?bromo-6-ketonel01in 77% vyield. The 22,23-double bond was retainetlOih It can be
assumed that conversionX@0into 101 occurs through any@ substitution mechanism (Scheme 17).

Scheme 17.

Dehydrobromination of01with Li,COg and LiBr in DMF with boiling produced 7,22-dien-6-cb@2in 60% vyield.
In the next step, dienori®2 underwent allylic oxidation with Sen dioxane to form 14-hydroxy-7,22-dien-6-on&03in
77% yield. Subsequent hydrolysis of the acetoxi/G8with K,CO;z in CH;OH produced alcohdl04 in quantitative yield.
The presence in this compound of #ifé-bond makes it possible to introduce the required functional groups into the side chain.
We demonstrated this by conversiorl6# into 22,23-epoxid& 05

Reports of the isolation of ecdysteroids with a 22,23-epoxy in their structures have appeared. These include
polyporusterones C and E [43], atrosterone B, and 25-hydroxyatrosterone B [44]. Reddi#tamoim-chloroperbenzoic acid
gavel05in 85% vyield.

Then, ecdysteroid analogs containing 22,23-diol groups were synthesized [45]. This structural fragment occurs in the
ecdysteroids rapisterone [46], gerardiasterone [47], and 23-hydroxycyasterone [48]. First the doublé(domasiCriegee
cis-hydroxylated with Os@to form106in about 80% yield. Dehydrobrominationl@6with Li,CO5and LiBr in boiling DMF
gaveA’-6-ketonel07in 44% yield. Reaction df07with SeQ in dioxane synthesized &4alcohol108in about 60% yield.

In the last step, theBacetoxy in108 was hydrolyzed by ¥CO; in aqueous CEDH to give the desiredf314a,22,23-
tetrahydroxy-6-keton&09in 84% vyield (Scheme 18).
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Scheme 18.
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Pregnane derivativEL3[49], which was used previously to prepare 20-hydroxyecdy&dmas been synthesized [1].
In the first step10was reacted with methanesulfonylchloride in pyridine to give the corresponding mesylate, which was then
reduced with NaB}ito form alcoholl10ain 66% overall yield. Reaction biOawith acetic anhydride in pyridine gave acetate
110h which was solvolyzed without purification wittOAc in aqueous acetone. The nésig 3a,5-cyclo-§3-alcohol was
oxidized without isolation from the reaction mixture m,3-cyclo-6-ketosteroid11in quantitative yield. Isomerization by
p-toluenesulfonic acid and LiBr with heating@MF was used to convettl1into theA?-6-ketosteroidl12in 71% yield. In
the final step, thé2-bond in112was Woodwardais-hydroxylated with AgOAc and,lin aqueous acetic acid. The resulting
2[3-acetoxy-F-hydroxy-6-ketosteroid was acetylated by acetic anhydride to §j88,208-triacetoxy-6-ketosteroiti13in 46%
overall yield (Scheme 19).

o RO Z H AcO_ = H
—_— —_— >
HO MsO
10 110aR = H; 111
b: R=Ac

AcO_Z JH

AcO

AcO

:

Scheme 19.

Then we synthesized compounds with structures similar to thos@5ahd109, which contained additional
23-hydroxyls [50]. Thus, reaction dic with methanesulfonylchloride in pyridine gave the mesylate, which was solvolyzed
without purification in aqueous acetone in the presen&Odfc. The resliing 3a,5-cycloalcohol underwent Jones
oxidation directly in the reaction mixture. The resultimgS3cyclo-6-ketosteroid was isomerized without purification with
p-toluenesulfonic acid in sulfolane at P60 This approach could prepare 2,22-dien-61tin 68% overall yield based on
starting4c. Woodwarctis-hydroxylation with AQOAc and,lin aqueous acetic acid of the sterically more availablgouble
bondinl1l4and subsequent acetylation produc8®g-diacetoxy-6-ketosteroitil5and 2x-iodo-33-acetoxy-6-ketosteroitil6
in yields of 53 and 7%, respectively.

Bromination of1l15in a mixture of acetic acid and dichloroethane produced223-tribromo-6-ketosteroitil 7in
63% yield. Rearrangementlif7into 7a-bromo-6-keton&18in 71% yield was effected using bromine and HBr in acetic acid.
Dehydrobromination of 18 with Li,CO5 and LiBr in the presence of phenol in DMF withling was proposed. However,
several attempts to use this method to prepare ffiBthe corresponding’ 2%6-ketone were unsaessful. It was found that
the main product was 4,22-dien-6-ketdri®in >50% yield (Scheme 20).

118

o]
Scheme 20.
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The unsuccessful transformation 1df8 made it ecessary to seek alternative methods for synthesizing 7,22-dien-
6-ketosteroids from stigmasterol. Therefore, we first prepared from the reaetimsnaf thionylchloride 8-chloro derivative
5cin quantitative yield. Selective addition to the sterically mooessible 5(6)-double bond of HOBr followed by oxidation
with chromic acid without isolation of the resulting bromohydrin convérted 33-chloro-5a-bromo-6-ketosteroii20in 50%
overall yield. Reaction df20and HBr in acetic acid ga¥®1in 86% yield (Scheme 21).

AcO

AcO
130

5¢c, 120 - 127R =

H O 129

Scheme 21.

Dehydrohalogenation d21with Li,CO; and LiBr in DMF was complicated and producedifomoA?-226-ketone
122 A2:8(14).226 ketonel 23 A% 7-226-ketonel 24, andA?4226-ketonel 25in yields of 11, 28, 32, and 10%, respectively. The
last two compounds formed a mixture that could not be separated despite several attempts. Therefore, we were forced to ust
the mixture ofl24 and 125 in the next reaction without separating them. Woodveasdhydroxylation and subsequent
acetylation of the mixture with acetic anhydride in pyridine isolated the deg88 @iacetoxyA’+226-ketonel 26in >40%
yield. Then126underwent allylic hydroxylation with Sen dioxane to forni27in 64% yield. Epoxidation of the 22(23)-
double bond inl27 with m-chloroperbenzoic acid produced in 96% overall yield 22,23-epd@8eas a mixture of the
(22R,23R)- and (25,239-isomers with predominance of the former. The acetaté@8were hydrolyzed with KCO; in
aqueous CEOH. This also isomerized C-5 to give the more staldé\/B-steroid 129, which we isolated in 38% yield.
Hydroxylation of the 22(23)-double bondi@7with OsQ, in pyridine led to 28,23S-diol 130in about 70% yield (Scheme 21).

An analogous scheme was used to synthesize 22,25-dideoxyectiytanel its Br-isomerl42[51]. In the first step,
starting cholester@dawas reacted with thionylchloride to givg-8hloro derivativébain 96% yield. Then, addition to the 5(6)-
double bond oba of HOBr and oxidation of the resulting bromohydrin with chromic acid synthesBzelll8ro-50-bromo-
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6-ketosteroidBlain >70% overall yield. Reaction 8fLawith HBr in acetic acid produceg2hloro-7a-bromo-6-ketond 31
in 82% vyield. In the next sted,31 underwent dehydrohalogenation upon boiling withQ®; and LiBr in DMF.
Chromatographic separation of the products isolateirdmoA2-6-ketonel32, A2:8(14L6-ketonel33 a mixture ofA%7-6-
ketonel34 andA24-6-ketonel 35 and $-chloro-A’-6-ketonel36. Compoundd32 and136 were obtained in insignificant
yields of 9 and 10%, respectively. The desired 2,7-dien-8:84w/as isolated as a mixture witl35in a 3.3:1 ratio (Scheme

22). " R R R

Cl Cl Z

HO

4a 5a Br o 3la
R R R R
+ + + +

0 - cl A

H =
O 13 O 133 O 134 135 © HO a6

. J
ITH AcO
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|||_
5a, 31a, 131 - 13R = m

Scheme 22.

The mixture ofl34and135underwent Woodwards-hydroxylation to give B-acetoxy-B-hydroxy-A’-6-ketonel 37
as the predominant product. Acetylation of the mixture with acetic anhydride in pyridine prodticeld-33-acetoxyA’-6-
ketonel38 and P3,3B-diacetoxyA’-6-ketonel39in yields of 3 and 55%, respectively, calculated basetBdn Reaction of
139with SeQ in dioxane gave la+hydroxy-A’-6-ketonel40in about 90% yield. In the final step, the acetoxyl4® was
hydrolyzed by KCO; in aqueous CEDH. This also partially epimerized C-5 to form the corresponcismg/B-isomer. The
reaction produced the desired 22,25-dideoxyecdy$dthi@nd its Br-isomerl42in yields of 40 and 36%, respectively.

The structures of the synthesized compounds were proved using various spectra, the application of which usually did
not cause any particular difficulties. Nevertheless, special investigations were required in several instances to establish th
relationships between the structures and IR [52]'86dNMR spectra [53-58].

Most of the prepared ecdysteroids and synthetic intermediates were checked for insecticidal activity relative to the
Colorado beetleeptinotarsa decemlineafd0, 59-65]. Among these, compounds exhibiting a significant toxic effect on the
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pest were found. In particular, according to biological tests, it was found that the most active comp@mbs3ira 32b,
51,56, 82,85b,101-103 117,121-122 137, and140. This gives hope that active and selective insect growth and development
regulators will be found among this group of compounds.

The early stages of the research on the synthesis of ecdysteroids was typified by a large number of scientific studies on
the introduction of ecdysteroid side chains into the corresponding starting pregnane and androstane steroids. Such studies hav
become less significant at this time. As an example, the study [66] in which a new method for constructing the characteristic
20,22,25-trihydroxycholestane side chain of ecdysteroids can be mentioned. It was based on radical addition of THF to the
20-ketone of the starting pregnane in the presence of samarium iodide.

Significant effort has been applied in recent years to the development of new methods for chemicah&tiorsioir
the most common phytoecdysteroids, in particular, 20-hydroxyecd2sdrtee advantage of such an approach to the synthesis
of ecdysteroids is that a large number of functional groups are present in the starting materials and do not have teble introdu
This significantly decreases the total number of synthetic steps. However, only specific organic reactions can be used because
the ecdysteroids contain several hydroxyls that must usually be protected and tziijelfaky-A’-6-ketones. The different
reactivity of the hydroxyls of ecdysteroids that are due to their different positions and conformations can be used in minor
chemical transformations [1]. Theg-hydroxyl, at which reactions can be carried out selectively, are the most reactive in
ecdysteroids. For example, selective conversion of 20-hydroxyecdysone into 2-dansyloxy-20-hydroxyecdysone has been reportec
[67].

Difficultly accessible phytoecdysteroid 2-deoxy-3-epi-20-hydroxyecdy3dBevas synthesized from 20-hydroxy-
ecdyson@ [68]. The desired ecdysteroid and its&nalog and 3-dehydro-20-hydroxyecdysone anaitsfimer were obtained
(Scheme 23).

Ho!'

o 143

Scheme 23.

Phytoecdysteroid 2-dehydro-3-epi-20-hydroxyecdysiatfbvas recently idated fromFroelichia floridana[69] and
was synthesized fro@[70]. For this, the 20-hydroxyecdysone was converted by a known methad4htxidation of which
by CrG; in pyridine gave 3-ketosteroit5 and 3r,9a-epoxysteroidl46, which were isolated in yields of 43 a28%,
respectively. Isomerization @#5on silica gel produceda3acetoxy-2-keton&47in 61% yield. Removal of the acetonide in
it with 70% acetic acid and further hydrolysis of the acetoxy48 with guanidinium acetate gave phytoecdysteidsid
(Scheme 24).

Scheme 24.
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Transformation of 2-deoxyecdysob®0into phytoecdysteroid silenosterdtgl has been reported [71]. The key steps
of the synthetic scheme are acetylatiods with acetic acid in pyridine to the 3,22-diacetate, partial alkaline hydrolysis of
the 3-acetoxy with KOH in CEDH to a 3-hydroxy, its Jones oxidation with chromic acid in acetone to a 3-ketone, and alkaline
hydrolysis of the 22-acetoxy with KOH in GBH to give the desireti51 The use of KOH for partial hydrolysis of the 3-
acetoxy in the intermediate 2-deoxyecdysone 3,22-diacetate causes, according to PMR spectra, epimerization at C-5 to give the
more stabldrans-A/B isomer and not theis-A/B isomer as reported [71]. Based on the literature data IB1]js still
produced. Therefore, we think that its formation can be explained by another epimerization at C-5 in the last step of alkaline
hydrolysis of the 22-acetoxy intarssilenosterone 22-acetate (Scheme 25).

OH

Scheme 25.

The 7(8)-double bond in steroids is known to be highly sterically hindered. Therefore, it is not hydrogenated
catalytically. However, it was demonstrated [72] that hydrogenati@oeér Pd on C (10%) in the presence of Ngdes
7(8)-dehydro-20-hydroxyecdysohB2in quantitative yield. Hydrogenation of other ecdysteroids occurs analogouslyto produce
the corresponding 7(8)-dihydroecdysteroids (Scheme 26).

OH
HO =

H

o 155

Scheme 26.
Dehydration o with HCI in C;H5OH forms phytoecdysteroids podecdyson&S3, stachysterone B54, and 14-

deoxyA”9(11)6-ketosteroidd 55 and156[73]. Thermal dehydration of the 20-hydroxyecdysone adsorbed,ar Al more
selective. This produceib3in 50% vyield [73] (Scheme 26).

428



Phytoecdysteroid stachysterone B was also synthesized from mono- and diacetonides of 20-hydroxyecdysone [74].
Thus, reaction of the 20,22-monoacetonidesfwith trifluoroacetic anhydride in a mixture of pyridine and CkiHoduced
7,14(15)-dien-6-on&58in 83% yield. Saocessive hydrolysis with first NaHG@ CH;OH and then 70% acetic acid converted
158t0 154 (Scheme 27).

OCOCR
HO

HO

H
O 158

Scheme 27.

Reduction of with Zn dust in acetic acid has been studied [75]. It was found that the principal products are 14-deoxy
derivatives159 and160in yields of 57 and 24%, respectively. A minor product was 7(8)-dehydro-20-hydroxyecd$bne
in 5% yield (Scheme 28).

Scheme 28.

It has been noted [76, 77] that trimethylsilyl ethers of ecdysteroids at the diffiaddgsible 1d-hydroxyl can be
produced through reaction with (trifluoromethyl) trimethylsilane in THF °@ O the presence of catalytic amounts of
tetrabutylammonium fluoride. Thus, the 2,3-diacetate of poststé&ihgave under these conditions silyl ethéfin 83%
yield. It was also found that reaction of this reagent with free ecdysteroids formed the corresponding fully silylateeslerivat
[78] (Scheme 29).

AcO AcO

AcO AcO

Scheme 29.
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The photolysis of in agueous solution has been described [79-82]. It was found that these transformations are
exceedingly complicated. The principal productsl&@®and163-166 (Scheme 30).

2 159

OH 163

Scheme 30.

Dehydration of ajugasterone3}73] with methanolic NaOH (5%) produced the phytoecdysteroid dacryhainansterone

167. The corresponding kaladasterone and 25-hydroxydacryhainansterone were synthesized analogously from muristerone A
and turkesterone (Scheme 31).

HO HO

3 167

Scheme 31.

Monoacyl derivatives of the tdhydroxyl of the phytoecdysteroid turkesterd8 have been synthesized [83]. For
this, 168 was reacted successively with phenylboronic acid and acetone to give 2,3-acetonido-20,22-phenyliifonate
CompoundL69was esterified with anhydrides of the appropriate carboxylic acids to givele®els the final step, hydrolysis
of the protecting groups ih70with HCI in dioxane gave the target monoethers of turkestdrohéScheme 32).
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Scheme 32.

Several improved methods for synthesizing acetates and palmitates of 20-hydroxyecdysone have been proposed [84-87].
For example, reaction @fwith phenylboronic acid and then of the resulting 20,22-phenylboronate with 2,2-dimethoxypropane
in acetone in the presencepafoluenesulfonic acid gave 2,3-acetonido-20,22-phenylbordiv@an high yield. Reaction of
172with a large excess of acetic anhydride in pyridine gave 25-at@@ite 90% yield. The protecting group in the side chain
of 173 was removed with 5O, in aqueous THF to give the corresponding 20,22-diol in 50% yield. The acetonide in it was
hydrolyzed using KU-2 cation exchanger in the H-form to form acéiétén 60% yield. Hydrolysis ol 72with H,O, in
aqueous THF gave the 2,3-monoacetonidersfin 58% vyield. Acetylation of the secondary 22-hydroxyl b with acetic
anhydride in pyridine gave 22-acetai#in 58% yield. Hydrolysis of the acetonidelifi6in the presence of KU-2 in the H-
form synthesized 22-acetate of 20-hydroxyecdydafvan 73% yield (Scheme 33).

Scheme 33.
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Several derivatives of the 22-hydroxyl of 20-hydroxyecdysone were synthesized [88]. Thus, redctomittfi
methyliodide in the presence of silver oxide in DMF and subsequent removal of the protecting group in ring A with acetic acid
(70%) gave 22-methyl eth&r8 The 22-ethyl ether of 20-hydroxyecdysone was synthesized analogously. Esterifidaton of
with palmitic chloride in a mixture of pyridine and benzene and further hydrolysis of the acetoni@2-gealmitatel 79
Reaction ofL75with the anhydride of pyrrole-2-carboxylic acid in a mixture of triethylamine and dioxane in the presence of
dimethylaminopyridine and subsequent acid hydrolysis of the 2,3-acetonide isolaté8@sthe 22-O-(furan-2-carboxylate)-,
2-O-(thiophene-2-carboxylate)-, and other esters of 20-hydroxyecdysone were synthesized by the same method [88].
Experiments in vivo with larvae of the houseMysca domesticéound that the synthesized compounds are highly active as

insect molting hormones (Scheme 34).
/ 175\
| \
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Scheme 34.

It was demonstrated [89-91] that reactior? efith a two-fold excess of trifluoroacetic anhydride in Ckifor 15 min
formed (25)-shidasteroné&81in 37.5% yield. Then it was found [92, 93] that the analogous react®witf a three-fold
excess of trifluoroacetic anhydride in CH@r 1.5 h gave the rare phytoecdysteroid shidastet8Ae A second product of
this reaction was orthoest&83 (Scheme 35).

HO OH

Scheme 35.
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Ponasterone A was synthesized fr@nf94-96]. Thus, reaction of the diacetonide of 20-hydroxyecdys84e
with methanesulfonyichloride in pyridine in the presence of dimethylaminopyridine gave a mixture (3:1) of Ed&cares
186 in overall yield of 87%. Hydrogenation of this mixture over Raney nickel produced quantitatively the diacetonide of
ponasterone A87, hydrolysis of which with aqueous acetic acid (70%) gave the 20,22-monoacetonide of ponasterone A in
quantitative yield. Further hydrolysis with acetic acid (70%) in the presence of ga@ ponasterone 288in 24% yield
in addition to the unreacted 20,22-monoacetonide in 43% yield (Scheme 36).

Scheme 36.

24-Epipterosteron&91 was synthesized fror@ in an analogous manner [97]. First, 20-hydroxyecdysone gave
2,3,20,22-diaceonide34, reaction of which with methanesulfonylchloride in pyridine formed a mixture of stéi@bdsmnd186.
Epoxidation of this mixture witin-chloroperbenzoic acid formed a mixture of all possible epoxides, chromatographic separation
of which produced pure 24,25-epoxysterb@9in 34% vyield. Isomerization di89with LiBr in acetonitrile synthesized allyl
alcohol 190 in 50% yield. Catalytic hydrogenation of the 25(26)-double bond9® over Pd on C (5%) poeeded
gquantitatively. Protecting groups were removed from the resulting product by acid hydrolysis with acetic acid (70%) to form
the desired 24-epipterosterab@l in 74% yield (Scheme 36).

Several rare phytoecdysteroids were synthesized2r[@8]. First, 20-hydroxyecdysone was converted as usual into
2,3,20,22-diacetonide84. Then, reaction df84with methanesulfonylchloride in pyridine in the presence of DMF with cooling
followed by reaction of the resulting 25-mesylate with heating to room temperature formed a mixture of diacetonides of
stachysterone €85and 25,26-didehydroponasteron&&6in 87% overall yield. Removal of the protecting groups with acetic
acid (70%) produced stachysterongd2and 25,26-didehydroponasteron&98 Criegeeis-hydroxylation ofl92with OsQ,
synthesized phytoecdysteroids 24-epiabutastet8dand abutosteror95in a 2:1 ratio in 88% overall yield. Use of various
chiral ligands in the hydroxylation &2 increased the content in the mixturel®4 (Scheme 37).
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Ho 194 Ho 195

Scheme 37.

It was found [99] thatis-hydroxylation of193 with OsQ, formed 20,26-dihydroxyecdysone as a mixture of two
diastereomer$96and197in about equal quantities (Scheme 38).

HO QH OH
"oH
193 — +Ho +
HO
H
O 1906
Scheme 38.

Thus, chemical synthesis of ecdysteroids at present is a dynamically developing area in the chemistry of natural
compounds. In our opinion, the results are very important not only to the chemistry and biochemistry of ecdysteroids but also
to the chemistry of steroids in general.
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