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Abstract

In arene–tricarbonylchromium complexes, exo-selectivity is the normal. This account, on the other hand, summarizes our
results of endo-selective nucleophilic additions with very high stereocontrol at relatively remote sites, which enhances the potential
of these complexes as synthons for target synthesis. © 2001 Published by Elsevier Science B.V.
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The planar chirality associated with appropriately
substituted arene–tricarbonylchromium complexes has
been extensively investigated to provide useful synthons
for a variety of targets ranging from biologically rele-
vant molecules to chiral chelating ligands for metals in
asymmetric catalysis [1]. Available methodology to re-
solve arene–chromium complexes [2] permitted synthe-
sis of numerous such target molecules in enantiopure
form. The relative facility of reagent approach to the
stereoface from a direction opposite to the tricar-
bonylchromium group — exo-selectivity — has been
used conveniently to create new stereogenic centers in
these molecules with high stereocontrol — either at
the benzyl or homobenzyl sites, or on the aryl ring
itself, which gets transformed to cyclohexadiene deriva-
tives [3]. A stage is therefore reached when one can
conceptually integrate such methodologies into tailored
approaches to multi-functionalized cyclic or acyclic
structures (Scheme 1).

The scope of this strategy would extend manifold if
stereocontrol could be achieved also at sites away from
the immediate vicinity of complexed arene ring. In this
context, the arylidene derivative resulting from conden-
sation of a tetralone complex with an aromatic alde-
hyde was perceived to be an ideal substrate [4]: its rigid,
planar framework of p-system extending well beyond
the periphery of arene ring offers a reactive, elec-
trophilic center residing three carbons away from the
complexed arene ring, and three contiguous, potential
stereogenic centers waiting to be created allow one to
test the efficiency of stereocontrol in one-step or se-
quential functionalizations (Chart 1). The chemical
shift value of the �C(H)Ar proton at 7.8 ppm (s) was
used to ascertain the alkene geometry [5], which is a
crucial structural element based on which steric course
of reactions are defined. The present article recounts
our results of addition reactions on this class of sub-
strates, which revealed contra-intuitive reversal of nor-
mal stereochemical bias — a preference for endo
selectivity — in more than one instance.

Chart 1.
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Scheme 1.

The first set of experiments was concerned with nu-
cleophilic additions to the enones anchored on arene–
tricarbonylchromium template. Nitromethane added in
a conjugate manner exclusively from the exo-face de-
spite its small size even at room temperature (Scheme
2). The addition at C-3 was entirely stereoselective but
diastereoisomers resulted from equilibration due to
presence of acidic protons adjacent to the carbonyl
function [6]. The rate of reaction was significantly
greater than addition to uncomplexed substrate, as
would be normally expected.

The stereoselectivity of conjugate addition was
equally high (only the isomers resulting from exo-selec-
tive addition at C-3 were isolated in high yield) when
other simple nucleophiles such as dimethyl malonate
(Scheme 3) and ethyl acetoacetate (Scheme 4) were used
at ambient temperature [7]. Benzosuberone analogs re-
acted with comparable facility and outcome.

While the stereochemistry of products derived from
dimethyl malonate has been tentatively assigned, struc-
tures of annulated derivatives obtained from addition
of ethyl acetoacetate were confirmed on the basis of
crystal structure determination of major isomers and
equilibration studies (the isomers result from enoliza-
tion of vinylogously active, acidic protons present in
these molecules). The annulation depicted in Scheme 5
also presents a rare in situ decarboxylation not com-
monly encountered at ambient temperature. Neither the
addition of ethyl acetoacetate to the uncomplexed
enone is rapid, nor the product profile is as clean as
observed for the complexed substrate. The rationale put
forward for the decarbethoxylation is displayed in
Scheme 5. According to this suggestion, both the for-
mation of endo-cyclic lactone and subsequent extrusion
of carbon dioxide must be fast steps, since no interme-
diate was observed (TLC) during the course of this
reaction.

Enolates derived from enol silanes of acetone or
acetophenone by fluoride or potassium hydride in
DMF, add with high exo-selectivity to C-3, highlighting
the generality of such reactions [8].

To override the problem of base-catalyzed epim-
erization, one has to select reactions where a rapid
electrophilic quench of the intermediate

Scheme 2.

Scheme 3.

Scheme 4.
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Scheme 5.

enolate — preferably an intramolecular reaction —
would produce a stable C�C bond instead of a labile

C�H bond prone to enolization. Although the orga-
nized transition state of a concerted 3+2 cycloaddition
with diazomethane appeared to be an attractive feature
for high stereodifferentiation, preliminary experiments
provided a disappointing selectivity of 80:20 [4]. The
stereoisomers were, nevertheless, separately isolated,
but on thermolysis they afforded the same b-methyl
enone product instead of a cyclopropane (Scheme 6).

However, cyclopropanation by sulfoxonium
methylide — either generated in situ from sulfoxo-
nium salt under phase-transfer condition (50% aq.
NaOH and dichloromethane, ca. Bu4NBr at 45°C) or
preformed in THF at room temperature — afforded a
high yield of diastereomerically pure product [9]. Con-
trary to expectation based on precedents described
above, the crystal structure revealed the product to be
an endo-cyclopropane (Scheme 7). This product could
form only by an endo-addition of the nucleophile fol-
lowed by a fast ring-closure — faster than a C�C
bond rotation — so that both new bonds are formed
from the endo-face.

We could think of two possible explanations. Nucle-
ophilic attack of sulfoxonium ylide to enone is known
to be reversible. The endo-product could then result
from a faster ring-closing step that is irreversible and
shift the initial equilibrium in favor of endo-selective
initial addition. Alternatively, the ylide could have first
coordinated to Cr(CO)3 group to be delivered from the
endo-face intramolecularly. Considering the reaction
temperature and yet the high selectivity, we prefer the
metal-mediated delivery as the more acceptable mecha-
nism, but this aspect awaits further experimental confir-

mation. However, the theme of contra-intuitive,
endo-selective transformations continued to recur in the
studies that followed.

An allyl group is a versatile appendage that can be
transformed into a wide variety of functional groups at
an appropriate stage of a synthetic plan. A Hosomi–
Sakurai reaction allows the addition of allyl groups to

Scheme 6.

Scheme 7.
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Scheme 8.

flanked by two hydrogens — approximately copla-
nar — and a Lewis acid coordination to carbonyl
oxygen from the direction of either lone pair is steri-
cally unfavorable. Since the tricarbonylchromium unit
blocks the endo-face of the carbonyl function, the tita-
nium cation must coordinate to the carbonyl oxygen
from the exo-face of the substrate (Chart 2). The TiCl4
is likely to exist as aggregates in a non-coordinating
solvent like dichloromethane and it would crowd the
exo-face as well. Hence the allylsilane would be forced
to react from the less favored, but now more accessible,
endo-face. This explanation relies heavily on the ability
of strong Lewis acidic metals to coordinate with car-
bonyl functions in an out-of-plane manner [12].

Chart 2.

The other possible explanation for observed endo-se-
lectivity of allylation would presuppose complexation
of TiCl4 with the oxygens of the carbonyl ligand,
thereby directing the allylsilane from the endo-face. A
control reaction was performed under the same condi-
tion with acetophenone enolsilane in place of al-
lyltrimethylsilane [5]. The diastereomerically pure
product obtained from this reaction was identical with
the one obtained from a hydride-mediated conjugate
addition [13], which should normally occur from the
exo-face of the enone. It is reasonable to expect that
the oxygen of the enolsilane would coordinate with
highly Lewis acidic titanium cation as well prior to
reaction and would have access to the exo-face only if
TiCl4 binds to the ketone carbonyl of the substrate
from the same face. This experimental result thus pro-
vides an argument against the possibility of TiCl4 pref-
erentially binding with carbonyl ligands rather than the
carbonyl function of the substrate.

The out-of-plane coordination of TiCl4 to an aryli-
dene–tetralone complex, leading to a reversal of stereo-
chemical preference, inspired an attempt to examine
whether addition of strong nucleophilic reagents to
these substrates pretreated with TiCl4 would reproduce
a similar endo-selective trend. In absence of TiCl4,
simple alkyl and aryllithiums added to the enone com-
plexes to provide predominantly 1,2-adducts with com-
plete exo-selectivity. For the reaction with substrates
pretreated with 2–5 equivalents of TiCl4,
dichloromethane was retained as the major component
of the solvent to maximize Lewis acid–carbonyl com-
plexation. Although we were initially apprehensive
about the compatibility of dichloromethane with reac-
tive RMgX reagant, we later found that such a combi-

enones in a conjugate manner [10]. But it is an elec-
trophilic process promoted by strong Lewis acids like
TiCl4 — unlike the base-catalyzed nucleophilic reac-
tions described so far. It is carried out at a low temper-
ature (typically at −78°C) in an aprotic solvent, and
quenched also at a low temperature to expose the
product briefly to an acidic medium. We perceived that
such a condition might not induce rapid epimerization
at C-2. The stereochemistry of the product was sought
to be established by a straightforward chemical correla-
tion. Addition of allyl magnesium bromide would
provide the 1,2-addition product, which should un-
dergo an anionic oxy-Cope rearrangement stereoselec-
tively (along the exo-face of the molecule) to yield the
same product as obtained from the Hosomi–Sakurai
allylation.

The Hosomi–Sakurai reaction on substrates 1a–c
did produce a diastereomerically pure product in high
yield. The Grignard addition to the same substrate
followed by anionic oxy-Cope rearrangement produced
a distereomerically pure product as well (Scheme 8).
But the proton NMR spectra revealed that while the
two products were indeed isomeric, they were not iden-
tical. Base-induced equilibration led to the production
of two additional isomers. Isolation of all possible
isomers in this manner indicated that the original Ho-
somi–Sakurai product and the one obtained from the
two-step sequence were epimeric at C-3. Crystal struc-
ture determination of these two complexes confirmed
that the Hosomi–Sakurai reaction actually produced
an endo-allylated product [11], and the proton quench
occurred at C-2 from the exo-face.

The apparently anomalous stereochemical outcome
of the Hosomi–Sakurai reaction can be explained if it
is recognized that the carbonyl group of the substrate is
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nation has been used earlier [14]. The organolithium
reagents were prepared in ether or THF and added
(−90°C) to the substrate such that the ratio of
dichloromethane and ether solvent is approximately
10:1. Under these conditions, the reaction yielded only
1,4-addition products with endo-selectivity (Scheme 9).

If BuLi was first treated with TiCl4 and the substrate
added subsequently, the starting material was recovered
unchanged. Indeed, the facile b-hydride elimination

pathway for decomposition of such organotitanium
species is well known. The successful reaction with
BuLi and cyclopropyllithium in presence of TiCl4 in
these reactions indicated that organotitanium reagents
were not involved in these reactions, nucleophilic addi-
tion took place much faster than transmetallation. The
corresponding exo-adducts were obtained by addition
of cuprates in absence of Lewis acid. Together, these
two routes constitute a stereodivergent protocol of
alkylation of these complexes [15].

We have subsequently discovered that TiCl4 is not a
unique Lewis acid that permits such reversal of stere-
oface preference on arene–chromium template. Grig-
nard reagents have been found to proceed in
endo-selective manner to provide 1,4-adducts, though
allyl-Grignard reagents remained an exception (Scheme
10).

Conceivably, the magnesium bromide generated in
the reaction as a result of Schlenck equilibrium [16] acts
as a Lewis acid in this reaction. At least two equivalents
of reagent were necessary to drive the reaction to
completion. Yet the products were obtained consis-
tently in high yield and diastereomeric purity. In order
to establish the role of magnesium halide further, addi-
tions were performed with dialkyl- or diarylmagnesium
reagents in presence and absence of magnesium salts
(Scheme 11).

The dialkylmagnesiums afforded endo-1,4-adducts
when substrates were pretreated with magnesium
halide, independent of the size of the alkyl group.
Similarly, organolithium reagents afforded endo-1,4-ad-
ducts in presence of magnesium halide. These experi-
ments imply that magnesium halide indeed plays a
decisive role in determining stereochemical and regio-
chemical course of nucleophilic additions to conforma-
tionally rigid enone substrates [17].

The spatial relationship between the reacting termi-
nus and the tricarbonylchromium moiety seems crucial
too. Because of its immediate proximity, endo-selective
nucleophilic addition at a benzylic site is not feasible
[18]. However, it is possible to introduce an allyl group
from the endo-face of the molecule to a benzylic site by
a two-step protocol: an endo-selective allylation at a
remote site, followed by a concerted rearrangement to
transfer the allyl group to a benzylic position of
chromium complexed arene ring [19]. The preparation
of substrates is depicted on Scheme 12. An NOE differ-
ence spectrum established the orientation of the ortho-
substituted complexed arene ring.

This complex does not undergo a Hosomi–Sakurai
reaction because the prospective reaction site is too
close to the complexed arene ring to permit endo-addi-
tion when the exo-face is protected by TiCl4 aggregate.
On the other hand, allyllithium added to the carbonyl
function from the endo-face selectively in presence of
the Lewis acid. An anionic oxy-Cope rearrangement

Scheme 9.

Scheme 10.

Scheme 11.
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Scheme 12. Scheme 14.

spectra of products obtained from optically active sub-
strates [21].

Chart 3.

The study is currently being extended to related
acyclic imine derivatives — preliminary experiments
provided diastereomerically pure amino carbonyl com-
pounds and b-lactams by a simple procedure [22]. The
merit of these reactions obviously lies in the ease and
convenience of operation at ambient temperature, cou-
pled with a wide functional group tolerance.

In summary, we have shown that it is possible to
attain highly diastereoselective nucleophilic addition to
conformationally rigid arene chromiumtricarbonyl

subsequently introduced the allyl group to the benzylic
position from the endo-face. The exo-isomer could be
readily obtained by eliminating the Lewis acid during
allyllithium addition and carrying out the rearrange-
ment as before. The product stereochemistry for both
isomers was confirmed by crystal structure determina-
tion (Scheme 13).

In spite of our best efforts, with conformationally
labile, ortho-substituted acyclic enone substrates, a
definite correlation of stereochemical preference as a
function of Lewis acid employed, so far remained elu-
sive. However, it was encouraging to note that ortho-
substituted benzaldehyde complexes retain clear
preference for syn–anti orientation between the sub-
stituent and the planar CO group at room temperature
so that only one diastereotopic face is accessible for
nucleophilic addition. Gratifyingly, scandium or rare
earth triflates catalyzed [20] highly diastereoselective
aldol reactions with aldehyde as well as acetal com-
plexes (Scheme 14). The relationship of diastereotopic
carbonyl function in aldehyde and benzylic cation gen-
erated from the corresponding acetal is displayed in
Chart 3, and it was established by comparing CD

Scheme 13.



A. Sarkar et al. / Journal of Organometallic Chemistry 624 (2001) 18–2524

complexes even at sites three carbons away from the
complexed arene ring. We also discovered that the
presence of a Lewis acid can predictably and efficiently
reverse the normal exo-selectivity trend in these com-
plexes to afford endo-addition products. We do not
know if the tendency of the Lewis acid to coordinate in
an out-of-plane manner is intrinsic to a reaction or
induced by steric factors detrimental to in-plane coordi-
nation motif. This question is relevant to transition
state structures of a wide variety of chiral Lewis acid-
catalyzed reactions. Also, in a broader perspective,
arene–tricarbonylchromium complexes represent only
one variety of several synthetically useful p-complexes
with stereodifferentiated p-faces (planar chirality). The
concept of stereoreversal in presence of Lewis acid in
suitably functionalized complexes is, in principle,
adaptable to any such metal-template. In addition,
conformationally biased, rigid organic structures also
should be interesting substrates to study this phe-
nomenon. Further exploration in this direction is in
progress.
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