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INSECT PHEROMONES SYNTHESIZED BY OXIDATIVE
TRANSFORMATIONS OF NATURAL MONOTERPENOIDS

G. Yu. Ishmuratov,! R. Ya. Kharisov,! UDC 547.3+632.936.2
R. R. Gazetdinov! and G. A. Tolstiko?

The literature on oxidative transformations of natural monoterpenoids to synthesize insect pheromones was
reviewed.
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The literature on pheromone chemistry is broad and reflects the consistent interest in this area over the last 20 years
in the form of monographs [1-7] and reviews [8-15].

Insect pheromones known today are rather simple molecules (less than four asymmetric centers and four functional
groups). Therefore, the "ideal" substrate (chiral or achiral) for most such structures is a moderately functionalized molecule
in particular, hydroxy- and amino-acids in addition to monoterpenoids. The last class of compounds is teessdsdegor
this series and is especially convenient for the synthesis of molecules with a branched C skeleton, primarily isoprenoid
pheromones.

Oxidative methods of transforming monoterpenoids are the most convenient and widely used methods for carrying out
various transformations of starting molecules and introducing most known functional groups. Considering this aspect, articles
on the synthesis of insect pheromones that for one reason or another did not appear in previous reviews are reviewed herein

ALLYLIC OXIDATION BY SELENIUM DIOXIDE

One of the most common methods for functionalizing the C skeleton of unsaturated monoterpetaiitis gam
isopropylidene group is regio- and stereoselective oxidation at the allylic position, for example,,lf §e@niol {) and its
derivatives or similar compounds. This method enables introduction into molecules of hydroxy- or oxo- functions that can be
used in further transformations.

For example, treatment of geranylacet&ewith a stoichiometric or catalytic (wittBuOOH) amount of Sep
followed by hydride reduction gives unsaturated hydroxyacgtateich is widely used to synthesize insect pheromones [16-19].

In particular 3 was oxidized to aldehyde which was then converted to the olefimbgropylidenephosphorane [16],
to prepare racemic 5,9-dimethylheptadecafetlie sex pheromone of the pear leaf blister motlu¢optera scitell&eller).
Organocuprate coupling of the resulting allylic acetateith n-hexylmagnesium bromide led to 5,9-dimethyl-3,5,9-
heptadecatriend), exhaustive hydrogenation of which gave the desired pheromone

Condensation of bromoacet8tath sodium malonic ester was used [17] to synthesize 10-hydroxy-4,8-dimetBi-4
decadienoic acid1(l), an acyclic precursor of ferrulactone 12), which is the principal component of the aggregation
pheromone of the rusty grain beet@ryptolestes ferrugineuStephen). Decarboxylation of the resulting trieStend
subsequent saponification gave the key hydroxyagidlactonization of which byis-(4-t-butyl-N-isopropylimidazol-2-
yl)disulfide gave the desiretR.
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71, fax (3472) 35 60 66, e-mail: kharis@anrb.ru; 2) N. N. Vorozhtamodibirsk Insitute of Organic Chemistry, Siberian
Division, Russian Academy of Sciences, 630098yasibirsk, pr. Akad. Lavrefgva, 9. Translated from Khimiya Prirodnykh
Soedinenii, No. 6, pp. 509-522, Novembeze®mber2005. Original article submittedddember 152004.
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a. Ac,0, Py;b. SeQ, t-BuOOH;c. PCC;d. 03H7P+PmBr', t-BuOK; e. n-CgH13MgBr, Cul;f. Hy, Pd-C;
g. CBr,, PPh; h. NaCH(CQEt),; j. NaCl, DMF, HO, 160°C;i. NaOH, dihlim:k. BID, PPh

Odinokov et al. [18] changed the condensation and decarboxylation conditions in the synttiekimoB. In the
former instance, they used chloritiginstead of bromid& and carried out the reaction in the presence of Pd(GRe}x.
This increased the yield 6fto 90%. They used LiCl in aqueous DMF for the decadiation of trieste® whereas NaCl was
used previously [17]. They isolated from the reaction mixture the exdextedddition to its acetoxy hydrogenolysis products
as a mixture (7:3) of esters of regioisoméxfc>-14 andA:10.15 4 8-dimethyldecandienoic acids. Alkaline hydrolysid ®f
isolated by column chromatography gave the key hydroxyécid
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a. COCh, DMF, Py;b. NaCH(CQEt),, Pd(OAc}-PPh, THF;c. DMF, LiCl, H,0, 173C;
d. Hy, Pd-C;e. DIBAH; f. PCC (91%)

The resulting mixture df4and15was used to synthesize 4,8-dimethyldecahd| @ racemic analog of the red flour

beetle Tribolium castaneurandT. confusumaggregation pheromone, for which they were reduced to saturated dl6ohol
oxidation of which gave the desired aldehyde

Use of hydroxyacetatgis very convenient for preparation of 1,5-dimethyl-branched pheromones [19].

\)\/\)\/\OAC — ACO\)\/\)\/\ CH3(CH2)5)\/\/l\ (CHp)CH3

89% Ac T 97%
d l 89% 19
THPO\)\\/\)Q/\ €-9 ACO\)\\/\)Q/\ hi J\/\)\
OAc ———> CioHps — CHg(CH)13 (CHp)13CHg
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a. Ac,0, Py;b. n-CgH11MgBr, Cul;c. H,, Pd-C;d. DHP, TsOH:e. n-C;,H,sMgBr, Cul;
f. TSOH, MeOHyg. Ac,0O, Py;h. n-C;3H,7MgBr, Cul;i. Hy, Pd-C

The C skeleton d8 was extended by a one-step dialkylation of diacétateith n-pentylmagnesium bromide in the
synthesis of 7,11-dimethyloctadecai®)( a pheromone of the yellow fever mosquidedes aegypti
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The same hydroxyacetat8) (was used by these same researchers to approach 15,19-dimethyltriac2®taae (
pheromone of the stable flg{omoxys calcitransfor which a selective two-step lengthening of the chain of di@beras
achieved.

Allylic oxidation of 2 by SeQ gives3 and a side product of acetoxyaldehgnehich was used in a three-step synthesis
of (9-3,7-dimethyl-ZE-octen-1,8-diol 23), a secretion of the plain tiger butterfiygnaus chrysippyg420]. Reduction oft by
Baker's yeast, which transformed only tBei6omer, and subsequent alkaline hydrolysis gave2diah 97% optical purity.
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a. SeQ; b. BY, H,0, 25°C; c. KOH

A (phenylthio)acetate of gerani@4) was used to synthesize lactdri?d17]. Allylic oxidation of24 by SeQ followed
by mild hydride reduction led to unsaturated monosubstitute@8idialogenation and further cyclization of brom&figave
in high yield S-containing macrolid®, desulfurization of which gave the desired pheronidhe
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a. PhSCHCOCI, Py;b. SeQ; c. Na(CN)BH;; d. CBr,, PPh; e. NaH, HMPA;f. Ni-Ra, EtOH;g. BrCH,COBr, EgN;
h. SeQ on SiQ, t-BuOOH;i. Smb, THF, BzCl, DMAP;j. Smb, THF, HMPA, pivalic acid

In another synthesis [21] of lactoh2, aldehydeé8, the product of allylic oxidation of geraniol bromoacetic ester by
t-BuOOH in the presence of a catalytic amount of S&Osilica gel, underwent lactonization in the presence of 8nelyclic
benzoate lacton29, further deacyloxylation of which by Sménd pivalic acid gave the desired compoli&d

A key step in the approach to a diastereomeric mixtureSBRES)-(-)-methyl-6-isopropenyldecanol acetadd) a
component of the sex pheromone of the California red s&atediella auranti) [22], was the cross couplingmbutyllithium
with unsaturated bromoacet&8 which was prepared by allylic oxidation of the double bond of citronellylac&8Htavith
subsequent two-step substitution of the hydroxyl by bromine. The coupling-bityllithium praceeds by an ! mechanism
and produces an isopropenyl substituent.

HO, Br
)\%\/\/\R _> \)\% _» \)\/é/ 45% OAc

30, 31 34

30:R =OH
31:R =0Ac

a. Ac,0, Py;b. SeQ, t-BuOOH;c. TsCl, Pyd. LiBr, Me,CO; e.n-BuLi, Cul; f. BF; [Et,0

Poppe et al. [23] proposed an interesting approach using allylic oxidation byd@de synthesis of §9S)-5,9-
dimethylheptadecand@a), the principal component of the sex pheromone of the pear leaf blisterlraatioftera scitellp
Its (BR,99-isomer @13 and (B8R99-40b and (3R,99)-dimethylpentadecanedlb) are possible sex attractants of the coffee
leaf miner moth Rerileucoptera coffeella
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(R)-Citronellal @5), which was prepared by incubation of racemic citrone3@l With Baker's yeast, was coupled with
n-hexyliden om-butylidenylides to produce the corresponding digdGssandb, allylic oxidation of which gave a mixture of
aldehydeg7aandb and the accompanying alcoh88aandb, which were converted to the required aldeh@¥esandb by
the standard method. Then lengthening of the C chain by Wittig olefinatiompitbpylidenphosphorane and exhaustive
hydrogenation of the resulting trien@@aandb completed the synthesis of the target pheroméfasndb and4laandb.

MONOTERPENOIDS FUNCTIONALIZED BY EPOXIDATION

Selective epoxidation of the isopropylidene group of geraniol derivatives and similar structures is often used in synthetic
approaches to insect pheromones from monoterpenoid3hloroperbenzoic acid (MCPBA) is used most often for this.

Thus, epoxidation of the double bond of geraniol tetrahydropyranyl é®)evds used to isomerize it into the terminal
position using aluminum isopropylate in the synthesis of ferrulacid@)éX4]. Claisen rearrangement of the resulting allylic
alcohol43 gave the trisnorfarnesane structuredn Its hydrolysis gave the key hydroxyaditl which was cyclized under
standard conditions into the desired pheroniche
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a. MCPBA, AcONab. (i-PrO)Al; c. MeC(OEty, EtCOH, 135°C; d. PPTS;e. KOH; f. BID, PPk, PhMe

An analogous approach with isomerization of the double bond of another monoterpenoid}S)eredg used to
prepare of 3,7-dimethylZ7-octadien-1-ol propionatéd®), a component of the California red scale 4uranti) pheromone
[25, 26]. Here the double bond in the terminal position was substituted by treatment of epdgyeithet-butylhypochlorite,
which produced allyl alcohal?7, deoxygenation of which gave the requid&d
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or 9% O OH N

45:R=H 46:R = COEt a7 48 OCOEt

a. EtCOCI, E§N; b. MCPBA,; c. t-BuOCI; d. MsCl, E&N; e. LIAIH 4
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Epoxidation of theAS7-bond of geraniol was used to shorten the C chain in the synthesis of racemic
9-methylgermacrene-B56), a pheromone produced by male sand fliagzZomyia longipalpis[27]. Compoundl was
fragmented through intermediate epoxd@wof the corresponding TBS ether using periodic acid. The resulting aldebyde
was alkylated by a Grignard reagent to allyl alc@iplClaisen rearrangement of which gave the trimethyl-branched diene
a,w-difunctionalized52. Then52 was converted by known methods to aldely8ewhich was transformed successively

through cyano derivativest and55 into the required pheromoisé.
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a. TBSCI, DMF;b. MCPBA; c. HIO,; d. MeC=CMeMgBr, THFe. MeC(OEt), EtCOH, A; f. PPTS, MeOHg. PPh, CCly;
h. DIBAH, -78°C;i. TMSCN, KCN, 18-crown-6j. BnMesNF, THF, HO; k.CH,=CHOEt, PhH;. NaHMDS;
m. PPTS;n. NaOH, E}O; 0. Me,CBr,, Sm, CrC}, Smb, THF

An analogous method for shortening the C chain was used in a convergent synth&i49f8311-dimethyl-2-
heptacosan&()), a component of the sex pheromone of male German cockro&thtsl(a germanicy using R)-citronellol

(30) and ethyl-R)-3-hydroxybutyrate@l) as starting materials [28].
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a. TsCl, Py:b. Me(CH,);3MgBr, Li,CuCly; c. MCPBA; d. HIO,; e. LIAIH 4, EtO:; f. Nal, Me,CO: g. LDA, THF, HMPA: h. Mel,
i. CH,=CHOEt, TsOHj. MeCOCHCO,Me, K,CO;3; k. NaOH,l. AcOH, THF, HO; m.recristallization from hexan®e; TBSCI;
0. CO(OMe), NaH, dioxanep. 60, K,CO;, MeCOEt;q. NaOH, n-Buy,NOH, THF, HO; r. NaBH,; s. MsClI, Py, DMAP;

t. LIBEt3H; u. HF, DME, H,0; v. PCC

-60°C;

Epoxidation of alken&7, which was produced by extension of the C chain of staf@38@by a Schlosser—Grignard
reaction, followed by periodate cleavage of eposi8léed to methyl-branched aldehyfi® Then59 in three standard steps

was converted to the first chiral synthon, iodéfe
The second chiral synthon was constructed starting with hydroxystelts stereoselective methylation in the

presence of two equivalents of lithium diisopropylamide gave a mixture sfthandanti-isomers of methyl-branch&2 in
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a 4:96 ratio. After protection of the hydroxyl, the ester was transformed in three steps into an iodomethylene group.
Lengthening of the C chain in the resultBi®py alkylation with acetoacetic ester gave ketoeBderRemoval of the protecting
group gave hemiacet@b, recrystallization of which enabled thgnisomer to be completely removed. Treatmer@ofvith
t-butyldimethylsilylchloride and methoxycarbonylation of the intermediate ketoBfhgave theB-ketodifunctionalized?.
Alkylation of 67 through the sodium derivative by iodifié followed by deoxygenation gave silyl ett&9, deprotection of
which produced the desired pheromdife

An original approach to the synthesis of ipsdiei@@),(an aggregation pheromonep$ bark beetles, was based on
myrcene T1) [29]. Regioselective epoxidation of trierd) at theA® "-bond formed the epoxid&?, in which the oxirane ring
was opened by MeMgl at room temperature after 1 d to give the target pherénone
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a. MCPBA; b. MeMglI

Epoxidation of geraniol and similar monoterpenoids can also be carried out selectiveli%at boad by treatment
with t-BuOOH in the presence of catalytic amounts of VO(aces)ich an approach was used to prepare racemic 3,7-dimethyl-
2-o0x0-6-octen-1,3-diol 47¢), which may be active as an aggregation pheromone of the Colorado hestlmdtarsa
decemlineatp[30].

OH
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OH OH OH
OH
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a. t-BuOOH, VO(acagy b. Ac,0, Py;c. HCIO,, DMF; d. K,CO;, MeOH;e. TBDPSCI;
f. DMSO, (COCI}, EtN; g. n-Bus;NF

Regioselective epoxidation followed by acylation convettiedo epoxyacetaté4, opening of the oxirane ring of which
and hydrolysis of the acetate gave trist. After selective protection of the primary hydroxyl, Swern oxidation of the secondary
hydroxyl in76cfollowed by deprotection produc&dcas a racemic mixture. Separation of the raceiétby chiral GC gave
two compounds, one of which was identical to the natural pheromone.

The isomersR)-77aand §)-77b were obtained from the linalool enantiomd®$-{8aand §)-78b, respectively, to
establish the absolute configuration of the natural pheromone. In particular, epoxidation of the terminal double bond of the
(R)-isomer and then opening of the oxirane ringRjr{9agave triol R)-75a By analogy for the racemic species, the desired
(R)-77awas obtained fromR)-75a

The isomer §-77b was synthesized by the same synthetic pathway f&#i8b. Biological tests showed that
unsaturated oxodiolgf-77b corresponded completely with the natural aggregation pheromone produced by male Colorado
beetles whereas itR)-isomer, i.e.,/7a was inactive.

Regioselective epoxidation of the exocyclic double bond of cardidy MCPBA was used to introduce a hydroxyl
in establishing the absolute configuration of natarghellandren-8-olg-mentha-1,5-dien-8-0l85), a monoterpene isolated
from bark and pine beetletp§ sexdentatudorn, I. acuminatusGyl, Dendroctonus ponderosadopkins) [31]. Both
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enantiomers o085 were synthesized fronR)f- and §)-carvone 80), respectively. Reduction of epoxi@i& involved the oxo

group also, which was regenerated from the resulting 82oby selective oxidation with MnOto ketoalcohol83.
Deoxygenation occurring with deprotonation of the ketone by the Bamford—Stevens method [32] led through tosylhydrazone
84 to the desired dienof)-85. (R)-85was prepared analogously froR){carvone 80).

NNHTs
quant quant 82% 73% 67%

OH g OH g4 OH 85

a. MCPBA,; b. LIAIH 4; c. MnOy; d. TSNHNH,, HCI, MS 4 &, THF; e. MeLi

The longhorn beetl&/esprus xatarjiis a dangerous grape pest. Both enantiomers of 10-oxoisopiperitenone (vesperal)
(93), a component of its sex pheromone, were synthesized in high optical purity and with a prépseeplate starting from
(9- and R)-limonenes §6) [33] in order to determine its absolute configuration.

SePh
—»
30% quant ?/ 86% 7%
*
86
65% Q 54%

a. n-BuLi, TMEDA,; b. O,; c. N&SQ;; d. Ac,O, Py;e. MCPBA,; f. PhSe,, NaBH,; g. H,O,, THF, H,0; h. PCC, NaOAc

The hydroxyl was introduced on C-10 of dief-86 using the classical method of Crawford et al. [34] involving
lithiation and oxidation of the organometallic intermediate, which gave unsaturated &@ohol30% vyield without
racemization at C-4.

The second oxygen function was introduced at C-3 via organoselenium intern®ddigfer this, a mixture of
diastereomers &9, prepared fron88 using MCPBA, was treated with phenylselenide anion as before [35]. In parallel with
hydrolysis of the acetate, this gave a mixture of d8lsnd91, which were separated by chromatography. Tokwas
oxidatively cleaved by hydrogen peroxide to give bisallyl alc@2plxidation of which using Corey reagent gave the target
(9-vesperal 93).

The R)-isomer 093 was synthesized frong)-limonene by an analogous scheme. According to testRthsomer
was completely identical to the natural pheromone.

The examples given aboli6-23] involve allylic oxidation of an isopropylidene group by Se@alian chemists [36]
proposed a scheme in which the first step was epoxidati@rcit(onellol (30) after protection of the hydroxyl in a simple and
effective synthesis of 86R/S)-3-methyl-6-isopropenyB-decen-1-ylacetate®99), components of the sex pheromone of
California red scaleX. auranti). Subsequent isomerization of oxire@¥eby aluminum isopropylate gave unsaturated allyl
hydroxyethe95. The butenyl radical was introduced into the molecule using a Grignard reaction and benzothiazolesulfide as
the leaving group, which was added to subst®atby treatment with benzothiazole disulfide in toluene in the presence of
triphenylphosphine. The resulting mixture of isomeric sulféi@and97 was converted completely by irradiation 196
Alkylation of 97 by 3-buten-1-ylmagnesium bromide in the presence of Cu(l) bromidegated through arNsl mechanism
exclusively to unsaturated eth@8, from which the required acete88 was produced as a mixture of two diastereomers. It
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should be noted that conditions for removing the benzyl protecting group by hydrogenolysis while not affecting the double bonds
in the molecule were successfully found.
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a. BnBr, NaH;b. MCPBA,; c. (i-PrO)Al; d. BtzS,, PPh; e. hy; f. CH,=CH(CH,),MgBr, CuBr;g. H,, Pd-C;h. AcClI, Py

Alkaline epoxidation of the conjugated double bondR)fdarvone 80) was used to contract the ring in a synthesis
of (+)-grandisol {10), a component of the boll weevil sex pheromoktifionomus grandig37].
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a. H,0,, NaOH, MeOH}. HCIO,, THF;c. NalO;, MeOH;d. HC(OMe);, MeOH, TsOHe. AcOH, H,0; f. NaBH;
g. TsCl, Py:h. Nal, MeCO;i. LDA, HMPA, THF;j. LDA, then Mel, THF;k. NaOH, MeOH}. KI, I, NaHCQ, CH,Cly;
m. Zn, NH,CI, EtOH; n. LIAH 4; 0. NaCN, HMPA, HO; p. DIBAH

Opening of epoxidel00 by acid gave ketodiolO1l Periodate cleavage df01 gave acetalestet02 simple
transformations of which produced haloedtet Enolization ofL04with subsequent intramolecular alkylation provided a path
to the required cyclobutari®s.

A methyl group of the required configuration was introduced by low-temperature methylation of the corresponding
lithium derivative of estet05 which led to a diastereomeric mixturel®ab and107ab. Subsequent iodolactonization of
this mixture cyclized only theis-isomer ofLO6bto form iodolactond08 which after reduction by zinc dust was regenerated
into the single aci@l0O6b. Reduction o106bgave the alcoholl09), which was converted to the desired pheronidr#hrough
the cyanide homolog.

An isopropylidene group in linear monoterpenoids can be epoxidized both directly by peracids and by
dehydrohalogenation of vicinal bromohydrins prepared, for example, using N-bromosuccinimide [38-39].

Thus, whereas Novak et al. [26] proposed using MCPBA to epoxidiz€thdouble bond of nerol propiona#sj,
Mori [38] used hydroxybromination of nerylacetatd 1) followed by dehydrobromination of the resulting bromohydrli2
under alkaline conditions to give epoxitiE3in the synthesis of threo-(+)-4-methylheptan-31dlg), a pheromone of the elm
bark beetle $colytus multistratys Periodate cleavage @fl3 gave w-acetoxyaldehydd 14, which was converted by a
Huang—Minlon modification into unsaturated acetafis. The hydroxyl was added regioselectively to C-2 using an
organoboron interméate. Subsequent methylation of C-1 with dimethyllithiumcuprate of epagidleorresponding to diol
116 completed the synthesis of the desité8.
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/\)Y\OH 29%
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a.NBS, DMF, HO; b. KOH; ¢. Ac,0, Py;d. HIO,; e.N,H, -H,0, (CHOH),; f. DHF, TSOH;g. B,Hg;
h. 30% H,0,, NaOH:;i. HyO"; j. HBr, ACOH; k. KOH, (CH,OH),; |. Me,CulLi

Double bonds are also fragmented via cleavage of the corresponding epoxide through an intermediate vicinal alcohol.
This approach was used in the synthesis of 13,17,21-trimeti\48(¢, -penta-124b), and -heptai24g-triacontanes,
components of the sex pheromone of the tobacco hornwdamduca sexta..) [39].

M\q 2 )\\/\)Q/\/Lo LA N N s (CHo)Me — ST
3
120

8%

119 121 from120
—— _’g _’h J\/\)\/\/l\
O\\/{\ R X R CioHos
122 123a-c 124a-c

R =n-Cy5Has (a); n-Ci4H2g (b); N-CyeHa3 (C)
a. AcOCH,CO,Et, basebh. Me(CH,)1(CH=PPHh; c. NBS, DME, HO; d. i-PrONa;e. HCIO,; f. Pb(OAc),;
g. R-C(Me)=PPj; h. H,, Pd-C

Triene 121, the product of Wittig olefination of geranylacetod2@ by n-dodecylidenephosphorane, which was
prepared in turn from geranylchloridel®), was used as a substrate for hydroxybromination. It was cleaved by a sequence of
hydroxybromination, cyclization—decyclization, and fragmentation reactions using lead tetraacetate to dldg&hyde
Olefination by the appropriate phosphoranes and exhaustive hydrogenation of the resultint2Bigbhgded to the required
pheromoned24ab,c.

The methyl ester of acetic aaidsulfochloride, like NBS, reacts regioselectively with acylic terpenoids. For example,
its reaction with geraniol benzyl eth&2§) was used to synthesize 3,7-dimethi-GE-decadien-1,10-dioll29), a component
of the sex pheromone of the plain tiger butterfly ¢hrysippu¥[40]. Dehydrohalogenation of the resultiaechlorosulfide
1261ed to an allylsulfideX27) with a terminal double bond. An intramolecular rearrangemeli’ i the presence of base
gavea-mercaptoestet28in good yield, desulfurization of which with further hydride reduction of the ester and deprotection
led to the desired didl29

a b
N N — M
)\/%)\/\OBH — CI><(% T —

SCHCOMe SCH,COMe
125 106 2°2 197012002
v L — \/\J\/\/I\/\
. — HO. ~ N
72% MeOy X 56% OH
128 129

a. MeO,CCH,SCI; b. DMF, 6(°C; c. t-BuOK, THF, DMSOd. Ni-Ra;e. LiAlH 4; . H,, Pd-C

An analogous rearrangement was used to prepare the racemic acdtzBenoéthyl-6-isopropenyl-9-decadien-1-ol
(135, a component of the sex pheromone of the California red gcaden@ntii [41, 42]. Geranylacetat@)(was transformed
by a Stevens rearrangement into sulfi@é through an intermediate trifluoroacetate dimethylsufoniumlSdlt Subsequent
conversions of sulfidé31, culminating in its oxidation and alkylation of the resulting hydroxysuli@#by allyloromide, gave
sulfonel33 reductive desulfonylation of which gave alcoh®!, which was easily converted to the target natural praBit
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a WOA _d_Meo e
—_— C —)- —_—
90% CRycO DsMe; 77 fromz. 88%
—» Me ———’- Z
%S/:\(%\)\/\ 77% /\)I\} 47% /\/p /\/:\K\)\/\

a. (CFsCO),0, DMSO;b. MeONa; c. AgO, Py:d. MCPBA: e. LiAIH 4; . n-BuLi; g. CH,=CHCH,Br, THF, HMPA:h. Na, NH

OZONOLYSIS

Yet another oxidative method is ozonolytic cleavage of double bonds. It has also been widely used to synthesize insect
pheromones [43-54] and is a convenient and practical method for preparing O-containing compounds.

An example is the synthesis of all stereocisomers of 3,13-dimethylheptad&déael), the principal component of
the western false hemlock loop&tepytia freemanisex pheromone [43]. The key step in this scheme was alkylation of
phenylsulfonesR)- and §)-140with a reactiver-methylene that were prepared from the corresponding enantiomers citronellol,
(R)- and §-30.

z HO | =
(S (R) 30 —> 83% M/k/\/ Wo» \/%\ E(yo» \/% 61% ud -

136 138
f a, g h W
. Ho/(\ag%\ 23 Phso N
90% 72%
139 (S-14Q (R)-140

a. TsCl, Py:b. EtMgBr, Li,CuCl,, THF;c. Os, then NaBH; d. Nal, Me,CO; e. nBuLi, HCECH(CH,)sOH, THF, HMPA;
f. H,, PtQ,, EtOH;g. PhSH, NaOH, MeOH). MCPBA

The aforementioned organosulfur compounds were synthesized starting with alkylation of intermediate
citronellyltosylate with ethylmagnesium bromide. Ozonolytic cleavage of the double bond of dimethyl-brancheti3fikene
followed by hydride reduction of the peroxide ozonolysis products led to alt8iolvhich was transformed into iodid&8.
Then,138was used to alkylate the lithium derivative of 4-pentyn-1-ol. Exhaustive hydrogenation, phenylthiylhgraoi
oxidation by MCPBA gave the corresponding synth@®)s &nd §)-140.

The second building block was synthesized using the required enantiomer of methyl 2-methyl-3-hydroxypropionate
(141) as the substrate. Through a series of known transformations [44], including preparation of optically activ
2-methylbutanol142), it was converted to iodidet3

HO\)\ _> \J\/ \J\/l
COoMe 47% fron14l

-, R-141 (R-,(9-143
d = SOPh Pt e f = =
(R-140 +(9-143 > 72% \A}\/WV g(,’/o \/\/\/\(\/;5\/\/

144 145a

a. Ref. [44];b. TsCI, Py;c. Nal, Me,CO; d. n-BuLi, THF, HMPA; e. Na, Hg, NaHPQ,, EtOH;f. H,, PtO,
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Combination of the lithium derivatives of sulfoh40and iodidel43through a cross-coupling reaction gave sulfone
144 with two optically pure chiral centers. Desulfurization and hydrogenation completed the synthesis of the desired
pheromoned45ad.

A synthesis of all stereocisomers of 10,14-dimethyloctadec-11é2ea(), 5,9-dimethyloctadecan&%3ad), and
5,9-dimethylheptadecané(a 41a and155ab), components of the apple leafminkeygnetia prunifolielld sex pheromone,
was proposed starting with citronellol enantiom&® énd methyl 2-methyl-3-hydroxybutanoaiet) [45].

a, b .
(9-, (R-30 —/> AcO/\)\/\/OH LR ACO/\M W o’\)‘ﬁa’\

66% 73%
146 -, (R)-148
/\)\COZMe 56% \/\)\/OH ’ \/\)\/
(9-.(R-149 (R-,(9-151
- - X : \/\/?\/\/L
9- 151 — -
% 152a 7o o0 153a 19
152a 8% from \/\/\/\)\(;SH17
154a 152a
152b M» \/\)\/\/?\
1552 817

a. Ac,0, Py;b. Og, then NaBH; c. TsCl, Py,d. H,C=CH(CH,),MgBr, Li,CuBr, -M&S -PhS, THF, HMPAe. KOH,;
f. SiO, AgNOs; g. PCC;h. ref. [47];i. LiBr; j. Mg, then148 k. MsCl, Py;l. LiBEtgH, THF; m. H,, PtOy; n. LIAIH 4, THF

Required isomers di48were prepared fronRj- and §)-citronellol 30), which was first converted to acetoxyalcohol
146[46] and then alkylated through the corresponding tosylate [47]. Hydrolysis of the resulting unsaturatetéddcgitite
subsequent oxidation led t8){ and R)-aldehyded 48 respectively.

Synthon 151 was prepared by a known method from the corresponding enantiomers of methyl 2-methyl-3-
hydroxybutanoatel@d9) [47] through optically active 2-methylhexan@bQ) [47]. Combinations of possible cross-couplings
of (§- and R)-isomers of synthonk48and151with subsequent simple transformations that did not affect the chiral centers
led to all sterecisomers of the olefinic components of pheromb2e,d. Catalytic hydrogenation of olefii$2ad produced
the alkane components of the pheromdiz3ad.

The remaining stereosiomers of the pheron#fie 413 and155ab were synthesized frotb2ad by ozonization
followed by hydride reduction and deoxygenation of the intermediate alctivdsl.

Two oxidative methods were used to prepare key blocks for a convergent synthesis of (+)-cemb8&neahighly
effective tracking pheromone of termitéaititermes exitiosli$48].

1 ab ~ ~ < O d. e RO\/\)\\/\
—_— — —_—
156 157 158, 159

158:R =H
159:R = THP

a. PBr3; b. NaSGQPh, DMF;c. O;, CH,CI,, then MgS; d. NaBH,, MeOH;e. DHP, TsOH
A key step in the synthesis of the first syntli&9® was ozonolytic fragmentation of geranylphenylsulfébé For
some reason the peroxide ozonolysis product&6fvere reduced in two steps, first to the aldehyde and then to the alcohol.

However, in this instance it would have been simpler to convert immediately the peroxide ozonolysis products into the required
alcohol158 using NaBH.
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To prepare the second synthbél, oxidation of geranylacetorfi20 using sulfuryl chloride proceeded wittlyl
rearrangement to give secondary chlorokefd@Gwhich contained the isopropenyl group. By introducing dithiane protection
of the oxo group, this block was prepared for cross-coupling with the first synthon, which was carried out successfalisin aque
base in the presence of an interphase-transfer catalyst. Further standard transformations of the resulti6@ kdftmthe
acyclic precursor oxodithiar64, intramolecular cyclization of which gave the required sesquiterj@he

120 —> W
82% 90% 65%
g
THPOQ, HO S S —_—
- \/\)\/I\/\\% 62% 65%
163
h
O\ S ~ ; ¥,
82%
164 165

a. SOCl,, N&CO3, CH,Cly; b. HS(CH,)3SH, BR-ELO; c. NaOH, 159, n-BuyNBr; d. PPTS;
e.Na, Hg, NaHPGQy; f. HgCl,, CaCQ; g. PCC;h. TiCl5-AlCl 5 (3:1), Zn-Cu, DME
The principal component of the abdominal gland secretion of the aposematic shielthbtap (parentunWhite)

[Hemiptera: Scutelleridae] was established &4R 6R,89)-trimethyl-1,7-dioxaspiro[5.5]undecan&7d). This was the first
example of a branched spiroacetal in the insect kingdom [49].

e, f
o —> COoH _7 —» —_—
H
168

NNMe2o

169 I 170 171

NNMep OTHP Q OoTHP
M/\/‘\ — &\/L/U\/\/k
| m

172
a. Ref. [52];b. MeLi, -78°C; c. HO(CH,),OH, TsOH;d. O3, -78°C, then NaBH; e. TsCl; Pyf. Nal; g. t-BuOK;
h. AcOH, 80C;i. H,NNMe,, AcOH;j. LDA, -78°C, thenl72 k. SiO,; I. HCI; m. AD-mix B, 0°C; n. LIAIH

The enantioselective synthesis of this unique spiroacetal was carried out [50] starting)\{#thpulegone 166)
through an intermediate acetonide of unsaturated ké®neSuccessive ozonolysis of the double bon@iériand reduction
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of the peroxide products gave hydroxykdia8 dehydrogenation of which through the corresponding iddB@gave after acid
hydrolysis ketoolefirl 70

The required C chain was constructed by alkylation of the lithium derivative of the corresponding tosylhyddiazone
by optically active substituted iodohydrd2[51].

The hydroxyl was introduced by oxidation of the double bond using the chiral osmium reagent AD-mix
Simultaneous incorpation into the precursor of alcohols at thandd' positions relative to the oxo group caused ketal
formation, which led to hydroxyketdlr3 Deoxygenation of 73 gave the target spiroketar4

Ozonolysis was used as a functionalization method in the preparation of both synthons in a convergent synthesis of
(11R,179)-dimethylhentriacontane 82, a communication pheromone of a@@mponotus vagys3]. Thus, phosphonium
salt178 was synthesized starting frof){citronellol 30), ozonolysis of which with subsequent reduction gave a mixture of
hydroxyaldehydel 75 and hemiacetal76. Wittig olefination of this mixture gav&)-unsaturated alcohd77, which was
converted further through the bromide to 4318

OH
@
- /*\/’\\/’\V/ —_— \62(_—\V/\?/A\/ —_— \ﬁz{=\\/”\v/\\/ reBr
(R-30 553 © K * O 75% ° 2 73% 5 H
175 R (R-177 - (R-178
e f a M 9
(FQ 35— > e ~ w0 —= O —
92% &t 98% 30%
179 S (R-180
h, i
—_— — — = NN
4 78% 8 - - 12
181 = 182 =

a. O, -78°C, then MgS; b. n-C;H;sPPhBr, n-BuLi, THF; c. CBr,, PPh; d. PPk, MeCN;
e. Mg, Me(CH)11Br, 10% (CHBr),, THF;f. TsCl, Py.g. (R)-178 n-BuLi, THF; h. LIAIH ,, NaH;i. H,, Pd-C

The second synthon was synthesized by ozonolytic cleavage of intermediate 10%/Itite esterification product of
(R)-citronellal 35) alkylated withn-dodecylmagnesium bromide. The resulting aldehiild 80underwent Wittig olefination
by the phosphorane from phosphonium 438 Reduction of tosyloxydien&81 completed the synthesis of the desired
pheromone 82

This same group [54] proposed a convergent synthes?’hig]f([lls,17R)-dimethy|hentriacontand&?), a tritiated
derivative of theC. vagusant communication pheromone. Like in the scheme gibeweathe synthesis was performed from
the two synthons tosyloxyaldehyd®-(L80and a transformation product of aldehy8e35 prepared by a previously described
method [53]. Saturated bromid8&4, prepared fromS)-citronellol (§)-30, was used for phosphonium s&)-(85 Wittig
olefination of §-180 gave tosyloxyolefinl86, into which tritium was introduced using Wilkinson rhodium catalyst after
deoxygenation. These transformations produced the target comp®uimd22% overall yield calculated for startin§-35.

® ©
c d
(930 2w (9177 L M\/ - %r\/Bf e PP rgBr
89% 98% 75%
184 185
OTs 3y

f.g
(9-35 %; (9-180 255~ % ~ 10 g% WZ

186 187

a. Ref. [54];b. H,, (PPR)3RNCI, THF;c. CBr,, PPh; d. PPh, MeCN;e. 206 n-BuLi, THF; f. LIAIH 4;
g. Trp, RA(PPR)5CI, THF
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(R)-4-Menthenone,R)-189 which is accessible frotnmenthol (88), presents excellent synthetic possibilities for
synthesizing optically pure methyl-substituted natural compounds [55-60]. We developed ozonolytic fragmentation of enone
(R)-189to prepare the versatile optically pure bifunctional syntRp100, methyl R)-5,5-dimethoxy-3-methylpentanoic acid

[61].
—_—
87% 96% 87% o 87% Me OMe
190

A~
188 (R-189

a. PCC;b. Ac,0, TsOH;c. Br,, CCly; d. MeOH;e. O, c-CgH45 (or CClL)-MeOH then MeOH, TsOH

As an example of the use of this compound, we proposed convenient approaches to the syRi®sisoa(id
(R,9-17-4,8-dimethyldecanal, components of the aggregation pheromdmidofium flour beetles.

OMe o =
1, —
MeOJ\/k/U\OMe <_<— (R)_lgl _m>o = %O
190

cfg | a-e

(R-193 192 (9-194
| h J | J

& l
(R, |:917<_ \/k/\)\/\ \/\/\/L/\ —= (R, §-17

(R, B-195 (S, B-195

a. DIBAH; b. BnCl, KOH;c. PPTS, HO; d. NaBH; e. TsCl, Py:f. N,H,-H,SOy, KOH:; g. Ag,0, then Bs;
h. Mg, Li,CuCly; i. Ho/PtOy; j. PBr/Py; k. Mg, then DMF}. H,0,, NaOH, MeOH;
m. PCC;n. O, ¢c-CgH15 (or CCL)-MeOH then MeOH, TsOH

It was noted in a convergent synthesisR)R}j-17 that both optically active key synthons, toslya® and bromide
(R)-193 were synthesized from the aforementioned optically pure subg®)at&9

Synthon192was prepared using chemically selective hydride reduction of the ester in acet&8@gighe alcohol,
benzylation of which enabled the other end of the molecule to be transformed into the tosylate.

The second building blod®3was synthesized starting with conversion of the deprotected carbonyl in acet@@ster
Subsequent Huang—Minlon reduction of the aldehyde and simultaneous hydrolysis of the ester produced the required bromide
(R)-193 after Hunsdiecker decarboxylation.

The key step included catalyzed alkylation of the tosyl grou@by the Grignard reagent from bromid®-93
which gave dimethyl-branched hydroxybenzyl eth®p, subsequent simple transformations of which produced the desired
aldehyde RR)-17.

The R,9-17 isomer was synthesized analogously. Instead of broR)eEdg its (§-192isomer prepared from
(9-4-methen-3-one §-189 was used. §-189, in turn, was the configuration inversion product®F{89 (R)-189was
transformed into%)-189using Warton reduction of epoxyketones [62], which occurs with allyl rearrangement and forms allyl
alcohols, oxidation of which gives unsaturated conjugated enones. Thus, carrying out these reactions caused inversion of the
configuration of the asymmetric center in the starting chiral erf@pe89

Furthermore, using the synthesis of§tmethyloctadec-1-en@Q1) [63], the sex pheromone of the apple leaf miner
(Lyonetia clerkelly, as an example, the novel synthetic possibilities of optically R}¥&@89were demonstrated. These were
based on the susceptibility of conjugated enones for selective 1,2-addition of organometallic reagents with subsequent oxidativ
rearrangement of the resulting tertiary allyl alcohols by Cr(VI) [64, 65]. Ozonolytic decyclization ofuhiege
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(9-ethylmenthenonel@6) and subsequent methanolysis gave ketoedd@&r Huang—Minlon deoxygenation of which
accompanied by saponification of the ester ga@if8ethylheptanoic acidL@8), which was converted by standard methods
through alcoholl99 and tosylat@00into the target pheromor2®1

s g A

(R-189

o f.g h
— —> RO e Z
HO 11
198 199, 200 201
199:R = OH;200:R = OTs

a. EtLi; b. PCC;c. O3, ¢c-CgH1>-MeOH then MeOH, TsOHJ. N,H,4-H,SOy, KOH; e. KOH,;
f. LIAIH 4; g. TsCl, Py;h. H,C=CH(CH,)gMgBr, Li,CuCl

All aforementioned methods are used "classically" in organic synthesis. However, rather specific reagents, for example
oxidizers based on Os(VIII) oxide [66-68] or singlet oxygen [69], are used just as often in constructing molecules.

The use of Os@was proposed for preparing vicinal d&fl2from geraniol acetat@)in the syntheses of suspensolide
(214), anastrephin215), and epianastrephir16), components of the pheromone of the Caribbean fruitAfhaétrepha
suspensd.oew), a very dangerous pest of citrus in Central and North America [66]. The C skeleton of the key synthon
hydroxyacid213 which contains two trisubstituted double bonds, was constructed using the transformations shown in the
scheme.

_a’ : /}Y%\/k/\ —> o \/\)\/\
—_—
i 2 —= A OAc \\/\é‘ 45% from202 95% 360
OH 202 203 204 205
MeO,C . SPh
[ I MeoxC k e, f /\)\% m
A5 S Z MeO,C_ 2 — >
— OTHP > \)\‘g’ 53 — Br 589 from208
72% 6
206 207 208

Ts
n ° p.a. C/\J\/\/k/\
T{\J\% —_ HOZCJ\J%/ —_— Hozc/\J\%/ — = HO
210 212

a. Ac,0, Py;b. OsQ, N-methylmorpholine-N-oxide;. NalQy; d. Li(t-BuO)AlH; e. TsClI, Py;f. LiBr, Me,CO;

g. LIC=CH, NH;, DMSO;h. TsOH, DHPji. n-BuLi, THF, then MeOCOCI;. PhSH, NaOH, MeOH. MeMgBr, Cul, THF;
I. LIAIH 4; m. TsNa, DMF;n. n-BuLi, THF, then CQ; 0. Na-Hg, MeOH;p. CH,N,; g. TsOH;r. K,CO;, MeOH;

s. EtCO,N=NCO,Et, PPh, PhH:;t. BF3-ELO

GeranylacetateZf was oxidized by Ospin the presence of co-oxidaNtmethylmorpholineN-oxide followed by
periodate cleavage of di@02 to aldehyde?03, which was converted by standard methods to bro2ide Subsequent
acetylenation 0204in a mixture of liquid NH and DMSO gave enyne alcot25

The second trisubstituted double bond was introduced using a literature method [70]. Michael addition of phenylthiol
to unsaturated est206, prepared by treatment 205with methylchloroformate, led to sulfi@®7, methylation of which gave
(2E)-unsaturated est@08 Then208was converted by standard transformations to su@@e The C chain was lengthened
by addition of CQ to the lithium derivative c210with subsequent desulfurizationifl, which gave the THP ester 212,
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which was converted to key hydroxya@ii3 Lactonization o213 by the method of Mitsunobu et al. [71] gave the target
suspensolide14.

The previously described [72] acid-catalyzed cyclizatioRlgfgave racemic mixtures of (15and (£)216 The
resulting compounds were purified by chromatography and separated using diastereomeric amides.

The use of chromic anhydride as a co-oxidant enabled Monteiro and Schpector [67] to fr&)roiertnellol 30)
protected as the methyl eth@d.{) at the double bond to give methoxyacid®218 which was used to synthesize (+)-grandisol
(110. In this synthesis, the use of successive bicyclization with subsequent partial decyclization was proposed.

N2
b, c d f
(R-30 »)\/%/L/\ MeO“/\é\ — Phozs/\g/\g P Phon —
o o]
219 220

218
Ph
SoPh g e} soPh i O sSOPh ' HOI.. SOPh j SO,Ph SO o
| ’
T4 tl:l i o . LI
'L .
223 224 225 226
SOPh 7 ~ +
I P A= | -
— HOI- —>- HOn El —= 110 N BF4
! Et
o 228

a. NaH, then Mel, DMEb. OsQ, CrG;, Me,CO;c. H*, MeOH, CHClI,; d. BnONa, THF, DMSO;
e. A, NaN;, NaOAc, MeOHf. Rh,(OAc),, PhH;g. Nal, TMSCI, MeCN;h. NaH, THF;i. MeMgl, THF, E+O;
j- SOCb-Py;k. H,0,, HCOH, 10C°C; l. NaOH, MeOH;m. t-BuOK, DMSO;n. Na-Hg;0. NalQ,, RuCk, H,0O; p. Ref. [68]

Disubstituted218 was transformed into ketosulfog&9 and then into diazo derivati@20in order to introduce the
tertiary and quaternary C atoms of the required configuration. Carbenoid cycliza2idb mbceeded stereoselectively and
was catalyzed by rhodium acetate to give cyclopentane s@&ineSubstitution of the methoxy by halide followed by another
cyclization with asymmetry generation gave the key cyclobutane fragment of the target molecule. 1,2-Addition of
methylmagnesium iodide to the ketona8 produced tertiary alcoh@24, which was transformed into unsaturated sulfone
226. The cyclopentane ring was opened by treatme22 Bivith a mixture of ruthenium chloride and sodium periodate. The
resulting ketoaci@28was converted by a known method [68] into the desired pherobidhe

Oxidation by singlet oxygen of myrceriély, which occurred with allyl rearrangement of the trisubstituted double bond,
was used in a three-step synthesis of farne@31e & component of the fire ar8¢lenopsis invicaracking pheromone [69].
Claisen rearrangement of the resulting triene alc@élgave estel5, low-temperature hydride reduction of which with
subsequent Wittig olefination of aldehy2®&0 by isopropylidenetriphenylphosphorane led to the desired sesquit@3kne

a b
71 —= z —= \/\)\/\/U\/ )\/\/l\/\/u\/
31% 91% 80%
OH 529

a. 0,, hv, n-Bu, NBr; b. CH(OEt), H', 139°C; c. DIBAH, -78°C; d. i-PrPhP'l , n-BuLi

The synthetic pathway for-geranylpropionate2@5), a component of the sex pheromone of the San Jose scale
(Quadraspidiotus perniciosjighat is based on isomerization of the isopropylidene groups of geraniol into an isopropenyl group
is interesting [72, 73]. Two approaches were used for this. The first went through allyl cB&&iddich was prepared by
low-temperature chlorination of geranylpropiona282 and subsequent dehalogenation; the second, through the
dimethylsulfonium salt of geranylpropion&84 with subsequent electrolytic reduction.
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a
//L§//\\/J<§/”\o(ijt —_— /Jlj/’\~/JQ;/A\OCX3Et

98%

232 ¢l 233

b‘ 89% c‘ 62%
d /JLV/\\/1§/”\

—_—

. ) OCOEt 0% OCOEt

MesS ClOy4
234 235

a. SOCly, CH,CI,, -60°C; b. DMSO, (CRCO),0, LiClOy;
¢ Zn, NiCl,, PPh, Nal, DMF, HO; d. e

Thus, the literature indicates that oxidative methods are used in a wide range of transformations of monoterpenoids.

Chiral substrates can be functionalized with retention of the absolute configuration of the asymmetric centers. This is one of
the fundamental aspects of insect-pheromone synthesis.
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