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New approaches to stereo- and regiocontrolled transformation
of linear isoprenoids
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New approaches suggested by the authors to the sclective transformation of isoprene,
3-methylbut-3-en-1-ol, 6-methylhept-5-en-2-one and the series of monoisoprenoids into
functionalized derivatives, which were used as the synthetic building blocks for the forma-
tion of naturally occurring terpenes, are reviewed.
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Introduction

An increasing interest in compounds of the terpene
series, being the subject of fundamental biochemical
studies and also potential effective preparations for medi-
cine and agriculture, is related to their important role in
the life of all living organisms, which has been revealed
in recent years.

In particular, their representatives, e.g., polyprenols
and dolichols, ubiquinones, juvenile hormones, are natu-
ral regulators of important physiological processes, and
isoprenoid pheromones and attractants provide inter-
species and intraspecies communications of insects. How-
ever, isolation of individual terpenes from natural sources,
in which they commonly exist in small concentrations as
constituents of complex mixtures, as a rule, is difficult
and expensive. Therefore, the chemical synthesis of
terpenes is apparently the most practical source of these
compounds, which are necessary to solve fundamental
and applied problems.

A retrosynthetic analysis of any terpene structure
reveals principally its biomimetic construction from syn-
thetic blocks that are functionalized derivatives of iso-
prene or its nearest homologs. Moreover, this strategy is
the most reasonable one in the most cases.

In the first part of this Review, some new approaches
to selective functionalization of the simplest isoprenoids,
viz., isoprene, 3-methyl-3-butene-1-ol {isobutenylcarbi-
nol), myrcene, geraniol, efc., are considered. In the
second part, the possibilities of an effective use of syn-
thetic blocks (SB) prepared by these approaches to
create natural terpenes of various classes and their ana-
logs are demonstrated.

t Deceased.

1. New reactions in a series of simple acyclic isoprenoids
1.1, Synthesis of the functionalized Cs-isoprenoids

The Cs-isoprenoid SB bearing "activating” functional
groups, which provide the construction of a regular
oligoisoprene chain, are necessary for biomimetic syn-
theses of natural terpenes. Although FE-Cs-homo-
logization was principally studied long ago,! the
stereospecific introduction of a trisubstituted Z-Cs-frag-
ment into the linear chain was an unresolved problem
until recently.

1.1.1. Synthesis of cis-1,4-bifunctionalized deriva-
tives of isoprene by the reaction of isoprene with PhSOCI
under high pressure. By the beginning of this study, the
only example of stereospecific transformation of isoprene
(1) to its cis-1,4-bifunctionalized derivative, useful for
the introduction of the Z-unit into the oligoisoprene
chain,2 was a six-step synthesis of hydroxysulfonamide
(3) (Scheme 1). On the basis of this compound, prima-
rily the biomimetic, stepwise scheme of synthesis of
polyprenols was realized.? Polyprenols are terpene alco-
hols that are widespread in Nature, and they are neces-
sary participants in btosynthesis of carbohydrate-contain-
ing polymers of procaryotes and eucaryotes (see also
Section 2.1).

The efficiency of the approach, which is based on
fixation of the cis-configuration of the trisubstituted
double bond in cyclic precursor 3, i.e., cycloadduct 2,
caused our interest in a search for alternative routes to
compounds of the type of 3 on the basis of the heterodi-
ene synthesis using 1 and the appropriate heterodieno-
phile, e.g., PhSOCI; the reaction of the latter with
1,3-dienes has not been studied previously.
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Reagents and conditions: i. PhSOCI/CH,Cly, 25 °C, 5 kbar; ii. KOAc(AgOAc)/AcOH, 25 °C;
iii. MCPBA/CH;Cl,, —40 °C; iv. HySOy(cat.)/MeOH, 25 °C; v. LiAlHy/Ex,0, 10525 °C.

*

In the absence of a catalyst, the reaction of 1 with Scheme 2

PhSOCI proceeds slowly and gives a complex mixture of

compounds.? An attempt to accelerate this process by 0%%/':“

heating to 100 °C was also unsuccessful due to thermo- = ; H\J

lability of both components. ~ (/ r S70%
Since the [4+2]-cycloaddition reactions are acceler- Z

ated by high pressure, this method was applied to the 1 N

considered compounds. It appeared? that at 5 kbar,
PhSOC! reacts smoothly with isoprene 1 even at 25 °C.
Simultaneously, Z-chlorosulfoxide (5) is stereospecifically ~
formed and isolated in ca. 75 % yield. Evidently, this is . \(\SOPh . SOPh
a result of primary cycloaddition of PhSOC! to 1. The \
subsequent ionization of the S—CI bond in hypothetical
suifurane intermediate 4 followed by the nucleophilic 10 Cl
cleavage of the C—O bond in the corresponding sulf- 7-5; E-11
oxonium ion by the action of CI~ affords sulfoxide 5
with the retention of the cis-configuration of the C=C
bond.

Adduct 5 can be easily transformed into acetoxysulf-
oxide (6); oxidation of the latter by m-chloroperbenzoic

™
acid (MCPBA) with subsequent deacetylation of the SO,Ph I SOzPh
intermediate acetate 7 affords hydroxysulfone (8); the x
Ci

iils1 % ii|>70 %
(11)

latter is applicable for the same purpose as sulfonamide

3 (see Section 2.1), but it is more accessible. Hydroxy-

sulfide 9 was prepared through hydride reduction of

acetate 6 by LiAlH,. ol
1.1.2. Lewis acid-catalyzed reaction of isoprene with

PhSOCIL The literature data on Lewis acid-catalyzed SOPh

sulfinylation of olefins by ArSOCI now include only a =

few examples® (see also Section 1.2.1). The possibility of

involving 1,3-dienes in this reaction has not been stud- 12

ied previously. It turned out that in the presence of a

Lewis acid, the reaction of isoprene 1 with PhSOCI

proceeds rapidly even at a low temperature.4 In MeNO,

or Pr"NO,, in the presence of AgBF, or ZnCl,, diene

sulfoxide (10) is formed smoothly (Scheme 2).

13 14

Reagents and cenditions: /. PhSOCl/AgBF,/MeNO,, —25 °C
(ZnCly/PrMNO,, —70 °C); ii. MCPBA/CH,Cl,, —40 °C.
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Scheme 3
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R = H (15); THP (16); Ac (17, 22, 24); EtCO (18, 23, 25)

Reagents and conditions: /. BH;/THF, 0 °C; ii. MeONa/Br,/MeOH, —5-525 °C; iii. PhSOCI/ZnCl,/
PriNOZ, —40——10 °C; iv. SO,Cl,/Py/LiCl04/CH,Cl;, —60 °C; v. MCPBA/CH,Cl,, —40 °C;
vi. PhSO,Na/DMF, 70 °C; vii. CH,=C(Me)CH,CH,MgBr(26)/Li,CuCl,/THF, —70 °C.

An application of other Lewis acids (Et,O - BF;,
SnCly, TiCly, efc.) affords a series of side products, in
particular, chlorosulfoxides Z-5 and E-11.

The formation of diene sulfoxide 10 is considered as
the result of ene reaction with the participation of
phenylsulfoxonium ion, whereas chlorosulfoxides 5 and
11 are apparently produced by an allyl rearrangement of
intermediate 12 similar to that observed previously’ at
the first stage of addition of PhSOCI to isoprene 1. The
structures of diene 10 and previously unknown E-sulfox-
ide 11 were confirmed by their transformation to known
sulfones 13 and 148 by MCPBA.

1.1.3. Synthesis of the functionalized Cs-isoprenoids
from 3-methylbut-3-en-1-0l (15). There are no practi-
cally literature data on selective functionalization of
carbinol 15, which would make possible its use as SB for
the synthesis of the "head to tail" regular oligoisoprene
chain. In this connection, the simple procedure
(Scheme 3) of transformation of 15 to bromoether 19
(the saturated Cs-isoprenoid SB)? is worthy of noting;
19 is required, in particular, for the transformation of
plant polyprenols to hardly accessible dolichols of mam-
mals (see Section 2.1). Hydroboration—bromination of
tetrahydropyranyl (THP) ether 16 obtained from 15 in
>50 % vield affords the desired bromide 19; this trans-
formation is an important modification of the knownl?®
four-step synthesis of the latter from the same precursor.

The direct phenylsulfinylation of 3-methylbut-
3-en-1-ylacetate (17) by PhSOCI and ZnCl, under the

conditions described abovell appeared to be nonselec-
tive and gave a mixture of labile acetoxysulfoxides 6, 20,
and 21 in a ratio of ca. 1:2:2, which is constant upon
transformation of the latter to the related sulfones 7, 28,
and 29 upon their oxidation by MCPBA. Allylic
chlorination of acetate 17 or propionate 18 by SO,Cl, in
the presence of pyridine proceeds more selectively;!1 the
overall efficiency of the chlorination in comparison to
that previously achieved for the related olefins!?
was increased significantly by decreasing the tempera-
ture and using LiClO, as an additive to the reaction
mixture.

A mixture of allyl chlorides 24(25)/22(23) (ca. 2:1)
having approximately equal ratios of E- and Z-stereo-
isomers in the pairs of trisubstituted olefins 22 and 23
was obtained in high yield. The reported regio- and
stereoisomeric compositions were also found for a mix-
ture of sulfones 7, 28, and 29, which was prepared by
treatment of chlorides 22 and 24 with PhSO,Na in
dimethylformamide.

The mixtures of acetoxysulfones 7, 28, and 29 syn-
thesized by two different routes could not be separated
by chromatography, however, the major component,

e., homoallyl acetoxysulfone 29, can be isolated in
individual state after treatment of the initial mixture
with 1,5-diazabicyclo[5.4.0lundec-5-ene (DBU) and the
subsequent chromatographic purification of 29 from the
products of decomposition of acetoxysulfones 7 and 28,
which are labile in the presence of bases.
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The lability of components 23 of the mixture of
regio- and stercoisomeric chlorides 23/25, which are
structurally similar to 7, 28, made it possible to perform
a facile synthesis of a-myrcenyl propionate (27), which
is a component of sex pheromone of San Jose scale.!3
Compound 27 was obtained in ca. 40 % yield by treat-
ing a mixture of chlorides 23/25 with Grignard reagent
26 in the presence of LiCuCly,; chromatography of the
compounds formed did not reveal products of condensa-
tion related to transformation of trisubstituted olefins 23.

1.2. Synthesis of functionalized linear C,y-isoprenoids

The variety of the general methods used in selective
functionalization of linear monoisoprenoids now incor-
porates basically their transformations by the action of
N-bromosuccinimide,’¥ Se0,,15 and Bu'OOH.16 The
possibilities of similar applications of sulfur-containing
electrophilic reagents generated from PhSOCI,
SO(OMe),, SOCl,, and dimethyl sulfoxide (DMSO) are
considered below.

1.2.1. Regiospecific ene reactions of linear isoprenoids
with PhSOCI, SO(OMe),, and SOCI,. In light of our
data on the Lewis acid-catalyzed ene reaction of PhSOCI
with substrates 1 and 17, it was interesting to investigate
the possibility of involving oligoolefins of the monoterp-
ene series in this reaction. It was established!? that in
the presence of ZnCl,, myrcene (30a), geranyl acetate
(30b), and neryl acetate (30c) react smoothly with
PhSOCI (PriNO,, —50 to —20 °C), giving o-terminal
allyl sulfoxides 31a—c¢ (Scheme 4). The reaction pro-
ceeds chemo- and regiospecifically at the isopropylidene
fragment of 30, which is indicated by the absence of the
corresponding regioisomers, which could be formed, if
the other C=C bonds of the studied oligoolefins were
involved in the reaction.

The high selectivity of this reaction was also ob-
served for sesquiterpenoid 30d having the additional
multiple bond in the middle of the chain!” and in the
case of irregular monoisoprenoid 30e having two C=C
bonds, but only the trisubstituted double bond is sub-
jected to selective attack of the reagent.18

Sulfoxides 31a—e are highly reactive. In the pres-
ence of phosphites, they undergo sulfoxide-sulfenate
rearrangement (according to Evans!?) into E-allyl
alcohols 32a—e. It should be noted that geranyl (32b)
and neryl derivatives (32¢) have been used previously as
key compounds in the synthesis of a series of natural
terpenes (c¢f., see Ref. 20). This is also true for tetraene
33 readily formed in the NaHCO;-catalyzed cleavage of
sulfoxide 31a.

In the Lewis acid-catalyzed ene type reaction of
trisubstituted olefins of isoprenoid series 30, dimethyl
sulfite and thionyl chloride can also be involved.?! It
appeared that 2-methylpent-2-ene (30f) (taken as a
model) and citronellyl acetate (30g) react with excess
SO(OMe), in the presence of F3B * OEt,, affording allyl
sulfinates 34f,g, respectively (Scheme 5). When replac-

Scheme 4
R
i b} -60 %
)\/R H ',\LJ, “H*
43\
(8] Ph
30a—e
— )YR i ~R
>85 %
SOP
31a—e 32a—e

R= HQC\)]\/ (a),
HZC\/K/\OAC (E-b, Z-¢);
HzoM/COzE’I (d);

H,C

OAc

Reagents and conditions: ;. PhSOCl/ZnCl,/PrNO,, —50-»
=20 °C; ii. P(OMe);/MeOH, A; iii. NaHCO;/PhH, A.

ing SO(OMe), by SOCL,, the best results were obtained
with Et,AlCl as the catalyst. The yield of citronellyl
derivative 34g (after decomposition of the reaction mix-
ture with MeOH in the presence of pyridine) was ca.
80 %. When diolefins 30b,h were used as substrates
terminal sulfinates 34b,h were obtained, respectively.
This observation revealed the chemoselectivity of this
transformation.

1.2.2. Reaction of sulfoxide hydrochlorides and
hydrobromides with trisubstituted olefins. New method of
allylic halogenation of monoisoprenoids. The data now
available?? allow one to describe the interaction between
sulfoxides and hydrogen halides (HCl, HBr, HI) as a
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Scheme 5
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OAc
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Reagents and counditions: .. (MeO)2SO/F3B - OEty, —25°C
(for 30f,g) or SOCI,/Et,AlCI/CH,Cl;, —40 °C (for
30b,g,h); ii. MeOH/Py, 25 °C.

sequence of reversible reactions of intermediates 35—38
with increased thermodynamically controlled shift of the
total equilibrium in the order: I>Br>Cl (Scheme 6).

Scheme 6
RR'SO + HX == RR'SO:‘HX ==
35
' _ HX . .
=== RR'S+—0OH/X~ === RRSX/X" =—=
2
36 37
== PRR'S-X, == RR'S + X; ..
38
X=Cl Br, i

In this connection, it was interesting to study the
possibility of using a rather stable salt DMSO - HCI (35,
X = C1?23 as an equivalent of the labile complex
Me,S - Cl, (38, X = Cl) or three-coordinated sulfonium
cations 36, 37 (X = Cl) in the reaction with the
C-nucleophiles and, in particular, with olefins of the
isoprenoid series.

It turned out? that 6-methylhept-5-en-2-ol (30i),
citronellol (30g), and geraniol (30b) acetates react with

2—2.5 mol. eq. of DMSO* HCl in MeNO; in the pres-
ence of CaCl, (or molecular sieves) at 25 °C, affording
a mixture of the corresponding chlorides 39 and 40 in
40—70 % vyield in the ratioc of ca. 3:2 (conversion of
olefins is ca. 75 %) (Scheme 7). In all of the cases,
monochlorides 39, 40 are accompanied by ca. 10 % of
the corresponding vicinal dichlorides 41. The similar
results are obtained for the complexes (CH,),SO - HCI
and Ph,SO - HClL

Scheme 7

! DMSO - HCI/MeNO 5(GH,Cl,)

R
AN CaCly{LiCIO,), 25 °C

30b,q,i

Cl Cl
— )\Y/R + S\/R + */R
Ci Cl

30b,g,i

R= HZC\/&/\OAC (b);
HQC\)\OAC {i)
H2C\/‘\/\0Ac (g);

40b,qg,i 41b,9,i

Taking into account the nature of the components of
the sequence of Scheme 6, one can describe the forma-
tion of compounds 39 and 41 by two competing proc-
esses. Since the oxidative potential of sulfoxide is evi-
dently insufficient to transform CI1™ to Cl, (the differ-
ence between oxidation potential ClI~ — C1° and the
reduction potential DMSO — Me,S is ca. 2.5 V), the
sequential redox process seems probable; this process
involves nucleophilic attack on hydroxysulfonium (36,
X = Cl) or chlorosulfonium (37, X = Cl) ions by olefin
30, which initially gives intermediate 42 and, then, the
adduct of the ene type 43 (Scheme 8). The nucleophilic
cleavage of the C—S bond in such molecules and
stabilization of carbenium ion 42 by the chloride ion
completes the sequence of transformation accompanied
by formation of the corresponding sulfide, which was in
fact isolated.

An argument in favor of this mechanism is the
formation of a mixture of chlorides 39b,g—41b,g having
practically the same ratio after subsequent treatment of
olefins 30b,g with dimethylmethoxysulfonium tetra-
fluoroborate (44) easily generated from DMSO and
Meerwein salt, and then with Et;BnN*CI™ as a source
of C1™. This indicates the important role of chlorosulfo-
nium cation 37 in that process.
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Scheme 8
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44

X =Cl, ClO4

Considering the described transformations as reac-
tions of Adg type of weak electrophiles 36 and 37 with
trisubstituted olefins 30b,g,i, one can expect their accel-
eration due to the "doping-effect” of LiClO, additives
(cf. Ref. 25). In fact, treatment of acetates 30b,g with a
DMSO - HCI excess in the presence of ca. 1 mol. eq. of
LiClO, affords?4 mixtures of chlorides 39b,g/40b,g (ca.
4:1), containing <5 % of the corresponding dichlorides
41b,g. The same effect of LiCl0, additives was revealed
in the reaction of olefins 30b,g with chloride 37 gener-
ated from methoxysulfonium salt 44.

Thus, addition of LiClO, significantly increases in
chemoselectivity of the considered transformations with
respect to allyl chlorides 39 which is probably related to
stronger ionization of hypothetical sulfonium intermedi-
ates 36, 37, 42 and 43 than that in the absence of ClO4~
(¢f. Ref. 25).

As a whole, the LiClO4-catalyzed reaction of iso-
prenoid oligoolefins 30 with DMSO - HCI can be con-
sidered as a convenient alternative to the methods of
synthesis of terminal allyl chlorides of 39 type, of which
the procedure of Masaki et al.1? is the most preparative
one, the latter involving the treatment of olefins similar to
30 with SO,Cl, and pyridine in CCl, at 0 °C. However,
the procedure does not provide complete conversion of
starting substrates and it is accompanied by formation of
ca. 10 % of dichlorides of 41 type. This method was
substantially improved by carrying out the process in
CH,Cl, at significantly lower temperature.26 Thus, upon
the treatment of solutions of monoterpenol acetates
30a—c,g,h in CH,Cl,, containing ca. 1.3 mol. eq. of
pyridine at —60 °C with the same excess of SO,Cl,, the
reaction practically completes for 10 min (Scheme 9).
Moderately stable allyl chlorides 39b,c,g,h and labile 39a
were isolated in >80 and ca. 40 % yields, respectively.
The comparable results were obtained further by French
chemists by using Na,CO3 addition for trapping HC1.27

X~/R”"ORYCIT

S+
R RY/CH(X)

42 43

lcr lcr

41 39

Cl- + _
Tmeo- [Mex8T—CI/X" ]

37

Scheme 9

SOCl,/Py

Ar sy
CH,Clp, —60 °C

30a—c,g,h Cl

According to Scheme 6, the reaction of sulfoxides
with HBr is virtually a source of Bry. In fact,24 the
DMSG - HBr complex in CH,Cl, is rapidly consumed
at —20 °C in the presence of 0.5 mol. eq. of geranyl
acctate 30b, affording bromide 45 in ca. 100 % vield.
The latter was also .obtained in ca. 70 % yield by
treatment of a solution of 30b in CHCI; with excesses of
DMSO and Bu'Br at 65 °C under conditions of a pro-
posed?8 thermal decomposition of hypothetical alkoxy-
sulfonium intermediate 46 (X = Br) leading to DMSO,
HBr, and isobutene. Similarly, myrcene 30a is smoothly
transformed to dibromide 48 (Scheme 10).

In both cases, preferable bromination of the o-termi-
nal trisubstituted C=C bond of olefins 30 indicates the
definite contribution of intermediates of 42 and 43
types, which result from interaction of 30 and bromo-
sulfonium jon 37 (X = Br). When carrying out the
reaction of 30b with DMSO/Bu'Br in the presence of
equivalent amount of LiClQO,, a mixture of dibromide 45
and allyl bromide 47 (hardly available by other methods)
in a ratio of ca. 1:3 (ca. 50 % vyield) is formed, thus
confirming that assumption.
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Scheme 10 Scheme 11
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Brw\ -}
-
OAc |
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‘3/7' Br Me,S Me,S c
30b 45 2x~
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X = Br 51A, 51B 52A, 52B
X= Cl04
OAc .
Br 30f — PhMes+\/g/Et
47 X~
53A, 538
Br (E/Z, ~4:1)
30a — >H/\/u\/
Br X = CF4C0, (A); CIO, (B)
48

1.2.3. Reaction of the ene type between non-activated
olefin and the "activated” sulfoxide and some properties
of allylsulfonium salts formed. High selectivity of the
reaction of hydroxy- and/or halosulfonium cations of
the 36 and 37 types with the o-terminal trisubstituted
C=C bond of linear isoprenoids allowed one to assume
the possibility of involving the related acyloxysulfonium
salts, so-called "activated” sulfoxides, into similar reac-
tions; "activated” sulfoxides are postulated as intermedi-
ates in the Pummerer reaction.22-2%

In fact, it was established3® that methylpentene 30f
(taken as a model compound) and monoterpenol ac-
etates 30b,g smoothly react with 3 mol. eq. of a mixture
of DMSO—TFAA vyielding the corresponding allyl-
sulfonium trifluoroacetates 49A practically quantitatively
(Scheme 11). It should be stressed that involvement of
nonactivated multiple bonds in such reaction was not
observed previously.

Formation of salts 49A may be considered as a result
of attack on olefin 38 by acyloxysulfonium ion 50 (X =
CF,CO,) generated under these conditions via dication
of 51A type, similar to intermediate 42. This is con-
firmed indirectly by detection of ca. 10 % of cyclic salt
52A in the reaction mixture in the case of geranyl
acetate 30b; 52A arises, apparently, through cationic
cyclization of 51A.

Taking into account the above section, one can
expect an existence of the "doping-effect” also in this
Adg-reaction of cation 50 with olefins 30b,g. In fact,
treatment of the latter, as well as linalyl acetate 30h with
a small excess of reagent 50 and LiClO4 at —10 to 0 °C

R= H2C\/&/\OAC (b); Et (f);
OAc
HQC\)\/\OAC (9); Hzc\)v th)

Reagents and conditions: i. DMSO/TFAA(LiClQy4)/CH,Cl,,
=10-50 °C; ii. MeSOPh/TFAA(LiCIO,)/CH,Cl,,
—10-0 °C.

affords corresponding perchlorates 498, while in the
case of geranyl acetate 30b, they were obtained with an
admixture of ca. 10 % of cyclic salt 52B.

Replacing DMSO with PhSOMe in both variants of
carrying out the reaction of methylpentene 30f results in
formation of primary sulfonium salts 53A and 53B in
practically quantitative yield; the salts probably arise due
to allylic isomerization of secondary salts of type 49,
which proceeds easily in this case.

Among the properties of previously unknown com-
pounds 49, the effect of counterion of the initial sulfo-
nium salt on the direction of its rearrangement under
the action of strong bases unprecedented in chemistry of
the similar compounds is of greatest theoretical and
synthetic interest.30

It was found that in the presence of MeONa (and
NaNH, or Bu®Li), perchlorates 49B are smoothly trans-
formed into the corresponding products of [3,2]-sigmat-
ropic rearrangement (55), whereas under the same con-
ditions, trifluoroacetates 49A give sulfides 54 in good
yield through 1,2-shift (Stevens rearrangement)
(Scheme 12).
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Scheme 12
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The explanation of this phenomenon lies in the
structure of parent sulfonium salts 49B and 49A, the
first ones evidently are separated ion pairs giving classi-
cal ylides 56 under the action of base. In the case of
trifluoroacetates 49A (tight ion pair), a large compensa-
tion of positive charge by this counterion at the S atom
results in sulfurane-like structure, in which homolysis of
the C~—S bond occurs accompanied by recombination of
the pairs of stabilized radicals 57 to give the products of
Stevens rearrangement (¢f. Ref. 31).

1.2.4. Synthesis of o-functionalized derivatives of
geraniol by the reaction of myrcene with PhSOCI under
high pressure. Similar to isoprene, myrcene (30a) reacts
smoothly with PhSOCI under 5 kbar pressure forming
labile chlorosulfoxide 58, the structure of which was
confirmed by spectra and by its transformation to stable
products32 (Scheme 13). Thus, acetolysis of 58 affords
acetate 60, reduction of the latter by LiAlH, gives
sulfide 62, and hydrolysis of 58 gives hydroxysulf-
oxide 61.

The transformation of sulfoxide 60 by the action of
Me;SiCl or AcCl to chlorosulfide 65 is worth noting; 65
probably results from the intramolecular attack of the
trisubstituted double bond in generated hydroxysulfonium
intermediate 63 (¢f. Section 1.2.3) and the subsequent
nucleophilic cleavage of cyclic sulfonium salt 64 by the
chloride anion.33

Dehydrochlorination of 58 smoothly affords3? diene
sulfoxides 59 as a mixture of E/Z-isomers (ca. 4:1). An
attempt at Michael addition of PhS™ to these activated
dienes unexpectedly gave vicinal phenylthioalcohol 68
(Scheme 14). Evidently, the observed phenomenon may
be explained as the initial formation of ambident ion 66
and, subsequently, the more thermodynamically prefer-
able allyl sulfoxide 67, which then undergoes sulfoxide-
sulfenate rearrangement into alcohol 68. It appears that
the latter can be directly prepared from chloride 58 by
the action of a PhSNa excess, which works initially as a
dehydrochlorinating agent.

Thioalcohol 68 can be transformed to epoxymyrcene
69 (unaccessible through the direct epoxidation of myr-
cene 30a) by subsequent treatment with the Meerwein
reagent and alkali in accordance with the known proce-
dure.34

Thus, the reaction of myrcene 30a with PhSOCI
under high pressure makes it possible to synthesize
functionalized derivatives of 30a and geraniol 30b, which
are of interest as muitipurpose SB to prepare various
terpenoid structures.

Thus, hydroxysulfoxide 61 can be transformed in one
step (Scheme 15) to perillene (72), a component of
communicative secretion of some insects.!3 The basis of
this synthesis33 is a possibility of Pummerer transforma-
tion (through the intermediate 70) of the phenylsulfoxide
moiety to the aldehyde group?? in conjunction with the
known tendency of aldehydoalcohols of type 71 to form
furan ring.35

1.3. Stereocontrolled transformation
of linear isoprenoids to functionalized cyclopentane
and cyclohexane derivatives

Cyclopentane and cyclohexane moieties are the usual
key fragments in a retrosynthetic analysis of molecules
of numerous mono-, bi-, tri-, and polycyclic natural
compounds of the terpene series. New approaches to the
syntheses of cyclopentane and cyclohexane derivatives
starting from the accessible linear precursors are dis-
cussed below.

1.3.1. Synthesis of 1,2,3-trisubstituted cyclopentanes by
pentaannelation of linear isoprenoids. Syntheses of numer-
ous natural compounds of the iridane and gnaiane series
are based on the use of specially functionalized 1,2,3-
trisubstituted cyclopentanes as starting materials. 3637

New methods of synthesis of these compounds are
considered below; the first one is based on the stereo-
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Scheme 13
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25 °C; iii. AcOK/AcOH, 25 °C; iv. H)SOy(cat.)/MeOH, 25 °C; v. LiAlH4/THF,
25 °C, vi. Me3SiCi(AcCl)/CH,Cl,, —60->25 °C.

Scheme 14 Scheme 15
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The latter was chosen as a starting compound taking

Reagents and conditions: /. PhSNa/MeOH, 4; ii. Me;0VBE,~/ into account the observation of Ishibasi er /4 on

CH,Cl,, —1025 °C; jii. NaOH, aq., 025 °C. relatively easy transformation of ketosulfoxide 76a by

the action TFAA to a mixture of isomeric cyclo-

pentanones 77a and the evident possibility of prepara-

controlled transformation of commercially available tion of sulfoxides related to 76a by sulfinylation of
6-methylhept-5-en-2-one (methylheptenone, 73).38:39 ketone 73 (Scheme 16).
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Scheme 16
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76a—c
vi vii
>60 %
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7 3 1, vii
OSiMeg
0 75

77a—c (cis/trans-, ~1:6)
R = Me (a); But (b); Ph (c)

Reagents and conditions: ;. LDA/THF, —70 °C; ii. Ph,S,,
—70—25 °C; iii. ButSOCI, —70-»25 °C; iv. HyO,/AcOH,
5-25 °C; v. PhSCI/CH,Cl,, =700 °C; vi. TFAA/CH,Cl,,
0—25 °C; vii. PhSOCI/CH,Cl,, —50-»0 °C; viii. Me3SiCl/
THF, —70-0 °C.

It turned out38 that ketosuifoxide 76b can be pre-
pared in one step in >50 % yield by sulfinylation of Li
enolate generated by deprotonation of ketone 73 with

lithium diisopropylamide (LDA) under conditions of
kinetic control using Bu'SOCI. On the other hand, low-
temperature sulfenylation of this enolate (or the known
silyl ether 75 easily formed from above enolate) by the
action Ph,S, or PhSCI, respectively, smoothly affords
ketosulfide 74, subsequently oxidized selectively to
phenylsulfoxide 76¢. However, the synthesis of the latter
by sulfinylation of ether 75 by PhSOCI appears more
effective.

It was found that like methylsulfoxide 76a, previ-
ously unknown ketosulfoxides 76b,c can be easily trans-
formed to the related frans-disubstituted cyclopentanones
77b,c by reaction with TFAA; in both cases, the amounts
of cis-epimers in the reaction products do not exceed
15 %.38

This transformation is interpreted as the ene-type
intramolecular reaction of the Pummerer intermediate
78 apparently existing in an equilibrium with gem-
acyloxysulfide 79 (¢f. Ref. 40) (Scheme 17). In fact,
when the reaction of ketosulfide 76b with TFAA was
carried out in a probe of an NMR spectrometer, the
proton signal of HCS (8 ca. 6 ppm) characteristic of
structure 79 (R = But) was observed in the 'H NMR
spectrum of the reaction mixture even at —40 °C. Its
relative integral intensity (RII) achieves maximum at
-20 °C, and then at 25 °C decreases with a simultane-
ous increase in RII of the signals of final product 77b. In
the case of 76c¢, its derivative 79 (R = Ph) appeared to
be quite stable and it was isolated by chromatography on
Si0,. Refluxing of the latter in toluene (evidently, this
treatment induces heterolysis of the C—O bond) affords
cyclopentanone 77¢ in 260 % yield.

The structures of newly prepared cyclopentanones
77b,c were confirmed by their further transformations.

Scheme 17 -

H . ~OCOCF,

SV
i /%j/zgz /%islocom3
76b,c —= e
o o]
78

1

79

SO,R

O . 3 )ll;.l.' O
T 77be

81 73%

80b,c >80 %

R = But (b), Ph (¢)

Reagents and conditions: ;. TFAA/CH,Cl;, 025 °C; ii. MCPBA/
CH,Cl,, —30 °C; iii. K;CO3/PhMe, A; iv. MCPBA/CH,Cl,,

—20-25 °C.
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Scheme 18
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Reagents and conditions: ;. NaH/DMF, 25 °C, then Mel; ii. Li/NH;, —50 °C; jii. MeONa/
MeOH, 25 °C; iv. CH,=CHCO,Me/THF, Bu'OK for 77¢, DBU for 80c, 25 °C; v. Al(Hg)/

EtOH/H,0, 25 °C; vi. ButOK/THF, 25 °C.

Thus, oxidation of 77b,c by 2 mol. eq. of MCPBA
afforded the related frans-ketosulfones 80b,c free of
admixture of the corresponding cis-isomers.

In addition, phenylsulfide 77¢ at low-temperature
retardation of its oxidation by MCPBA at the stage of
sulfoxide and mild thermolysis of the latter (without its
isolation) smoothly transforms to known cyclopentenone
81 (see Ref. 38).

To study the synthetic utility of cyclopentanones
77b,e and 80b,c, a search of the conditions of their
C(2)-alkylation of the cyclopentane ring and their selec-
tive functionalization of the isopropenyl fragment was
performed.39:41

It turned out that methylation of ketosulfone 80¢ by
subsequent treatment with NaH and Mel in DMF pro-
ceeds chemo- and stereoselectively?! (Scheme 18), giv-
ing C-alkyl derivative 82 in a high yield with a minor
admixture (ca. 10 %) of 83c easily separable by
chromatography, which is a product of concurrent
O-alkylation typical of such compounds (c¢f Ref. 42).

Desulfonylation of 82 by Li/NH; followed by equi-
librium cis—trans-isomerization of the obtained mixture
of epimers by MeONa in MeOH afforded frans-disubsti-
tuted cyclopentanone 84, which is the known intermedi-
ate in a synthesis of a pseudoguaianolide confertine. 43

It is interesting to note that in alkylation3? of ketosul-
fides 77b,c and sulfone 80b under the same conditions,
O-alkyl derivatives are formed exclusively, e.g., vinyl
methyl ether 83b in the case of ketosulfone 80b.

The obvious, facile introduction of the side carbon
chain in molecules of cyclopentanones 77 or 80 is
opened by the known capability of these compounds to
react as CH-acid in Michael reactions. In fact, sulfide
77c reacts with methyl acrylate in the presence of

ButOK affording a mixture of epimeric adducts 85
(cis-/trans-, ca. 2:3) in almost quantitative vyield.
Desulfurization of the latter by Al(Hg) gives a mixture
of cis- and trans-ketoesters 87 (ca. 1:1); their equilibra-
tion by Bu'OK gives thermodynamically preferable
trans-87 devoid of appreciable amounts of the
cis-epimer.44

The condensation of ketosulfone 80c with methyl
acrylate failed in the presence of bases such as Bu'OK or
MeONa. In particular, using the latter in MeOH, the only
product of the reactions was homoallyl sulfone 88, evi-
dently resulting from decyclization of 80c which is similar
to the "acidic” cleavage of B-dicarbonyl compounds. Prepa-
ration of the desired product of condensation of 86c¢ with
methyl acrylate was effected by carrying out the reaction in
the presence of DBU in THF; however, only cis-adduct
86 was obtained in a moderate vield.44

Selective functionalization of isopropenyl moiety of
cyclopentanones 80b,c and 87 appeared to be possible
using the described above procedure (see Sections 1.1.3
and 1.2.2) of allylic chlorination of di- and trisubstituted
olefins. Thus, treatment of compounds 80b,c and 87
SO,Cl, in the presence of pyridine affords correspond-
ing allyl chlorides 89—91 and accompanying admixtures
(ca. 15 %) of vinyl regioisomers 92—94 (Scheme 19).41

The presence of the latter does not preclude some
selective transformations of allyl chlorides 89—91. Thus,
by the action of PhSO,Na 89 and 91 were transformed
into the corresponding sulfones 95 and 96, and the Cul-
catalyzed condensation of 89 or 90 and prenylmagnesium
chloride (PreMgCl) afforded smoothly the correspond-
ing cross-coupling products (97 or 98). Simultaneously,
in all of the cases considered, vinyl chlorides 9294
appeared to be inert in the above conditions and they
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Scheme 19

89—91 -~6:1

(89,91) /i i \ (89, 90)
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95,96 6580 % 97,98 6080 %

R = ButSO, (89, 92, 95, 97); PhSO, (90, 93, 98);
(CH,),CO,Me (91, 94, 96)

Reagents and conditions: i. SO,Cl,/Py/CH;Cl,, 0 °C; ii. PhCO,Na/

DMF, 50 °C; jii. PreMgCl/THE, =70 °C.

were isolated from reaction mixtures by chromatogra-
phy.‘”

Another approach to synthesis of 1,2,3-trisubstituted
cyclopentanes (Scheme 20) uses geraniol derivatives 62
and 65 as linear precursors, which became accessible
from the described above transformations of myrcene
30a (see Section 1.2.4).

Thus, sulfide 65 was transformed through acetate 99
to hydroxysulfone 100, deprotonation of the latter by a
BunLi excess afforded stereospecifically33 the cyclization
product, i.e., cyclopentane 101. A related product 104
of the 5-exo-cyclization of epoxysulfide 103 prepared by
the selective van Tamelen epoxidation of olefin 62 was
obtained in moderate yield by treatment of 103 with
BurLi in the presence of N,N'tetramethylethylene-
diamine (TMEDA).33

The structures of newly synthesized compounds
99104 were confirmed by their spectra and, in the
case of 101, by its desulfonylation accompanied by allyl
shift of the C=C bond, smoothly resulting in homoallyl
alcohol 102.

Realization of yet another approach to the synthesis
of 1,2,3-trisubstituted cyclopentanes is based on the use
of the intramolecular variant of 1,3-dipolar [3+2]-cyclo-
addition of silyl nitronate 106 to the multiple bond of
the same dipolarophile4? (Scheme 21).

Thus, previously unknown nitroolefin 105 obtained
from linalyl acetate 30h under conditions of generation
of silyl nitronate 106 by the action of O,N-bis-
(trimethylsilyl)acetamide (BSA), is smoothly transformed

Scheme 20
Cl
jif
l SO,Ph (100)
OR
101 ~70%
65 (n =0, R = Ac) liv
:i:l 86 %
99 (n = 2, R = Ac)
ii|-i7 % OH
100 (n = 2, R = OH)
102 >50 %
(¢]
HO
LiSPh
62 v SPh vi ] OH
OH N
1083 ~70% 104 ~30%

Reagents and conditions: ;. MCPBA/CH,Cl,, —40-»25 °C;
ii. HySO4(cat.)/MeOH, 25 °C; iii. Bu"Li/THF/HMPA,
—85525 °C; iv. Na/EtOH, —20-25 °C; v. NBS/THF/
H,0, 25 °C, then KyCOs/EtyO/H,0/Bu,N*Br—, 4;

vi. Bu"Li/THF/TMEDA, —78-25 °C.

to bicycloadduct 107, which is a mixture of C(6)-epimers
and N-invertomers. Cyclopentaneisoxazolidines 107 are
evidently formed due to an intramolecular attack of the
oxygen atom of dipole 106 on the less substituted C
atom of the C=C bond of the latter.

It should be noted that such direction of cycloaddi-
tion is one of the first examples (¢f. Ref. 46) of totally
reversed regioselectivity usually observed for inter- and
intramolecular reactions of silyl nitronates with mono-
substituted olefins (see Ref. 47).

The reductive cleavage of the both N—O bonds in
107 by the action of Li in NH; gives#3 a mixture of
C(1)-epimeric aminodiols characterized as N, O-diace-
tates 108. The ratio of isomers (a-OH/B-OH ~ 3:1)
found for the latter, evidently correspond to that of
parent 107.

An unusual transformation of isoxazolidines 107 was
observed4S upon their desilylation by KF - 2H,0, afford-
ing unexpectedly a mixture of oximes 109 containing
C(1)-epimers and OAc-regioisomers (Scheme 22). The
treatment of this mixture of 109 with LiAlH, followed
by acetylation of the intermediate aminodiols afforded a
mixture of N, O-diacetates 110 in a practically the same
C(1)-epimeric ratio as that in diacetates 108. Formation
of oximes 109 may be accounted for by allyllic iso-
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Scheme 21
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Reagents and conditions: i. NaNO,;/AcOH, 25 °C; ii. BSA/
Et;N/PhH, 80 °C; iii. Li/NH3/THF, —60->—33 °C;

iv. Ac,O/Py, 25 °C; v. KF - 2H,0/THF/MeOH, 25 °C;

vi. LIAIH,/THF, 25 °C.

merization (unprecedented in the chemistry of nitroso
compounds) of tertiary nitroso intermediates 111 ini-
tially formed from 107 by the action of F~ to primary
112 (see also Ref. 48). Subsequent stabilization of 112
to final products 109 also involves partial 1,3-O—0-
migration of the tertiary acetyl residue (¢f. Ref. 49).

1.3.2. Cationic cyclization (CC) of a-monoterpenols.
In contrast to the thoroughly studied’® biomimetic CC
of terpenols of the B-series, e.g., 113a—c¢, affording
compounds of the p-menthane (A) and ionane (B) groups,
information on the similar transformation of a-mono-
terpenols 114a—c, which are known to be easily pre-
pared by hydride reduction of the corresponding allyl
chlorides 39 (e.g., see Ref. 51), was absent (Scheme 23).

It turned out that in the presence of some Brenstedt
and Lewis acids (the best results were obtained for
F3B - OEt,), terpenols 114a—ec are transformed to mix-
tures of monocyclic (115, 116) and bicyclic (117) prod-
ucts.52 The composition of these mixtures varies from
115/116/117 ~ 12:7:1 in the case of a-geraniol 114a to
ca. 2:1:2 for a-nerol 114b and lies in between for
a-linalool 114c.

Scheme 22
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The formation of diolefins 115 and 116 evidently
proceeds vig intermediate carbenium ion 118, whereas
the most probable origin of fluoride 117 involves the
intramolecular cationoid [3+2]-reaction in carbenium
ion 119 followed by quenching of the reaction with F~.
This explanation is confirmed by the observed changes
in ratio of the CC products in favor of menocyclic 115
and 116 in the case of a-geraniol 114a and bicyclic 117
for a-nerol 114b. This observation evidently results from
the larger, kinetically determined contributions of
transoid 118 and cisoid 119 carbenium ions, respec-
tively.

It should be noted that the above transformation of
a-monoterpenols 114 is a simulation of the scheme
previously proposed by Wenkert33 for biosynthesis of tri-
and tetracyclic diterpenes of pimarane (C) and gibane
(stachane) (D) series, the structural fragments of which
and monoisoprenoids 115—117 have the common car-
bon skeleton.

The discovered reaction of a~-monoterpenols 114 is
of general character. It appeared that the isoprenoids of
a-series bearing additional substituents can be involved
into this reaction. This makes possible to synthesize
some hardly accessible derivatives of dimethylvinylcyclo-
hexene3* (Scheme 24).

Thus, sulfonyl derivative of a-geraniol 121 prepared
from sulfoxide 31b described in Section 1.2.1, by the
action of F3B * OEt,, affords a mixture of diastereomeric
allylsuifones A2-123 (B-C(4)/a-C(4) ~ 3:2) in a high
total yield along with an admixture of Al-regioisomer
123 (<5 %). Under the same conditions, CC of sulfone
122 prepared from homoallyl sulfide 54b (see Section
1.2.3) affords cyclohexene A!-124 containing ca. 10 %
of A2-regioisomer 124.

* Analogously, allyl chloride 126 prepared from a-gera-
nyl acetate 120 according to the above procedure (see
Section 1.2.2) by the action of F;B * OFEt, affords a mix-
ture of isomers 127 in a ratio of ca. 4:1 in ca. 60 % yield.54
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R Scheme 23
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CCs of chloride 39b being a regioisomer of 126, as
well as described in Section 1.2.2 chloro derivatives of
a-nerol 39¢ and a-linalool 39h are complicated due to
the lability of the starting compounds and the reaction
products and give in all of the cases in moderate yields
vinyl chloride 125 containing an admixture of allylic
regioisomer (<5 %).

Thus, CC of a-monoisoprenoids serves as a prepara-
tive method for hardly accessible derivatives of di-
methylvinyleyclohexene; one of them, viz, allylic chlo-
ride A3-127, appears to be a convenient SB of carbon
skeleton of tricyclic diterpenes (see below).

1.3.3. An effective procedure for Diels—Alder react-
ions using isoprene and myrcene under conditions of
adsorption on a silica gel surface. It is known that
running some intramolecular transformations, e.g., the
Khand—Poson reaction ([2+2+1]-cycloaddition) or the
Carrol rearrangement ([3,3]-sigmatropic rearrangement),
on the surface of chromatographic sorbents in the ab-
sence of solvents ("dry medium") allows the use of
milder conditions and increasing efficiency of these
processes.53

It was foundS% that similar experimental conditions
also influence significantly the course of intermolecular

[4+2]-cycloaddition reactions (Diels—Alder reactions).
Thus, reactions of diene 1 and 30a with acrolein 128a
and methyl vinyl ketone 128b on the surface of SiO,
(chromatographic grade) proceeds more regioselectively
(the ratio of 1,4- and 1,3-regioisomers in a mixture of
cycloadducts is ca. 19/1), in higher yield of products
129 and 130, and at the temperature ca. 100 °C lower
than that of the usual liquid-phase procedure; the latter
givesS? the mixtures of para- and meta-regioisomers in
the ratio of ca. 2:1 for the same substrates (Scheme 25).

It was also established that the yields of cycloadducts
129—132 depend significantly on the reagent/sorbent
weight ratio (R), while its optimum value varies for
sorbents having different specific surface (Sg;). Thus, in
model experiments, the yield of acetylcyclohexene in
condensation of 128b and butadiene on SiO, with S, ca.
400 m? g~! at 20 °C for 30 min are 16, 78, 90, 79 % at
R =1/2, 1/10, 1/20, 1/40, respectively, but when SiO,
with 8, ca. 100 m? g™} is used, they are 18, 30, 44,
57 % at R = 1/10, 1/20, 1/40, 1/100, respectively.

It is found that the activity of silica gel depends also
on the presence of H,O, which, as it is known, lowers its
adsorption capacity. Thus, to obtain comparable results, .
the application of Si0Q, containing ca. 12 % of H,QO (the
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Scheme 24
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equilibrium percentage of H,O at 25 °C), requires 30—
50 °C higher temperature than that of SiO, dried at
200 °C up to the constant weight. It was also noted that
the presence of solvents (hexane, CH,Cl,) decreases the
efficiency of diene condensation on SiO;; this is evi-
dently caused by partial desorption of the reagents from
the surface of a sorbent.

The above data show (the similar results were also
obtained for a representative series of dienes of non-
isoprenoid natureS6) that under conditions of a “dry
medium”, the Diels—Alder reactions proceed easier and
more selectively than those in a liquid phase. In this
respect, a similarity with the results obtained in catalysis
of such processes by Lewis acids is observed. However, it
is known that on the SiO; surface, Lewis centers are
practically absent (e.g., see Ref. 58). Apparently, the
ability of the SiO, surface to supply polyfunctional
character of the catalysis due to multicenter adsorption
seems valuable. It is important that under conditions of
monolayer adsorption (achieved for S$iO, with Sep ca.
400 m? g~! at R ca. 1/10), the possibility to form
prereaction complexes is simplified significantly due to
weak van der Waals interactions of substrates devoid of
shielding by solvation. Such drawing together of the
reagents is probably a powerful factor to decrease an
entropy barrier of cycloaddition and hence promote the
reaction (¢f. Ref. 59).

It should be noted that the found efficacious condi-
tions of condensation of myrcene 30a with dienophiles
of 128 type are of definite practical interest, since
cycloadducts 130 are intermediates in manufacturing of
perfumes.

2. Synthesis of natural compounds starting from
functionalized isoprene and monoisoprenoids derivatives

The above results allow one to prepare new Cs- and
C,g-isoprenoid SB; the possibility of their application in
synthesis of some natural terpenes (practically useful
ones among them) is discussed in this Section.

2.1. Stereospecific synthesis of polyprenol analogs

An interest in the synthesis of polyprenols 133 and
dolichols 134 is stimulated by their role in biosynthesis
of carbohydrate-containing biopolymers in cells of all
organisms.5? At the present time, they are considered as
potential polyfunctional drugs.

138:/=2,3;m=23,n=0

134: 1=2,3, m>>3,n=1
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Scheme 26

3,8 — Li—gp_\—ou +

SO,R

3a, 8a

l m SO,R
136:/=2,3;m=0,1,2;

R=—N O, Ph

if
—
Br
! m

135:/=2,3;,m=0,1,2
ivT(m= 1,2)

i

OH OH

r m=m+1

133:/=2,3;m=1,2,3

Reagents and conditions: ;. Bu"Li/THF/HMPA, —70 °C; ii. THF, —70 °C; iii. Li/NH3/n-C¢H4/THF,

—50 °C; iv. PBr;/Py/THF, —20-25 °C.

For the first time, a stereospecific synthesis of the
compound of this class, viz., betuloprenol 133 (I = 2,
m = 3, n = 0), was performed using the sequential
scheme3d based on stepwise homologization of
prenyl halides of 135 type by Z-Cs-isoprenoid SB 3
(Scheme 26).

Further, this approach was used to synthesize a series
of prenols 133 ( =2,3, m =2, 3, n =0) (see reviewss!
and references therein) (see Scheme 26). It turned out
that the replacement of sulfonamide 3 by more available
hydroxysulfone 8 does not effect the general efficiency
of the synthetic scheme and gives comparable yields
both at the stages of condensation of lithium derivatives
3a and 8a with allyl halides 135, and at desulfonylation
of the corresponding intermediate sulfonyl derivatives
136 affording target alcohols 133. It should be noted
that hexaprenol 133 (/ = 3, m = 2, n = 0) and
heptaprenol 133 (I = 3, m = 3, n = 0) previously
isolated from fruits of the Serernoa repens palm tree
possess the high activity in therapy of hypertrophy of
prostate.52

On the basis of this methodology,®! synthetic proce-
dures for dolichols (134) and related compounds are
worked out starting from saturated Cs-isoprenoid SB 19
and 137, the latter of which, viz., chiral hydroxysulfone
137 is found to be available from the known bro-
mide 138.63

Thus, desulfonylation of homoallylic sulfones 139,
which are products of the condensation of dilithium
derivative (137a) of saturated sulfone 137 with bromides
135 (I =2, 3, m = 2), smoothly afforded the correspond-
ing terpenols 134 (I = 2, 3, m = 2), possessing the

stereochemistry of natural alcohols of this seriesf3
(Scheme 27).

The similar procedure is used? for a synthesis of
racemic dodecaprenol 142 (I =3, m =7) from available
undecaprenol 140 using Suzuki coupling® of acetate
141 with Grignard reagent 143 prepared from (+)-bromo-
ether 19 and then by the cleavage of the intermediate
THP ether (without its isolation) by the action of
TsOH - Py.

This methodology was found to be convenient for
preparation of these prenols, which differ from the
natural compounds of 133 series in stereochemistry of
some chains of the regular oligoisoprene chain or in the
nature of its eo-terminal fragment. For example, to
elucidate the role of the terminal a-(Z)-isoprenoid units
in polyprenols 133 responsible for biosynthesis of bacte-
rial polysaccharides (see Ref. 65) the samples of com-
pounds with alternating (E)- and (Z)-fragments were
required. It should be noted that such terpenols are not
found in the natural sources and, assuming the available
data on biosynthesis of compounds of 133 series, their
existence seems problematic.

Heptapreno! 148 required as one of possible objects
for this study was synthesized in accordance with the
stepwise scheme®6 starting from known32 E-hydroxysul-
fone 144 and sesterterpenyl bromide 135 (/ =3, m =1)
via sulfone 145, triterpenol 146, and hydroxysulfonamide
147 (Scheme 28).

For this purpose, on the basis of the same stepwise
approach, undecaprenol 140 and corresponding dolichol
(1)-142 were transformed into related artificial analogs
149 (see Ref. 66) and 150 (see Ref. 9), and solanesol
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Scheme 27

135(/=2,3,m=2) +Li‘—<_\—OLi —

SO,Ph
137a
Br—/—\\ A <—\;OH
S0,Ph
138 137
OR
3 7

|: 140: R=H
141: R=Ac

! 2

139:/=2,3

g

! m

134:/=2,3,m=2

142: /=3, m=7

Reagents and conditions: i. PhSO,Na/DMF, 50 °C; ii. 9-BBN/THF, —25 °C, then H,0,/NaOAc, 025 °C;

iii. THE/HMPA, —30 °C; iv. Li/NH;3/THE, —60 °C;

v. BtMgCH,CH(Me)CH,CH,OTHP (143)/Li,CuCl,/THF, —20-525 °C, then TsOH - Py/THF, 25°C.

Scheme 28

OH _ H OH  H OH .
[ Hi N,V
22/7 60 % 55 % 20 %
4 4

SO,Ph
144 145
H OH
4 ‘e
SO,N O
f—

147

SO,Ph

146

OH
3

148 ~13%

Reagents and conditions: /. Bu"Li/n-C¢H /THE/HMPA, —60 °C; ii. 135 (I = 3, m = 1)/THF, —70 °C;
iii. Na/NH;/n-CgH,4/Et,0, —70 °C; iv. PBr3/Py/THF, —20 °C; v. 3a/THF/HMPA, —70 °C.

151 was converted to decaprenol 152 as well (see Ref. 66)
(Scheme 29).

Finally, to study the dependence of biological activ-
ity of polyprenols on the nature of their w-isoprenoid
fragment, the synthesis of allylic alcohols 153 and 154
was performed, cetyl residue in their molecules simu-
lates the demethylated and reduced fragment of the
chain consisting of four isoprene units.?

2.2. Synthesis of irregular terpenols of the lavandulol
series starting from 4-phenylthio-3-methylbut-2Z-en-1-o0l

The above cis- and #rans-Cs-homologizations of lin-
ear terpenols using Z-3,8 and E-144 SBs, respectively,
are the method of stereospecific synthesis of regular
oligoisoprene chains.

The similar approach to the irregular natural struc-
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Scheme 29

140 —

149

142 —

150

OH

151 152

n-C16H338r —

OH

153, 154

n=1(193), 2 (154)

tures of lavandulol type 155a was worked out®? on the
basis of accessible (see Section 1.1.1) hydroxysulfide 9
using ambident properties characteristic of allylsulfide
carbanions,% which are also exhibited in the case of
dianion 156 generated from 9 (Scheme 30).

It was revealed that the treatment of the latter with
prenyl chloride. 157a affords a mixture of regioisomers
158a/159a (ca. 1:2) resulting from the electrophilic
attack of allyl anion 156 on y- and a-carbon atoms,
respectively. When geranyl chloride 157b was used, the
ratio of 158b/159b ca. 3:2 was observed, which appeared
to be more favorable (158¢c/159¢ ~ 2:1) in the case of
sesterterpenyl bromide 157c¢.

The above mixtures (except monoterpene derivatives
158a/159a) were subject to chromatographic separation
to isolate sesquiterpene (158b) and triterpene compo-
nents (158¢) required for the final stage, their desulfuri-
zation (Ca/NH;) afforded racemic forms of the natural
alcohols of plant origin, viz., sesquilavandulol 155b (see
Ref. 69) and ulmoprenol 155¢ (see Ref. 70).

The alternative synthesis of (£)-sesquilavandulol 155b
involves condensation of allylic sulfoxide 160c (prepared
from (&+)-lavandulol 155a (see Section 1.2.1)) and
prenylmagnesium chloride (PreMgCl) catalyzed by the
Kochi reagent. However, (£)-155b resulting from
Sn2'-reaction contained an admixture of Z-A*-stereo-
isomer (ca. 20 %).18

2.3. Synthesis of some oxygen-containing
monoisoprenoids starting from
2-phenylsulfinylmethyl-1,3-butadiene

Extrapolation of the Diels—Alder reaction to the
synthesis of carbo- and heterocyclic structures, includ-
ing natural ones, implies the use of functionalized
1,3-dienes, in particular those that allow transformation
of the intermediate cycloadducts by simple operations to
the compounds, inaccessible by direct diene synthesis
(e.g., see Ref. 71).

From this point of view, it seems promising to use
isoprene sulfoxide 10 (see Section 1.1.2); this possibility
is illustrated by the syntheses of some oxygen-containing
monoterpenes of p-menthane and carane series’?
(Scheme 31).

Determination of the composition of condensation
products of 10 and methyl vinyl ketone 128b allowed us
to estimate the regioselectivity of the cycloaddition reac-
tion of this diene and unsymmetric dienophile, in this
case, it affords a mixture of diastereomeric para- and
meta-cycloadducts 161/162 in the ratio of ca. 3:1. The
major regioisomer is easily separated by crystallization;
the subsequent sulfoxide-sulfenate rearrangement gives
a mixture of previously unknown ketols 163 with signifi-
cant predominance of frans-163 isomer. The latter was
separated by chromatography on SiO, and transformed
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Scheme 30
H ,~ PhS SN
n .
OH OH
155a—c 156 9
44 % | jii ii '\ (158b,c)
157a—c, X = Cl, Br
H SPh H
SOPh n 'n SPh
OR OH OH

(—_’160: R=H 158a—c
31e: R=Ac

159a-—-¢c
n=1{(a); 2 (b} 5(c)

Reagents and conditions: i. Bu"Li/THF/HMPA, =70 °C; ii. Ca/NH;/THF, —70 °C;

iii. PreMgCl/LiyCuCly/THF, —20->25 °C.

to (£)-AlM-menthane-2,8-diol 164 by treatment with
MeMgl in practically quantitative yield.”

The reaction of diene 10 with a moderately active
dienophile, i.e., dimethylcyclopropene, requires a high-
pressure technique’? giving a mixture of diastercomeric
sulfoxides 165 (ca. 1:1) in a high yield. By the action of
P(OMe);, sulfoxides 165 rearrange into carenols 166
with the same predominance of trans-166 like in the
case of 163. Finally, oxidation of allylic alcohols 166
with bis(trimethylsilyl)chromate, which usually proceeds
for such compounds with complete allylic isomerization,
smoothly afforded carenal 167 subsequently transformed
to (L)-form of natural chaminic acid 168 (see Ref. 73).

Thus, the three-step synthesis of 168 from [4+2]-
cycloadducts 165 is an equivalent of Diels—Alder cy-
cloaddition of exclusively labile 1,3-butadien-2-carboxylic
acid to dimethylcyclopropene.

2.4. Synthesis of the Al component
of the sex pheromone of the red San Jose scale
(Aonidiella aurantii)

Although the natural attractant of this pest, which
damages citrus plants, i.e., acetate 174, possesses (35,6 R)-
configuration, confirmed by numerous syntheses of its
optically active forms,” its biological activity is not
inhibited by the presence enantiomers. Therefore, effec-
tive methods of preparation of the (F)-form of acetate
174 are of practical interest. We worked out’® a simple
method of synthesis of (£)-174 starting from available

sulfide 54g, which can be prepared from (+)-citronellyl
acetate 30g (see Section 1.2.3).

Acetate of 54g (169) was initially oxidized with
MCPBA to acetoxysulfone 170, deacetylation of 170
afforded hydroxysulfone 171 being a key compound in
the synthesis of 174 (Scheme 32).

It turns out that treatment of 171 with ca. 5 mol. eq.
of Bu"Li followed by treatment with ca. 5 mol. eq. of
allyl bromide (AllBr) in THF yields tris-allyl (All) de-
rivative 172 (>60 %), the latter is formed by deprotona-
tion of methylene and methyl groups neighboring to
sulfonyl group. Reductive desulfonylation of 172
smoothly affords alcohol 173, acetylation of the latter
gives the desired product (+)-174 in an overall yield of
ca. 15 % with respect to starting (+)-citronellyl acetate
30g.

2.5. Synthesis of cyclopentanoids of the iridane series

Cyclopentanoids are widespread in Nature, com-
pounds of the iridane series 175 are among them.36 In
recent years, an interest in such terpenoids manifests
itself in elaborating preparative methods starting from
linear precursors {e.g., see Ref. 76). This methodology
can be illustrated by biomimetic synthesis of bicyclic
iridoids 177 obtained in >40 % vyield by treatment of
epoxide 69 (accessible from myrcene 30a, see Section
1.2.4) with F;B - OEt, (see Ref. 33), apparently, via the
intermediate 176 (Scheme 33).

The prepared product is a mixture of stereoisomers
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Scheme 31
N o)
R2
.
SOPh
R
10 161, 162
ivl iil(161)
0
: OH
SOPh

163 (/B ~7.5)
165 >60% 85 %

if l (o)

Q
et

166 (o/B ~7.5) 164 >80 %

85 %

£ -

< <L
CHO CO,H

167 ~50% 168 ~50%

161: R = CH,S0Ph, R2=H
162: R1 = H, R2 = CH,S0OPh

Reagents and conditions: i. 128b/PhH, A; ii. P(OMe;3)
MeOH, A; iii. MeMgI/THF, 25 °C; iv. 2,2-Dimethyl-
cyclopropene/CH,Cl,, 5 kbar, 80 °C; v. CrO3z/
(Me;Si),0/CH,Cl,, 25 °C; vi. Ag;0/MeOH/H,0,

25 °C.

(cis-/trans-, ca. 1:1), while cis-177 isolated by chroma-
tography on SiOj, in individual state is a racemic form of
hop ether (a component of hop essential oil) synthesized
previously using much more complicated procedures.3¢

The variants of stereocontrolled transformation of
isoprenoids to 1,2,3-trisubstituted cyclopentanes (Sec-
tion 1.3.1) open new possibilities of rather simple trans-
fer from linear precursors to compounds of 175 series.
An example is the synthesis of iridolactone 186 from

Scheme 32

SO,Me SO,CHAIly

iv
(171)
OR Z OH

549:R=H,n=0:li 172 >60%
P 169: R=Ac,n=0

170: R=Ac,n =2~ .. v

171: R=H,n=2 «J" l

i

OR
E 173:R=H >50 %
i
174: R = Ac
Reagents and conditions: i. Ac,0O/Py, 25 °C; ii. MCPBA/
Et,0, ~40-»25 °C; jii. LiAlHy/THF, —20 °C; iv. Bu"Li/

n-CgHy4/THF, —60 °C, then AllBr/THF/HMPA, —60-
10 °C; v. Na/NH;3/THF, —70—»-40 °C.

Scheme 33

F3B - OEty, CHoCly

A 0 ~78 °C
69
— —= H H
T
o- o}
176 177 >40%

cisftrans-, ~1:1

175

oximes 109 (available from linalyl acetate 30h, Section
1.3.1) (Scheme 34).77 Thus, after mild hydrolysis of
oximes 109 in the presence of TI(NO3);, bicyclic acetal
179 was isolated from a reaction mixture by chromatog-
raphy on Si0O, in >50 % yield, this acetal was related to
the major component of the mixture of 109
(a-OAc-epimer). The formation of 179 evidently pro-
ceeds via acroleins 178; the acid present in the reaction
mixture favors their E/Z-isomerization.
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Scheme 34
OAc OAc
OH i OH - .
- S >50 %
“SNOH o
109 178

a-OAc/B-OAc

ACO|,,..

183: B-Me; 184: o-Me
(AT/AB(10) & 4:1)

185 186

Reagents and conditions: i. TI(NO;);/HCIO,/MeOH, 25 °C;
ii. Cr03/aq. H2804, 25 °C; iii. NiCIZ : 6H20/N3BH4,

0-»25 °C; iv. HC1O4(aq.)/MeOH, 25 °C; v. DMSO, A;

vi. MCPBA/Et,0, 25 °C; vii. KOH/DMSO(aq.), A, then
NaHSO, to pH =~ 3.

Acetal 179 was oxidized to lactone 180 by Jones
reagent, hydride reduction of 180 by nickel boride,
which appeared to be nonstereoselective in this case,
afforded a C(4)-epimeric mixture (ca. 1:1} of saturated
acetoxylactones 181 in a high yield. On the next step,
181 were transformed to carbinols 182; their dehydra-
tion afforded a mixture of corresponding olefins 183 and
184 in ratios of ca. 4:1 in both cases related to A7/A810-
regioisomers.

The presented composition of the mixture was de-
termined by preparative chromatographic isolation of
regioisomeric pairs 183 and 184. The first was subjected
to mild epoxidation with MCPBA thus yielding epoxide
185 (ca. 60 %) isolated from the reaction mixture; its

opening in alkaline conditions gave the target zrans-diol
186, a racemic form of an isomer of villosol, iridolactone
recently isolated from stems of the plant Patrinia villosa
used in medicine.”8

A further example of realization of the accepted
methodology4! is a synthesis of sesquiterpene cyclopen-
tanoid 189 based on ketosulfone 98 (for preparation of
98 sce Section 1.3.1) (Scheme 33).

Scheme 35

187 77 %

73
188: X =0
vl 71%
189: X = CH,
Reagents and conditions: ;. NaH/DMF, then Mel, 25°C;

ii. Li/NHs, —50 °C; iii. MeONa/MeOH, 25 °C;
iv. CH;=PPh;/THF, 25 °C.

Starting from 98, the crystalline product of its
C-methylation (187) was initially prepared, then trans-
formed smoothly to frans-disubstituted cyclopentanone
188. Wittig methylenation of ketone 188 afforded target
C,s-hydrocarbon 189 in >70 % yield and stereochemical
purity of ca. 95 %. 189 possesses the backbone typical
of metabolites of some fungi (e.g., see Ref. 79).

2.6. Synthesis of compounds of gnaiane series

Sesquiterpenoids of guaiane series 190 are products
of metabolism of numerous plants. The high pharmaco-
logical and pesticidal activities recently revealed for
compounds of this class® makes extensive elaboration
of their syntheses on the basis of accessible starting
materials important. Two novel variants of the synthesis
of carbon skeleton 190 based on methylheptenone 73 as
the starting compound are discussed below (Scheme 36).
Stereocontrolled transformation of 73 to cyclopentane
SB 87, common to both schemes, was considered in
Section 1.3.1.

According to the first one, ketone 87 was primarily
transformed to ethylene ketal 191, reduction of the
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Scheme 36

CO,Me

190 87

73

latter with DIBAH smoothly afforded aldehyde 192 (see
Ref. 81) (Scheme 37). An attempt to involve 192 in the
desired 7-exo-cyclization under conditions of Lewis
acidcatalyzed Prince reaction unexpectedly yielded
transketalization product 193. The similar approach
based on the ability of unsaturated acetals to undergo
intramolecular reaction of ene type under the same
conditions also failed in the case of 193; for example,
treatment of 193 with SnCl, resulted in resinification
products.

The negative result of CC for 193 is evidently related
to the presence of carbonyl group in its molecule, for
this reason it was transformed to methylcarbinol group.
Grignard reaction appeared highly stereoselective in the
case of ketone 193, and thus prepared tertiary alcohol
194 was used later in a form of silyl ether 195. The latter
easily undergoes the desired cyclization in the presence
of SnCl, to form C(6)-epimeric bicyclic products 196
(o/B = 2:1) subsequently transformed by routine proce-
dures to hydroazulenone 197. Evidently, functionalization
of the latter allows its transformation to compounds of
190 series.

The shorter route from ketoester 87 to bicyclic pre-
cursors of 19032 appeared to be possible through the
stage of its selective transformations to allyl sulfone 96,
which was easily methylenated to diolefin 198
(Scheme 38).

The latter easily undergoes Dieckmann-type cycli-
zation by treatment with NaN(SiMe,), stereospecifically
affording bicyclic sulfone 199. Its desuifonylation pro-
ceeds practicaily without allylic shift of the C=C bond
giving hydroazulenone 200.

The further use of the latter to obtain target struc-
tures of 190 series required selective introduction of the
Cs-fragment to the C(7) center of this molecule, that
was achieved by means of one of modern variants of
aldol condensation.

Thus, stepwise treatment of ketone 200 with LDA,
ZnCl,, and an acetone excess affords regio- and
stereospecifically hydroxyketone 201 (75 % vyield at ca.
40 % conversion of 200). This is apparently a result

Scheme 37

i
COzMe 88 %

iii
—_—

o iv
5 <O:| 85 %

193 84 %

v .
194 o 195 196 54 %
(0/B=2:1)
Vii—ix
HO" \ R
197

R = H (194); ButMe,Si (185, 196)

Reagents and conditions: /. (CH,0OH),/TsOH/PhH, A;

ii. DIBAH/PhMe, —78->0 °C; iii. ZnCl,/CH,Cl,, 25 °C;
iv. MeMgl/Et,0, —20-525 °C; v. Bu'Me,SiSO;CF;/2,6-
lutidine/CH,Cly, 025 °C; vi. SnCly/PhMe, —20 °C;
vii. BulLi/THF, —78 °C, then p-TsCl, then Nal/Zn/
THEF, a; viii. (COCl),/DMSO/CH,Cl,, —60 °C, then
Et;N; ix. HF(aq.)/MeOH/THF, 25 °C.

of electrophilic attack of a kinetically controlled
A4(10).6_enolate of the 202 type, rather than a thermody-
namically preferable dienolate of the 203 type, which
appears inactive under the reaction conditions. The
latter gives parent ketone 200 upon hydrolytic decom-
position of the reaction mixture (Scheme 39).

The above information is not in conflict with the
data on silylation of ketone 200. Thus, its treatment
with LDA and then Me;SiC] affords a mixture vinylsilyl
ethers 202 and 203 (ca. 2:3). During mild hydrolysis of
the mixture, a mixture of ketone B,y-200 and o,B-unsatu-
rated 204 (readily separable by chromatography) is
formed in a high yield; the ratio 200/204 is similar to
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Scheme 38

SO,Ph

i
CO,Me  (198)

96: X=0 . 199
~80 % Ii
198: X = H,C

i

l

H

200 B84 %

Reagents and conditions: i. CH,Br,/Zn/TiCly/CH,Cl,, 25 °C;
ii. NaN(SiMes),/PhH, 25 °C; iii. Al/Hg/EtOH, 25 °C.

Scheme 39

202: A%(106
203: A4(10)5

201 OH 205 OH

Reagents and conditions: i. LDA/THF, —78 °C, then ZnCl,,
then Me,CO, —45 °C; ii. LDA/THF, —10 °C, then
Me;SiCI/Et;N/THF, —10 °C; iii. HySO4(aq.)/THF, 25 °C.

that found for silyl ethers. The major product 204
evidently arises due to the characteristic of 1-silyloxy-
1,3-dienes33 preferable electrophilic attack of their
y-position that is related to the primary protonation of
the C(10) center in ether 203. The aldol condensation of
ketone 204 with acetone under the above conditions

1387
Scheme 40
OH
= »
X
ci 206

127: AY/A2 = 4:1

. 70

O O
209: (130)-CH=CH,

207: (130)-CH=CH,
208: (13p)-CH=CH, 210: (13p)-CH=CH,

15

also appears stereospecific thus yielding ketol 205 (ca.
70 %) with complete conversion of the starting material.

2.7. Synthesis of diterpenes of rosane series

It was noted in Section 1.3.2 that dimethylvinylcyclo-
hexenes formed in CC of a-monoterpenols are structur-
ally similar to the fragments of tricyclic diterpenes of the
pimarane/rosane group; hence it is possible to use them
in total synthesis of the latter (Scheme 40).

Scheme 41

v, v

>60 % 206

213

Reagents and conditions: ;. BuLi/n-CgH4/THF/HMPA,
—78 °C, then 127/THF,; ii. Li/NH;/THF, —78 °C;

iii. Si0,/10 % AgNO;; iv. 9-BBN/THF, 0525 °C;

v. H,0,/15 % aq. NaOH, 0-525 °C.
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Scheme 42

“ by
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215; (13p)-(CHy),0H

207, 208 ~—

~H
~Me

i i
-— 206 —=

Ht

209, 210

"' i
B —_—

216: (130)-(CHy),0H
217: (13B)-(CHy),0H

~Me | -H+

219

220

Reagents and conditions: i. HSO3F/PriN02, —80 °C; ii. NaH/THF, 60 °C, then CS,, 060 °C,

then Nal, then PhMe, A (in a sealed tube).

According to one of the variants, building of the
carbon skeleton of racemic trans-B/C-207, 208 and cis-
B/C-rosadiene 209, 210 was performed through CC of
their A/B-seco-precursor 206.

The latter was prepared from allyl chloride A3-127
(available as a mixture with ca. 20 % of its A%-regioi-
somer, see Section 1.3.2) in three steps including con-
densation of 127 with gerany! sulfone 21134 (Scheme 41).
Reductive desulfonylation of intermediate sulfone 212
afforded diterpenoid 213. After careful purification from
the admixture of A?-isomer, 213 was smoothly trans-
formed to target alcohol 206 by selective anti-
Markovnikov hydroxylation.

The optimum conditions for CC of the latter are use
of ca. 10 mol. eq. of fluorosulfonic acid at —80 °C.
The CC vyields a mixture of tetracyclic alcohols
214/215/216/217 (ca. 90 %) in the ratio of ca. 3:1:4:3
{Scheme 42).85

One can explain the formation of #ans-B/C-C(13)-
epimers 214 and 215 assuming carbenium ion interme-
diate 218. Predominant cis-B/C-rosenols 216 and 217
probably arise due to kinetically controlled protonation
of pimarenol 219 (however, we failed to observe it
among the reaction products) affording ion 220 and the
further syn-1,2-methyl shift in the latter. Individual
components of the reaction mixture 214—217 were
isolated by preparative chromatography on SiO, and
subsequently transformed to corresponding target tricyclic
hydrocarbons 207—210 by dehydration.
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