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I. Introduction

The strategy of modern organic synthesis is espe-
cially focused on the incorporation of convergency
points into protocols designed for the preparation of
complex molecules. One of the most reliable and
generally applicable approaches to this goal takes
advantage of the well-elaborated method of the
stepwise Ady reaction across a multiple bond conju-
gated with electron-withdrawing groups (EWG). In
this process an initial addition of a nucleophile (Nu)
results in the formation of stabilized carbanionoid
intermediates (CAI) as kinetically independent spe-
cies which can be further quenched with an arbi-
trarily chosen external electrophile (E.)!® (see gen-
eral equation in Scheme 1).

Both carbon nucleophiles (Nuc) and carbon elec-
trophiles (Ec) can be utilized as addends and hence
this three-component one-pot coupling can lead to the
formation of two novel C—C bonds. The opportunity
to vary all participating components in conjunction
with a generally high efficiency and stereoselectivity
of the overall coupling offers numerous promising
options for the elaboration of convergent routes for
the synthesis of polyfunctional compounds which can
be utilized as advanced intermediates in a total
synthesis.]2~d An impressive number of spectacular
achievements in this area amply illustrates the
fruitfulness of this protocol which, in fact, was
developed due to the thoughtful consideration of the
known mechanistic interpretation of the course of the
Ady reaction.
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A basically complementary and potentially no less
useful sequence of addition could have been envis-
aged using a stepwise Adg approach. However, in
striking contrast with the feverish activity in the Ady
field, very few systematic studies have been carried
out in the area of stepwise Adg reactions, and as yet
its potential remains largely unexplored. Some time
ago we initiated studies specifically targeted to fill
this gap? and in the present review we have sum-
marized the main results which, as we see it, attest
to the promise of this approach. It is to be empha-
sized that we deliberately limited the coverage to the
studies which were specifically aimed at the perform-
ing of an Adg reaction as a truly stepwise process,
consisting of the sequence of kinetically independent
steps. Ample data referring to the other aspects of
the preparative application of the Adg process are
beyond the scope of the present review.

Il. Classical Mechanism of the Ad: Reaction and
Its Ramifications. Cationoid vs Covalent
Electrophiles

The stepwise mechanism of the Adg reaction was
first advanced in the early 1920s and since then it
has been widely used for the description of the
interaction of alkenes and alkynes with various
electrophilic species.®® This concept, additionally
refined by more recent suggestions about the struc-
tural diversity of carbocationic intermediates (CCI)
presumably formed upon the initial attack of elec-
trophilic moieties across a multiple bond,® turned out
to be extremely helpful for the understanding of the
kinetical peculiarities as well as product-selectivity,
stereoselectivity, and regioselectivity patterns of the
manifold of Adg reactions. At the same time there
were very serious doubts related to the basic ad-
equacy of this mechanism and one of the main
proponents of the carbocationic descriptions, Sir
Robert Robinson, never missed the opportunity to
emphasize his concerns about a too literal utilization
of this concept. It was rather typical of him to
warn: “...I have no objections to carbonium ions being
written down so long as you know that they do not
exist. They are simply a useful summary of a
concerted process.” These reservations referred first
of all to the main postulate of the stepwise description
of the Adg reaction which assumes the formation of
carbocationic species as discreet intermediates upon
the interaction of two covalent reactants in regular
solvents of moderate polarity and substantial nucleo-
philicity. In fact, there is virtually no truly direct
evidence justifying a claim that any of the traditional
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Adg reactions performed under conventional condi-
tions would proceed via an energetically very costly
ionic route, bypassing a plethora of more or less
concerted (and much cheaper!) pathways.

At the same time the above reasoning stimulated
the formulation of a challenging problem:? is it
possible to design conditions and/or reactants which
would force an Adg reaction to follow the course
prescribed to it by theory, i.e. to proceed as a sequence
of two independent chemical events, first, an addition
of an electrophilic species with a formation of the
kinetically stable CCI, and second, the reaction of the
latter species with some arbitrarily chosen external
nucleophile (Nu..) as shown in Scheme 2?
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Obvious considerations suggested that such a reac-
tion course might be feasible, at least in principle,
provided the cationoid reagents of the type E* Y~
(where Y~ is a nonnucleophilic counterion, e.g. BF,~,
SbFs~, etc.) are employed, instead of conventional
weakly polarized E-Nu reagents, and the reaction is
carried out in nonnucleophilic solvents. Owing to the
pioneering studies of G. Olah’s group, the required
reagents became easily available from the appropri-
ate covalent precursors via a number of routes.5
Initial studies of the same group revealed that these
cationoid reagents generated under superacid condi-
tions are very reactive toward unsaturated com-
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pounds but the most common result of their addition
across the double bond is cationic oligomerization.5
The formation of CCI as a discreet species, namely
the cyclic bromonium ion,5 was observed only for a
rather particular case of the Br™ electrophile.

Further studies revealed that cationoid reagents
can also be used in Adg reactions performed under
more conventional conditions and might lead to the
formation of 1:1 adducts with a complete exclusion
of oligomerization.2f2=¢ However the net outcome of
these reactions with reagents like stabilized alkyl
cations, acylium, or nitronium ions, clearly indicated
that even under these, presumably optimal condi-
tions, the CCUI’s, if ever formed, are too “hot” to exist
as kinetically stable entities. Therefore it proved to
be impossible to achieve a stepwise 1,2-addition of
these electrophiles and external nucleophiles added
to the reaction mixture as potential quenchers. The
structure of the final products unambiguously indi-
cated that an initial electrophilic attack at the double
or triple bond was immediately followed by (or better
to say, occurred simultaneously with) the processes
like capture of halide from the respective counterion,®
eliminations,’? cyclizations,’*d rearrangements,’f
hydride shifts,’s® or interaction with the nucleophiles
present in the media including molecules of the
“nonnucleophilic” solvent.”s Several of the observed
transformations are worthy of additional comments

in the context of this review since they clearly
demonstrate some peculiarities of Adg reactions with
cationoid reagents as compared to their less polar
counterparts and/or are of obvious preparative value.
A set of representative examples is shown in Scheme
3.

Reaction A represents a general method for the
preparation of j3,y-enones.’® Unlike its Darzen—
Kondakov prototype, this reaction yields nearly pure
products almost uncontaminated by ao,3-isomers.
Reaction B was shown to proceed smoothly with
preparative yields for a wide set of alkenes containing
branching at the allylic carbon atom.’f Data of low-
temperature NMR studies revealed that reaction A
is best described by an ene-like mechanism, while the
most plausible mechanism of reaction B involves an
acylium ion attack at the double bond with a con-
certed 1,2-shift of hydride, methyl group, or Wagner—
Merwein rearrangement, depending on the structure
of the unsaturated substrate. Interaction of acylium
ions with 1,5-dienes?>? was shown to proceed alter-
natively either similarly to reaction A yielding acyclic
enones or as a concerted acylation—cyclization se-
quence (reaction C). The control over the course of
the reaction can be easily exerted by variations in
the electrophilicity of the acylating species (cf. also
data in ref 6c). Addition of acylium ions across the
triple bond always proceeds as a concerted addition.
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Thus the trans-acylarylation reaction (reaction D)
takes place even in the presence of weakly nucleo-
philic aromatic solvents such as chlorobenzene.” It
was also surprising to find that nitroalkanes are
sufficiently nucleophilic to participate in all the
studied reactions of alkynes with various cationoid
electrophiles (reaction E).% The utilization of
CH:Cl; as a solvent in an alkyne acylation resulted
in either the formation of 3-chlorovinyl ketones due
to the involvement of the solvent as a source of
nucleophile or the products arising from intramo-
lecular addition. The latter process can even involve
the participation of C—H bonds at the appropriately
positioned sp® center as nucleophiles, leading to the
formation of the products of cyclization (e.g. reaction
F)2 and/or 1,5-hydride shift.™

These and similar data refer to the reactions which
were carried out with preformed cationoid electro-
philes under conditions which might have been
considered as nonnucleophilic by generally accepted
standards. Thus these reactions may serve as ad-
equate models revealing an intrinsic reactivity pat-
tern for the cationoid species presumably formed as
transient intermediates. A peculiarity, or even
uniqueness, of the observed reaction modes might be
considered as strong evidence against the viability
of the traditional mechanisms which routinely sug-
gest the involvement of cationic intermediates in
numerous conventional Adg reactions performed
under conditions much less favorable for the forma-
tion of ionized species. In other words, Sir R. Robin-
son’s reservations quoted above are actually well-
based and supported by a plethora of factual data.

The failure of attempts to observe the formation
of cationoid intermediates as stable species in the
course of the above-mentioned Adg reactions (e.g.
Scheme 3) clearly indicated that the utilization of
cationoid electrophiles represents only a necessary
but not a sufficient prerequisite for the realization of
a two-step mode of Adg reaction. Thus it became
obvious that the survival of CCI’s under ordinary (i.e.
not under superacid!) conditions of preparative chem-
istry might be secured only if some additional struc-
tural factors are operative in order to stabilize these
intrinsically unstable species.

-Two limiting options were available to reach this
goal (Scheme 4) and both were tested in our studies.??
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Case A. The formation of a stabilized CCI might
become feasible if the attacking electrophile bears a
lone electron pair and thus is capable of participation
in charge delocalization via formation of a bridged
{onium) species.

Case B. Stabilization of CCI can be greatly en-
hanced provided the starting unsaturated substrate
contains some fragment with a well pronounced
propensity to stabilize the carbocationic center formed
upon the addition at the adjacent double bond.

The ramifications and limitations of both of these
options are considered below.

lll. Two-Step Adr Reaction Based on the Use of
Electrophiles Capable of Forming Bridged
Carbocationic Intermediates (Case A)

The formation of bridged intermediates has been
inferred from extensive data on the kinetics and
stereochemistry of classical Adg reactions with the
use of conventional covalent reagents containing
heteroatomic electrophiles (Ey.:*) like halogens, alkyl-
and arylsulfenyl (or selenyl) halides, or mercury
salts.®2® There are a number of preparatively useful
cyclizations which are described as an initial additon
of Enet™ across the double bond followed by an
intramolecular trapping of the proposed bridged
intermediates by some nucleophilic group present in
the starting compound.®®=¢ However, in all these
cases the reactions were targeted at the addition of
the external E and internal Nu (second double bond
or heteroatomic substituent of the substrates) across
the reacting double bond. Hence there was no special
necessity to channel the reaction via a truly ionic
route (with the use of ionic instead of the traditional
covalent reagents) which might have secured the
formation of the corresponding CCI as a kinetically
independent species.

QOur studies aimed at the realization of a stepwise
Adg process were carried out with cationoid sulfur-
containing electrophiles, mainly ArS*BF,~ (generated
in situ from ArSCl and AgBF,). It was discovered
that the interaction of these reagents with a model
alkene, cyclohexene 1, proceeded in a long sought
after way, namely via the formation of the bridged
CCI (episulfonium ion, ESI) which turned out to be
sufficiently stable in solution under ordinary (i.e. non-
superacid) conditions to last until it was quenched
with external nucleophiles. As a result of this
sequence the corresponding 1,2-adducts 2a—h were

prepared in good yields!®® (Scheme 5). In other
Scheme 5
ArS* + NU SAr
@ Q
(ArSCI + AgBF,)

ESI

Nu: OH (a), OMe (b), OAc (c),
Hal (d), SR (e), NR; (),

H (NaBH, or Et3SIH) (g),
NHCOMe (CH3CN, H20) (h)
Yields: 60-90 %

words, here we were able to observe for the first time
a truly stepwise Ady reaction which proceeded as a
sequence of the two kinetically independent events,
namely (i) attack of the given electrophile, ArS+
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Scheme 6
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across the z-bond system and (ii) interaction of the
cationoid intermediate thus formed with an arbi-
trarily chosen nucleophile.

The reaction mode exemplified for 1 turned out to
be fairly general with regard to the variations in the
nature of both alkene and nucleophile. In fact similar
results were observed for acyclic alkenes with various
substitution patterns (mono-, di-, or trisubstituted),1%-e
arylalkenes,1% or 1,3-dienes.)® In several cases
generated ESI intermediates were fully characterized
by NMR spectra.l%st The list of the quenchers
included a set of standard inorganic and organic
nucleophilic reagents, and thus a unified protocol was
elaborated for the transformation of various alkenes
into a wide array of 3-substituted sulfides with an
almost unlimied diversity in the substituents (e.g.
2a—h) and in preparatively acceptable yields (gener-
ally 60—90%). These results generalized in Scheme
6 actually represent experimental proof of the valid-
ity of the suggested option formulated above as case
A to the solution of the problem of the two step Adg
reaction.

A well-known classical Adg reaction of covalent
ArSCl has been traditionally described in terms of
the intermediate formation of ESI.3251% However the
above-mentioned experimental data on the reactivity
of the preformed ESI necessitated a revision of this
mechanism. Thus, as was shown experimentally,
ESI can be easily trapped by various nucleophiles to
give the respective 1,2-adducts (see Scheme 5). At
the same time it is also known that the addition of
the covalent ArSCl under conditions of moderate
polarity leads to a nearly exclusive formation of the
respective 1-chloro-2-arylthio adducts and solvoad-
ducts are not formed even if the reaction is carried
out in the nucleophilic solvents like acetic acid or
acetonitrile. The disclosed discrepancy led to the
conclusion that an ionic mechanism is not operative
in this classical reaction and its intermediate is better
described by the bridged but covalent o-sulfurane
structure.!% This suggestion is also consistent with
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the observation that while the interaction of the
covalent ArSCl with alkenes with tert-butylethylene
is not accompanied by a 1,2-methyl shift, the latter
rearrangement proceeds easily if the reaction is
channeled via an ionic pathway by the utilization of
ArS*-like electrophiles.10%!

Several features of the elaborated two-step reaction
are worthy of special comments. First of all, it must
be emphasized that prior to our studies it was
generally believed that, owing to the positive charge
localization at the sulfur atom of ESI’s, these cationic
intermediates should be susceptible to nucleophilic
attack directed mainly at the sulfur atom, the net
result being the formation of ArSNu product and the
regeneration of the starting alkene.l%™ If this were
really the case, the elaborated two-step sequence
would be totally meaningless from the synthetic point
of view. Fortunately it turned out that, as a rule,
attack of nucleophiles is directed at the bridged
carbon atomsl% except for the case of sterically
hindered ESI's like those derived from ada-
mantylideneadamantane.l®® Secondly, in all cases
the net steric outcome of the process corresponds to
the trans-stereospecific addition across the double
bond%2de (see Scheme 5 and the schemes below).
Thirdly, the addition of ArS—electrophile and Nu to
unsymmetrical alkenes produces predominantly or
even exclusively the Markovnikov (M) adducts,100®
arising from the attack of the Nu at the more
substituted carbon atom of the ESI bridge.

The trans-stereospecificity of ESI ring opening is
an expected result and is consistent with the gener-
ally assumed Sy2-like reactivity pattern of the bridged
intermediates.l% At the same time the observed
predominance of the M-adduct formation seems to
be rather peculiar, since anti-M regioselectivity is
usually observed for the conventional ArSCl additions
to unsymmetrical alkenes.!® Moreover, earlier MNDO
calculations of the structure of a wide set of bridged
species with structures ranging from pure m-com-
plexes to “classical” three-memberned rings led Dew-
ar to the conclusion that since ESI undoubtedly
belongs to the latter category the regioselectivity of
its ring opening should be mainly controlled by steric
effects and hence the attack of Nu should occur
predominantly at the less substituted center.1%? An
obvious discrepancy between this conclusion and
above-mentioned experimental data about predomi-
nant Markovnikov-like pattern of reactivity of the
stable ESI (see also Schemes 7 and 8) was resolved
by later MDNO molecular orbital calculations of the
reaction pathways and potential energy surfaces for
nucleophilic attack on the ESI.1% It was shown that
for the interaction of nucleophile with ESI derived
from propene, the transition state (TS) leading to the
formation of the M adduct is better represented by a
quasi-carbenium ion-like structure with a partial
bridging and this TS is actually more stable than an
alternative one leading to the anti-M adduct. These
results provide a consistent explanation for both the
carbenium ion-like reactivity pattern of ESI and a
high stereoselectivity of its ring opening.

The generation of ESI via an Adg reaction with
ArS* (route 1, Scheme 6) was supplemented by an
indirect but preparatively more convenient procedure
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Scheme 7
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which involved the initial formation of S-(arylthio)-
alkyl halides (by the aforementioned Adg reaction of
alkenes with covalent ArSCI%) which were further
treated with Lewis acids (LA)1% (route 2, Scheme 6).
This procedure avoids generation of the unstable
electrophilic species like ArS* and is especially ap-
plicable when ESI-like intermediates are to be used
in situ.

The disclosed carbenium ion-like reactivity pattern
of ESI’s suggested an appealing opportunity of their
utilization as electrophiles in C—C bond-forming
reactions with carbon nucleophiles (Nuc). This pos-
sibility was first checked for the stabilized carbanions
like sodium malonates and, for example, adduct 3
was prepared from ESI derived from 1 (Scheme 7).102
As should have been expected, attempts to employ
reagents like RMgX or RLi turned out to be fruitless,
obviously due to the increased basicity of these
nucleophiles (Smit, unpublished data). However
later studies of Reetz’s group!l® disclosed that less
basic alkyltitanium or alkylaluminum reagents could
be used as Nuc in ESI-mediated reactions. Thus the
adducts like 4—6 were prepared in good yields with
a high stereoselectivity and nearly exclusive Mark-
ovnikov regioselectivity from the respective alkenes.
Here it is also relevant to mention that in related
studies, Trost described alkynylsulfenylation at the

Smit et al.
Scheme 8
Ar1
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e SAr
Ar!

1 14, Ar' = An

double bond carried out via treatment of the starting
alkene with the (methylthio)dimethylsulfonium tet-
rafluoroborate (7) followed by the reaction of the
resulting 1,2-adduct with a complex of lithium acetyl-
ide with diethylaluminum chloride (8). The forma-
tion of final products like 9!1® has also been described
as proceeding via an ESI-like intermediate. However
its exclusive anti-Markovnikov regioselectivity casts
some doubts about the plausibility of this interpreta-
tion.

A much broader area of C—C bond-forming reac-
tions evolved when m-donors were used as nucleo-
philic components. The viability of this approach was
first shown for aromatic compounds.l22 Thus ESI’s
derived from alkenes 10a—d, 1lab, and 1 were
found to react easily with activated aromatic or
heteroaromatic compounds at low temperatures with
the formation of the respective S-(arylthio)alkylated
adducts 12a—d, 13a,b, and 14 in preparatively
acceptable yields (60—80%)12* (Scheme 8). The ex-
clusive formation of Markovnikov adducts (e.g. 12b—
d) combined together with an unprecedented ste-
reospecificity of this Friedel—Crafts-like process!%
(e.g. formation of individual 13a or 18b from the
respective 11a or 11b and 14 from 1) attests to the
peculiarities of ESI-mediated alkylation reactions, It
is also noteworthy that this process can be effectively
carried out in the presence of hindered amines and
thus is applicable to acid-sensitive compounds.122

Further studies revealed that in fact a variety of
other #-donors like trimethylsilyl (TMS) vinyl
ethers,12-¢ ketene acetals,1?* or allylsilanes!?*~J can
also react as Nuc with ESI’s with the formation of a
C—C bond in accordance with the general equation
shown in Scheme 9. A set of representative examples
also given in this scheme was chosen to illustrate
some novel synthetic opportunities offered due to the
broad scope and high regio- and stereoselectivity of
this reaction in conjunction with a variability of both
the olefinic component (e.g. 10d, 1la,b, 15—18)
utilized for the generation of ESI and respective
s-donors used as carbon nucleophiles (e.g. 19—26).
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Thus the stereospecific preparation of 27a and 27b
may serve as an example showing the unprecedented
potential of the described ArS-mediated Adg reaction
as a novel tool for the stereocontrolled synthesis in
an acyclic series. The net steric outcome of the
reaction might also be affected by the presence of
remote substituents as is shown by the preparation
of the single diastereomer 28 from 15. (See also
formation of a nearly pure stereoisomer of adduct 6
in Scheme 7.) The opportunity to prepare adducts
bearing multiple functionalities as in 2936 adds one
more dimension to the synthetic potential of the
discovered coupling. It is also noteworthy that the
transformation of 1,1-dimethylallene (17) into ad-
ducts 32—34 represents an efficient route for a
selective prenylation (after Raney Ni desulfurization)
of the carbonyl component used for the generation
of the TMS enol ether. At the same time the
presence of the vinyl sulfide moiety in these adducts
offers additional opportunities for their further syn-
thetic utilization, e.g. via an oxidation followed by a
double-bond shift and a sulfoxide—sulfenate rear-
rangement.

Utilization of vinyl ethers as alkene components
for ESI generation with TMS enol ethers used as Nuc
has led to the elaboration of a novel option of the
crossed-aldol-like reaction.}? This reaction was shown
to be applicable for all four possible combinations of
“carbonyl” (vinyl ethers, e.g. 37—389) and “methylene”
(TMS enol ethers, e.g. 19, 23, 25, 40, 41) components.
Thus a wide series of y-(arylthio)-3-alkoxy-substi-
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tuted carbonyl compounds, e.g. 42—47 can be pre-
pared as shown in Scheme 10.

While the described reaction invariably proceeds
with trans-stereospecificity with regard to the addi-
tion at the double bond of the starting vinyl ether
(e.g. 39), its steric course at the newly created chiral
center depends critically both on the nature of the
components and reaction conditions.1?s Thus, the
threo:erythro ratio for the adduct 44 may vary from
1:4 (TiCly, 20 °C) to 4:1 (ZnCly, 20 °C). Likewise the
reaction of 38 with 40 in the presence of TMSOTf
gives predominantly the erythro isomer of 45 (¢hreo:
erythro = 1:8). At the same time, under essentially
the same conditions, the reaction between 37 and 40
proceeds with little if any selectivity and adduct 42
is formed as a 1:1 mixture. Adduct 43 formed in the
presence of TMSOTT contains at least 80% of a single
2,6-trans isomer (configuration at the quaternary
center unknown). These observations indicate that
with a proper choice of conditions a significant degree
of diastereoselectivity might be secured. It is also
obvious that additional studies are required in order
to identify the factors affecting the stereochemical
outcome of these couplings.

In the reactions described in Schemes 7—10, ESI’s
are actually employed as synthetic equivalents of
B-arylthio-substituted carbenium ions and the net
outcome of the sequence corresponds to the regio- and
stereoselective (or even specific) ArS-mediated cou-
pling of alkenes with various m-donors. Since the
nature of both starting alkene and carbon nucleophile
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can be varied independently and over broad limits
the described reaction seems to represent a flexible
and effective synthetic protocol.

Additional and rather unexpected ramifications
emerged when vinyl ethers (VE) were employed not
only as alkene components (VE-I) for the generation
of ESI’s but also as Nuc (VE-II, see Scheme 11) to be
alkylated with these electrophiles. Somewhat sur-
prising, these reactions occurred smoothly!32-4 with-
out complications due to oligomerization of VE’s, a
common problem encountered in Adg reactions of
these substrates with carbon electrophiles.1®¢ Vari-
ous combinations of vinyl ethers, e.g. 18, 37, 38, 48—
51 can be used as either component (VE-I or VE-II)
and as a result 1:1 adducts like 52—56 were obtained
in good yields after the standard quenching of the
reaction mixture with water (Scheme 11). It was also
found that ethoxyacetylene (57)!32 may also serve as
a Nuc and in this case y-substituted a,3-unsaturated
esters like 58 can be prepared (obviously as a result
of B-methoxy group elimination from the initially
formed adduct).

The generality of the coupling exemplified in
Scheme 11 makes it an attractive version of the
crossed aldol condensation, complementary to that
described above in Scheme 10.

Eventually it was discovered that the utilization
of this reaction offers also some unsuspected and
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preparatively significant “fringe benefits”. The com-
plete absence of oligomerization in the course of the
described ArSCl mediated VE’s couplings led us to
the conclusion that the immediate result of the ESI
interaction with VE-II should be the formation of the
next stabilized CCI, tentatively ascribed to the
structure of the five-membered thiophanium salt
(TPS, see below). Unfortunately, all attempts to
isolate and/or identify the presumed intermediate by
spectral methods failed owing to its instability 1%
However even in the absence of direct evidence the
suggested TPS structure seems to be the most
plausible, validated by the observation that the net
outcome of any of the couplings shown in Scheme 11
may vary depending on nature of the final nucleo-
phile used for the quenching of the reaction mixture.
In fact carbonyl compounds, like 52—56, were ob-
tained upon the usual aqueous workup, while the
corresponding acetals or ethers can be prepared if
alcohols or hydride donors are used as quenchers.13
A representative example is given in Scheme 12.

Transformations exemplified in Scheme 12 clearly
indicated that the initial stepwise Adg reaction with
the first alkene (VE-I, e.g. 38) might be extended to
include the next stepwise addition to the second
alkene (VE-II, e.g. 38). Thus all four components
sequentially involved into this one-pot formation of
final adducts like 59—61 are amenable to indepen-
dent variations.

This reaction mode suggested an obvious and
intriguing synthetic implication provided that the list
of the quenchers for TPS-like intermediates could be
expanded to include carbon nucleophiles, Nuc. Ini-
tially this option seemed to be elusive at best!®¢ and
in fact first attempts to achieve this goal were
discouraging. Thus it was found that regular n-do-
nors like TMS vinyl ethers or allyl silanes are rather
unreactive toward the TPS-like complexes at low
temperatures, while at 0 °C a complex mixtures of
products were formed which contained only trace
amounts of the desired adducts (GS—MS data, un-
published). At the same time, somewhat surprisingly
but much to our satisfaction, it turned out that
certain Grignard reagents can be used successfully
as Nuc at this step. Thus the reaction complex
formed in the course of ArSCl-mediated coupling of
38 and 51 underwent a smooth reaction with allyl-
magnesium chloride 62 (Scheme 13)142® and gave the
corresponding adduct 63 as mixture of diastereomers
in a yield of 67%. In a similar way other pairs of
vinyl ethers, like 38 + 38, 37 + 38, or 50 + 51 were
transformed via steps (i) the formation of the respec-
tive TPS and (ii) reaction of the latter with Grignard
reagents 64—67 into adducts 68—72 (yields 62—78%).

The reactions shown in Scheme 13 were carried out
as a one-pot four-component coupling resulting in the
formation of two novel C—C bonds in accordance with
the general equation ArS*™ + VE-I + VE-II + R~. Its
viability is actually based on the sequential formation
of two discrete cationoid intermediates, first the ESI
and then the TPS (see schemes above). In this
sequence, the initial electrophile ArS+ is employed
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Scheme 11
Grossed aldol reaction via_a general route":
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as a sewing tool for the consecutive stitching of three
nucleophilic fragments. The promise of this tandem
coupling as a convergent and flexible protocol for the

assemblage of polyfunctional molecules from simple
precursors seems to be obvious.

The possibility of exerting rigorous stereocontrol
is of primary importance for the evaluation of the
true synthetic value of any multicomponent coupling.
Data given in Scheme 13 indicated that the coupling
of acyclic vinyl ethers in the presence of TiCl,
followed by a reaction with Grignard reagents to give
the adducts 63, 68, and 69 proceeds with a low
selectivity. However it was also shown that the
selectivity of adduct 63 formation can be increased
up to the ratio a:b = 8:1 if AgBF, or BF3Et:0 are
used as Lewis acids, while a slightly reversed selec-
tivity was observed for TMSOTY (a:b = 3:4).14

Variability in the stereochemical outcome was also
observed for the cases when dihydropyran 50 was
employed as a VE-I and 51 as a VE-II. Not surpris-
ingly the initial addition at the double bond of 50
proceeded as a clean trans addition in all cases
studied (cf. earlier data in Schemes 7—9). As for the
diastereoselectivity of the later steps, it was found
that a nearly complete stereospecificity at the C-2’
center can be achieved when the reactions are
performed in the presence of TiCl,. In fact, only a
single diastereocisomer (from a possible four) was
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detected upon NMR analysis of the adducts like 70a
or 71a obtained under these conditions.14 2,3-Anti-
2,2’-syn configuration of the substituents at C-2 and
C-2’ was established for 71a by using X-ray crystal-
lography. Adduct 72a,b appeared as 4:1 mixture of
diastereoisomers, having the identical configuration
at C-2, C-3, and C-2’ centers but differing in the
configuration at C-3’ of the side chain. This ratio is
close to the E/Z ratio of the crotyl chloride used for
the preparation of 67 and thus the formation of 72
might be also described as a stereoselective process
at both newly created lateral centers, C-2’ and C-3'.
The use of other Lewis acids leads to a fairly different
stereochemical pattern. Thus adduct 71 is formed
as a 1:1 mixture of diastereoisomers at C-2’ in the
presence of SnCl,. A similar reaction with AgBF,
yields preferentially the 2,3-anti-2,2’-anti isomer 71b
with a a:b ratio being dependent on the nature of
the initial electrophile (a:b = 1:3 or 2:3 for Ar =
p-MeCgH, or p-CICeH, respectively).l® It is still
premature to discuss the observed pattern of

(67) 720,71 %, 4 : 1

diastereoselectivity and further studies of the reac-
tion course with these substrates is certainly war-
ranted, especially in view of the plethora of literature
data attesting to the opportunity to control the steric
outcome of related reactions by the proper choice of
reaction parameters.14

A summary of the above results generalized in
Scheme 14, may serve as a good illustration of the
novel synthetic opportunities which emerged owing
to the realization of the stepwise Adg reaction with
electrophiles capable of forming stabilized bridged
intermediates. The common step of the whole array
of the conversions shown is actually the transforma-
tion of the starting alkene moiety into ESI (i.e.,
umpohlung of nucleophilic alkenes into electrophilic
species), which is used further as a stabilized carbe-
nium ion equivalent capable of preserving its steric
integrity in reactions with various nucleophiles. The
reaction shown at the bottom of this general scheme
represents a rare, if not a unique, case of the tandem
use of the two consecutive stepwise Adg reactions,
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Scheme 14
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which secures a controllable assemblage of polyfunc-
tional molecules from simple precursors via a one-
pot procedure.

As a conclusion to this section, it seems appropriate
to consider some results of our continuing studies as
illustrative of the immediate synthetic ramifications
of the above-mentioned results. A well-pronounced
diastereoselectivity typical of many of the reactions
shown above suggested the possibility of their utili-
zation in an enantioselective synthesis. One of the
most obvious options envisaged the use of chiral
unsaturated carbohydrates, glucals, as VE-I compo-
nent. A readily available protected derivative, tri-
O-benzyl-D-glucal 78 was chosen to check this option.
Transformation of 73 into the corresponding ArSCl
adduct 74 and the Lewis acid-promoted reaction of
the latter with hydroxyl containing compounds is a
well-documented procedure for the preparation of
various O-glycosides.1®* However prior to our studies
no attempts were made to apply this sequence for
the synthesis of C-glycosides. We have found that
ESI 74a generated from 74 (formed in situ from 73)
under the action of Lewis acids also is able to
participate in C—C bond forming reaction with a set
of nucleophiles, Nug, like 20—25, 65, 75, and 76 in a
manner similar to that described above in Schemes
9 and 10. Thus adducts 77—85 were obtained in
satisfactory or good yields (Scheme 15).1% It was also
noted that in the case of active nucleophiles such as
PhMgBr 65 the presence of the Lewis acid is un-
necessary and the adduct 83 is formed directly from
the glucal—ArSCl adduct 74.
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Generally the reaction proceeds with a preferential
formation of -D-gluco isomers 77a—85a. The utili-
zation of SnCly as a Lewis acid and CH,Cl; as a
solvent ensure a rather high diastereoselectivity
(ratio a:b varies from 10:1 for 80—81 to 19:1 for 77—
79 and 82—85). It is noteworthy that the steric
course of the reaction at the glycosidic center is
sensitive to variations in the reaction conditions
(Lewis acid, different Ar group in ArSCl, and solvent).
Thus the mixture of nearly equal amounts of isomers
8la and 81b was formed when the reaction was
carried out under the action of SnCly in CH3sNO,. It
was especially rewarding to learn that the reaction
may exhibit a remarkable stereofacial selectivity as
is evidenced by a highly predominant formation of
one diastereomer (more than 85% of the mixture) at
the newly created chiral center C-1’ of the adducts
84a and 85a.15¢

The utilization of vinyl ethers, e.g. 51 or 38, as
nucleophiles in the reactions with ESI 74a led to
much the same results as were discussed above for
the simpler models (Scheme 12 and 13). Here again
a tandem sequence of two consecutive stepwise
additions turned to be a viable option as is shown in
Scheme 16. In fact it was found that the Lewis acid-
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mediated interaction of vinyl ether 51 with 74a may
lead to the formation of any of the adducts 81 and
86—89 depending on the nature of the nucleophile
used for the quenching of the reaction mixture.

Remarkably, the adducts 88 and 89 were shown
to be formed as nearly individual sterecisomers.
Hence the described four-component coupling led to
the creation of three novel chiral centers with a
rigorous control of stereochemistry exerted at all
elementary steps. Of special preparative significant
is the disclosed opportunity to achieve an efficient
1,3-stereocontrol as is evidenced by a high selectivity
of the formation of a newly created chiral center at
C-2’ of the side chain of 88 and 89.

Elucidation of the scope and optimization of the
reaction variables for the described stepwise Adg
reactions with chiral precursors like glucal deriva-
tives is under active study in our laboratories since
this approach might offer a new and most flexible
options for a stereoselective one-pot preparation of
the diverse carbohydrate derivatives bearing multi-
functionalized substituents at the C-1 center and
additional chiral center(s) in the side chain. These
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derivatives are of obvious value as advanced inter-
mediates in the total synthesis, especially for the
preparation of various C-glycosides, a newly emerg-
ing class of biologically active analogs of natural
compounds with a promising pattern of physiological
activity.15

IV. Two-Step Ad: Reaction with Unsaturated
Substrates Containing an Adjacent Cation
Stabllizing Group (Case B)

Stabilization of a carbenium center secured by the
presence of various adjacent groups is a general and
well-known phenomena.?® Quite a number of these
groups could have been chosen to serve our purposes.
However among various possible candidates, u-alkyne-
dicobalt hexacarbonyl complexes seemed to be espe-
cially suitable for the following reasons: (i) dicobalt
hexacarbonyl (DCHC) complexes are formed easily
regardless of the structure of the acetylenic deriva-
tives and the latter are easily recovered from these
complexes; (ii) a triple bond protected as a DCHC
complex is strongly deactivated toward conventional
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Scheme 17
Two step Adg reaction. CaseB.

90 91t
Co2(CO)s @]
Co(COj Co2(CO)s Co2(CO)s
| Me 1.E'BFy Me 2. N
Step 1 E Step2 E
OCHC-90 CCl OCHC-91a-f

E*: MeCO* (a); E-MeCH=CHCO" (b);
MeyC* (c); 1-Ad™ (d);
ArS* (e); NO*(f)
Nu’: HO  or MeO"
Ylelds: 55-94 %

electrophilic reagents; and (iii) the u-alkyne DCHC
complex reveals a powerful stabilizing effect at the
adjacent (propargylic) carbenium ion center.1® It was
equally important that the model substrates for the
planned study, namely 1,3-enynes, can be easily
prepared from almost any carbonyl compound, con-
taining at least one a-hydrogen (many 1,3-enynes are
also commercially available).

At the beginning of our studies it was uncertain
whether DCHC complexes of conjugated enynes
would be (i) stable enough to tolerate the attack of
the strong (cationic!) electrophiles and (ii) capable of
stabilizing variously substituted carbocationic inter-
mediates (CCI's) which should be formed upon the
addition of a various electrophiles across the double
bond. Trial experiments performed with the DCHC
complex of isopropenylacetylene 90 showed that the
answer is “yes” to both these issues (Scheme 17).172

In fact it was found that such different electrophiles
as carbenium, acylium, nitronium, or arylsulfenium
tetrafluoroborates add readily at the double bond of
the DCHC—90 without affecting the protected triple
bond and giving the corresponding substituted pro-
pargylium CCI’s. The latter proved to be reasonably
stable (at least for several hours within the tempera-
ture range —70 to —20 °C) and can be quenched
further with external nucleophiles like HoO or MeOH.
The overall result of this process corresponds to the
independent addition of electrophile and nucleophile
at the double bond of the starting enyne leading to
the regiospecific formation of the 1,2-adducts DCHC—
91a—f The latter can be nearly quantitatively
decomplexed into the respective compounds 91a—f
under the action of mild oxidants.1’» It is noteworthy
that in fact this was the first example of a true and
fairly general stepwise Adg reaction with regard to
variation of both the electrophilic and nucleophilic
components.

In much the same way, DCHC complexes of other
acyclic and cyclic 1,3-enynes with a different pattern
of substitution can be used as substrates in this
reaction.!™-f The variety of structures amenable for
preparation by this route will be shown below.
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Among electrophiles capable of participating in this
addition, acylium electrophiles proved to be the most
versatile reagents due to the ease of preparation and
handling of these species belonging to various struc-
tural types. Hydroxy- or alkoxyacylation of the dou-
ble bond of DCHC complexed conjugated enynes was
elaborated into a reliable preparative method.1”f An
almost unlimited diversity in variations of the acyl
residue can be illustrated by the selection of examples
of methoxy (hydroxy) adducts 92—1001"#f (Scheme
18) prepared from the respective 1,3-enynes with the
help of the sequential procedure shown above in
Scheme 17. In fact, as can be seen from these data,
the presence of such moieties as double bonds, both
conjugated or unconjugated, easily removable S-sub-
stituents, aromatic and small rings, or sterically
demanding substituents does not affect substantially
the effectiveness of the described reaction.

In particular, the elaborated protocol was shown
to be useful as a short pathway leading to the Cs +
C;5 assemblage of a Cyo framework of regular mono-
terpenes. Thus reaction of 90 with Cs acylium
cations 101 or 102 followed either by water quench-
ing or pro-
ton abstraction led to the formation of adducts 103—
105 that could be easily transformed (by a partial
hydrogenation of the triple bond) into tagetanol,
tageton, or ocimenone, respectively (Scheme 19).17

As was shown in Scheme 17, a stepwise addition
also can be achieved with stabilized carbenium ion
electrophiles like tert-butyl or 1-adamantyl tetrafluo-
roborates (adducts 91e,d). From the preparative
point of view by far more important is the demon-
strated opportunity to utilize functionalized carbe-
nium ion derivatives such as the DCHC-complexed
propargylium ion salt 10617 or the o-arylthio-
substituted carbocationic reagent 107178 which se-
cured the preparation of polyfunctional compounds
108a,b or 109 correspondingly (Scheme 20).
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As was established in the studies of Nicholas’
group, DCHC complexed primary, secondary, or

the disubstituted double bond as in DHCC-110
worked without any complications and resulted in the
formation of various 1,5-diketones!’4 (e.g. 111—114,
Scheme 21).
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The selection of examples given illustrates the
versatility of the elaborated reaction sequence as a
method providing an opportunity to prepare diverse
1,5-diketones with an unsymmetrical pattern of
substitution which is predetermined by the choice of
appropriate E and Nuc.1™ The product thus formed
also contains an ethynyl group at C-3, an additional
functionality of obvious synthetic value.

Formation of the adducts 115 and 116 was also
achieved as a result of the two step addition with
alkyl carbenium ions (l-adamanthyl or tert-butyl)
used as the electrophile and (trimethylallyl)silane or
2-(trimethylsiloxy)propene as nucleophiles respec-
tively.1d

In the examples shown in Scheme 21 two novel
C—C bonds were formed as the result of a one-pot
stepwise Adg process with independent variations in
the nature of both addends, a result which has never
been observed before in any of the plethora of other
Adg reactions (cf. data for conjugated Ady reactions
leading formally to the same results in ref 1la).

The course of addition across the double bond of
conjugated enynes exemplified in the schemes above
deserves some additional comments. It is well known
that conventional Adg reactions in this series usually
occurred in a nonselective way since the conjugated
system tends to react as a whole entity. Thus for all
practical purposes no general and preparative method
was known which was suitable for the selective
addition at the double bond of vinylacetylenes not
affecting the triple bond.!® The lack of such a method
imposed a set of limitations on the options available,
at least in principle, for the synthetic utilization of
conjugated enynes as highly reactive and readily
available starting materials.

In fact the exhaustive addition to the unsaturated
bonds of the enyne system might lead to the forma-
tion of six novel o-bonds as is shown in Scheme 22
and thus potentially 1,3-enynes could be considered
as synthetic equivalents of hexadentate synthons.

It is also obvious that the sequence given in
Scheme 22 has no practical value in the absence of
tools to exert a control over regio- and stereoselec-
tivity of a;—as additions at all consecutive steps. The
results considered above clearly demonstrated that
the formation of the DCHC complex at the triple bond
followed by a stepwise Adg reaction has actually
solved the problem of a strictly regioselective addition
of variety of addends a; = E* and a; = Nu~ across
the double bond of the starting enyne moiety. This
successful debut actually opened an entry toward
elaboration of the further steps which might lead
eventually to the controlled and sequential utilization
of the potential of the triple bond still present in the
adducts.
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The observed efficiency of stepwise additions with
unsaturated electrophiles (Eynsat) or unsaturated nu-
cleophiles (Nuynsat) resulting in the formation of
polyunsaturated adducts (e.g., 92 and 94—96, Scheme
18) prompted the idea of utilization of the latter as
substrates for intramolecular cyclizations involving
both the intact triple bond and a newly introduced
double bond. In this respect the intramolecular
Pauson—Khand (IMPK) cyclization, a cobalt carbo-
nyl-mediated yne—ene—carbonyl [2 + 2 + 1] cycload-
dition,!° seemed to be an especially appealing choice
because the required precursors, DCHC complexes
of 1,6-enynes (or less often 1,7-enynes), can be
prepared easily by a stepwise Adg pathway via either
route 1 or 2 as shown in Scheme 23.817%20a

The feasibility of the suggested approach was first
checked for route 1. Various unsaturated alcohols
like allyl, methylallyl, a,a-dimethylallyl or (E)-crotyl
turned out to be equally efficient as Nuynsst and thus
a series of the respective adducts like 117—121 were
prepared by alkenyloxyacylation of various enynes
(e.g. 90, 110, 122, or 123) as shown in Scheme 24.
These adducts were utilized further as substrates for
the IMPK cyclization. As a result of these two
consecutive reactions a set of bi- or tricyclic com-
pounds, e.g. 124—128, containing the 3-oxabicyclo-
[3.3.0]Joctanone moiety plus additional functionalities
was readily prepared from simple precursors in an
acceptable overall yields.20ab

It is noteworthy that the initial attempts to achieve
cyclization of these substrates under conventional
conditions of the IMPK reaction, i.e. by the thermoly-
sis in a hydrocarbon solution?® led to rather frustrat-
ing results, since only trace amounts of the cyclized
products were formed. This failure was obviously
due to the presence of thermolabile S-alkoxy sub-
stituent in 117—121. After many fruitless attempts
to improve this procedure a rather unusual solution
was found owing to some accidental observations. It
turned out that the required reaction can be carried
out under much milder conditions if the substrate
undergoes thermolysis while being applied to the
surface of a chromatography adsorbent in the absence
of any solvents.202bd-f While the reasons for the
observed rate enhancement of this reaction under
these adsorption promoted conditions (APC) remain
obscure (the same refers to many other reported cases
of cycloadditions under APC), their utilization turned
out to be very critical for the labile polyfunctional
substrates assembled by the Adg approach.

The alternative route for the preparation of sub-
strates for the IMPK reaction involves the utilization
of o,8-unsaturated (or their synthetic equivalents,
B-chloroalkyl) acylium ions as electrophiles in the Adg
reaction. The corresponding adducts, e.g. 129—132
(Scheme 25), are usually obtained in good or excellent
yields.202eh However, since the double bonds in these
compounds are deactivated due to the presence of an
electron-withdrawing group, there seemed to be no
chance for their immediate use as substrates for the
cyclization (cf. data in ref 19). In fact trial experi-
ments to carry out the IMPK reaction directly with
acylmethoxyadducts like 129 were rather unreward-
ing. At the same time simple functional group
transformation like 1,2-hydride reduction or Grig-
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Scheme 23

intramolecular Pauson-Khand reaction'®
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Route 2: E a1 = a,p-unsaturated acyllum ions, Nu = methoxy group
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"Yleld refers to the cyclization of the major stereoisomer formed upon the NaBH, reduction

nard addition (yields 80—95%) restored the reactivity
of the double bond and the conversion of these
transformed adducts into the corresponding bicyclic
products 133—136 proceeded with a good efficiency
(yields ca. 60—80%).202&h It is noteworthy that in
these cases the utilization of APC for the cyclization
was also of crucial importance.2%s

Transformation of the carbonyl group in 129—132
resulted in the formation of a mixture of diastereo-
meric alcohols which were easily separated by TLC.
Cyclization of individual diastereoisomers revealed
a noticeable stereoselectivity in the formation of
bicyclooctenones 1383—136 with a ratio of diastere-
oisomers at the newly created chiral center C-5
varying from 2:1 up to 6:1 depending on the sub-
stituency pattern and the stereochemistry of acyclic
precursors. These data closely corroborate with those
reported previously for the steric course of the IMPK
reaction for related systems.1%2% No attempts were
made to improve stereoselectivity on the model
reactions shown in Scheme 25, albeit it is worthwhile
to mention that the stereoselectivity of similar cy-
clizations can be dramatically enhanced by the
introduction of auxiliary substituents, like Me3Si at
the triple bond and/or voluminous protecting groups
at the hydroxyl center.!® The bicyclic systems pre-
pared by this simple route seem to be of obvious
usefulness as advanced intermediates for the syn-
thesis of various polyquinanes.?! In particular adduct
134, prepared in five steps from the available 4-meth-
yl-3-hydroxy-1-pentyne in an overall yield of 40%

contains the A—B diquinane moiety with gem-dim-
ethyl groups, which is a common fragment for a
number of triquinanes of the hirsuten family. The
presence of a set of functionalities makes 134 a
suitable precursor for the construction of the missing
C-ring.

The reaction sequences leading from the starting
enynes to the final cyclic products as is shown in
Schemes 24 and 25 are actually based on the exhaus-
tive use of the synthetic potential of the cobalt carbonyl
moiety. In fact the latter was initially utilized as a
protecting group for a triple bond against electrophilic
attack and as a group stabilizing the cationic inter-
mediate formed upon the addition of electrophile at
the double bond, while at a later step it did an
excellent job as the reacting partner in the intramo-
lecular cyclization. A net outcome of these consecu-
tive reactions corresponds to a controlled addition of
addends a;—a4 (Scheme 22) at the 1,3-enyne moiety
and thus the latter is employed as an equivalent of a
tetradentate synthon.

The versatility of the stepwise Adg approach for
the assemblage of substrates for the Pauson—Khand
cycloaddition secures an easy adaptation of the whole
protocol for the synthesis of more complicated struc-
tures. Thus, the reaction of DCHC—110 with an
acylating reagent containing a cycloalkene unit like
137 gave the respective acylmethoxy adduct 138 in
a nearly quantitative yield (Scheme 26). Hydride
reduction of 138 yields 139 as a mixture of stereoi-
somers. Both isomers underwent Pauson—Khand
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having syn-positioned OH and OMe groups.

cyclization with the formation of the corresponding
stereoisomers of angularly fused triquinanes 140.222b

The simplicity and efficiency of the preparation of
the precursor 139 look especially impressive if com-
pared with the previously described rather laborious
sequences (e.g. data in ref 22c,d) leading to the
synthesis of related structures.

Alternatively the use of 1-ethynylcycloalkenes as
the substrates opens the entry into the preparation
of linearly fused tricyclics?22® (Scheme 27).

Here the stereochemistry of the initial Adg reaction
across the double bond is of special importance. As
was established in our earlier studies,!’¢ the meth-
oxyacylation of 122 results in the formation of a
mixture of easily separable cis and ¢rans adducts in
ratio of ca. 1:2 under kinetically controlled conditions.
At the same time a nearly exclusive formation of the
more stable ¢rans adduct can be achieved under the
conditions favoring an equilibration of the initially
formed mixture. It was found that the geometry of
either isomer is conducive to the Pauson—Khand
cyclization. Thus a standard sequence of carbonyl
reduction and IMPK reaction converted the trans-
acylmethoxy adduct, 141, or cis-acylmethoxy adduct,
142 (formed by acylation of 122 with crotonoyl or
with methacryloyl tetrafluoroborates correspond-
ingly), into the tricyclic compounds 143 or 144 with
cis- and trans-fused A—B rings, respectively. Re-
markably, in this series both the formation of reduc-
tion products 145 and 146 and their cyclization
exhibited a rather high stereoselectivity.??®

It was hoped that the application of the same
reaction sequence in the cyclopentene series would
secure a direct entry into the preparation of linearly
fused tricyclopentanoids related to natural products.
Unfortunately it turned out the steric outcome of the
Adg reaction for 128 is entirely different from that
described for 122. In fact, contrary to the above-
mentioned data for the cyclohexane series, a nearly
pure cis adduct 147 was formed as the most stable
isomer upon the methoxyacylation of 123 followed by
equilibration of the reactive mixture. It is well
known that frans-fusion of cyclopentane rings is
highly unfavorable and therefore it was not surpris-
ing to find that the trans configuration of ethynyl and

acyl substituents in 147 completely blocked the [2 +
2 + 1] pathway for this substrate. The required ¢trans
adduct 148 was prepared only as a 1:1 mixture with
the cis adduct 147 under kinetically controlled condi-
tions of methoxyacylation (yield 63%). This mixture
was quantitatively reduced into the mixture of alco-
hols 149 and 150. Under the conditions of Pauson—
Khand reaction the latter isomer was smoothly
converted into the desired triquinane 151a,b, while
the “wrong” isomer 149 was left intact. Albeit the
yields of the reactions leading to the alcohols 149 and
150 were excellent and no isomer separation was
required at the intermediate steps, the overall ef-
ficiency of 151a,b formation never exceeded 30%.22"

While the sequences leading to the assemblage of
bi- or tricyclic systems from simple precursors shown
above were actually not very lengthy (usually only
three steps were required), they suffer from the
necessity to use an auxiliary operation, the carbonyl
group modification. This step, besides being es-
sentially nonconstructive, creates an additional chiral
center and hence necessitates the separation of
isomers, which can be rather troublesome. Fortu-
nately recent data has shown that at least in some
cases, all these complications can be eliminated.

In fact in the course of optimization of the proce-
dure for the preparation of adduct 142 from 122 it
was discovered (again accidentally!) that the product
immediately formed at the acylation step can un-
dergo cyclization without a prior modification of
carbonyl group merely in the course of product
isolation on alumina.?®* In this case cyclization was
accompanied by MeOH elimination and a partial
hydration of the conjugated double bond. Both
stereoisomers of 142 were equally effective in this
reaction. As a result a mixture of tricyclic products
152a,b was formed in a fair overall yield (Scheme
28).

Further studies indicated that this increased pro-
pensity to undergo IMPK cyclization is a typical
property for the sterically rigid adducts containing
o- or o- and S-substituents at the double bond. This
peculiarity proved to be especially valuable for elabo-
ration of a pathway leading to the formation of
tetracyclic compounds from the precursors prepared
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via an interaction of cyclic enynes with cyclic acylat-
ing agents.??® In fact we have found that the acyl-
methoxy adduct 153 easily prepared from 122 and
137 underwent smooth transformation into the tet-
racycle 154. Here again isomeric composition of
initial mixture 153a,b does not affect the cyclization
course. In case of the adducts 155a,b, formed in
quantitative yield from 123 and 137, only one isomer,
155a, was amenable to the cyclization which pro-
ceeded without MeOH elimination (yield of 156 ca.
73%, calculated for the content of 155a in the initial
mixture). The isomer 155b with the unfavorable
trans configuration of ethynyl and acyl residues could
be recovered from the mixture with 156 and recycled
via an equilibration into the same mixture of isomers
155a,b.2%be

These results were obtained for model systems and
the scope and limitations of these observations are
still to be elucidated. Nevertheless they represent a
good illustration of the synthetic power of a stepwise
Adg reaction as a tool which provides an opportunity
to elaborate a unique protocol involving only two
operationally simple reactions for the preparation of
tri- and tetracyclic compounds from available starting
materials.

It is worthy of note that the tetracyclic ring system
of 156 actually represents the basic A-B—C—-D
carbon framework of the natural tetraquinane crin-
ipellin-B#% while adduct 154 contains a combination
of rings identical to the B—C—D—E ring system of
the pentacyclic terpene retigeranic acid.?2 The data
mentioned above suggest a new strategy for the
synthesis of these and related compounds based on
a tandem use of the stepwise Adg plus IMPK reactions
as the key steps for the convergent buildup of the
complex polycyclic frameworks furnished with ad-
ditional functionalities required for the further elabo-
ration toward target structures. This approach is
currently under active study in our group.

In search of novel opportunities for the synthetic
use of Adg adducts, a stepwise addition was carried
out with acylium ions, containing the a,8-, y,0-diene
system. It was rewarding to find out that the
presence of the latter moiety does not interfere with
the reaction and methoxyacylation of DCHC—90 with
sorbinoyl or furylacryloyl tetrafluoroborates (157 and
158, respectively) proceeds uneventfully to give the
expected products 159 and 160 in excellent yields
(Scheme 29). Thus far the attempts to carry out
intramolecular Diels—Alder (IMDA) reaction with



2378 Chemical Reviews, 1994, Vol. 94, No. 8 Smit et al.

Scheme 2822be
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these substrates met with little success, obviously temperature (flash pyrolysis) and gave the bicyclic
due to the deactivation of diene moiety by a conju- product 161 as a mixture of isomers in ca. 30%

gated carbonyl group. In fact IMDA reaction was yield.2® The thermal lability of adduct 160 precluded
shown to proceed with adduct 159 only at elevated the opportunity of its direct utilization as a substrate
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for IMDA reaction. Our current efforts are aimed at
the appropriate modification of the functionality
pattern in 160 to make it amenable to IMDA reaction
with an ultimate goal of preparing bicyclic products
like 162, promising intermediates for the synthesis
of psoralene analogs.?

The sequences considered above in Scheme 23
referred to synthetic options available via an utiliza-
tion of either Eyna: of Nuunsat as the addends in the
initial Adg process. A more sophisticated protocol can
be elaborated if both these addends bear unsatura-
tion. Preliminary data showed that the standard
procedure of the stepwise Adg reaction might serve
as a reliable route for the preparation of the respec-
tive polyunsaturated adducts as, e.g. 163—165
(Scheme 30) in acceptable 60—70% yields.2®® The
DCHC complexes of dienynes thus prepared repre-
sent a promising substrates for the sequential cy-
cloadditions like IMPK reaction plus [2 + 2] cycload-
ditions which should lead ultimately to the fotal
utilization of the potential of the starting 1,3-enynes
as hexadentate synthons as shown in generalized
form in Scheme 30.

As is shown in Scheme 30, the IMPK reaction can
take either of the two alternative pathways and thus
the main problem for the practical realization of the
suggested protocol relates to the control over the
selectivity of this reaction. Studies with model
substrates,?® e.g. 166 and 167 (Scheme 31), revealed
that variations in the tether length between triple
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and double bonds as well as the nature of the
tethering links might serve as control elements for
channeling the IMPK reaction along the required
route.2’® Thus adduct 166 underwent an exclusive
IMPK reaction with the involvement of the “left” en-
moiety to give the adduct 168, while a highly selec-
tive formation of 169 was achieved via IMPK reaction
with the “right” half of the substrate 167 (yields 50—
65%). The bicyclic adducts 168 and 169 possess
enone and alkane moiety properly positioned for the
subsequent intramolecular enone—olefin [2 + 2]
cycloaddition and the latter reaction proceeded with
a high efficiency?®® as is typical for this process.?>
Using this route a set of oxa analogs of fenestrane,?5d
e.g. 170 and 171, was prepared.

These results clearly demonstrated the viability of
the suggested protocol and provide us with some key
leads concerning the available options to controlling
its final outcome. Our current studies are aimed at
the preparation of a set of various Adg adducts with
a specifically designed structure in the E and Nu
arms in order to secure the required course of
sequential cycloadditions leading to several types of
polycyclic target structures.

V. Concluding Remarks

The results presented in this paper substantiated
the validity of the initial concept about the prereq-
uisites, required to perform Adg reactions as a
sequence of two steps. Both approaches, cases A and
B, are viable. They have specific limitations and are
actually complementary in their application. Thus
case A implies the utilization of electrophiles capable
of bridging but have no intrinsic restrictions on the
nature of the starting alkenes or the nucleophiles
used at the second step of the Adg reaction. Case B
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is essentially free of any limitations with regard to
the nature of both electrophiles and nucleophiles, but
it envisages the utilization of unsaturated substrates
containing cation-stabilizing groups attached to the
double bond.

It also is to be emphasized that since the phenom-
ena of carbocation stabilization is fairly general in
its scope quite a number of other electrophilic species
as well as unsaturated substrates can be used in a
manner similar to that described above. In this
respect organotransition metal chemistry is by far the
most promising area of studies, both due to the
diversity of the ways to achieve efficient cation
stabilization and to the versatility of the reactivity
patterns available for metal complexed organic moi-
eties. Among numerous reactions leading to the
formation of carbocationic intermediates stabilized
by transition metal complexes one might find ex-
amples related both to case A and B.2® However
generally these studies can be hardly considered in
the terms of a stepwise Adg process and thus were
not included in the present review.?’

Finally a more general comment seems to be
warranted. Historically the idea of two step Adg
reaction appeared as a purely speculative concept
extremely useful for the understanding of a broad
spectrum of experimental data. However the un-
questionable descriptive usefulness of this mecha-
nism somehow overshadowed its conceptual impor-
tance and tremendous synthetic potential hidden in
its implications. The approach outlined in the present
review was actually based on a very literal or even
naive idea of channeling the reaction along the route
prescribed to it by existing theory. In a way it was
an attempt to teach the reaction the rules of conduct
and we hope that at least partially this lesson was
learned.

VI. Abbreviations

Adg electrophilic addition reaction
Ady nucleophilic addition reaction
APC adsorption promoted condition
CAl stabilized carbanionoid intermediate
CCI carbocationic intermediate
DCHC dicobalthexacarbonyl

E electrophile

E. carbon electrophile

ESI episulfonium ion

ext external

EWG electron withdrawing group

Fp dicarbonyl dicyclopentanieniron
IMPK intramolecular Pauson—Khand reaction
int internal

LA Lewis acid

M isomer Markovnikov isomer

Nu nucleophile

Nu, carbon nucleophile

Tf triflate

TPS thiophanium salt

TS transition state

TMS trimethylsilyl

unsat unsaturated
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