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ABSTRACT

A surprising and synthetically useful counterion-dependent reversal of diastereoselectivity was found in 1,2-additions of hard carbon nucleophiles
to C6-heterosubstituted cyclohexenones. In general, Grignard reagents added syn to the C6-substituent and Li reagents added anti, although
some exceptions were found. Selectivities could be increased in some cases by appropriate choice of solvent and/or cosolvent.

The addition of carbon nucleophiles to aldehydes and ketones
is one of the fundamental reactions in organic synthesis.1

Such additions to cyclohexenones afford tertiary allylic
cyclohexenols, which are common functional groups in
natural products (Figure 1)2 as well as useful intermediates
in a variety of reactions.3

In 1,2-additions to cyclohexanones and cyclohexenones,
the intrinsic stereoelectronic preference for axial addition of
small nucleophiles and the propensity of larger nucleophiles
to give higher proportions of equatorial addition products

have been demonstrated both experimentally4-9 and com-
putationally.5 However, it is clear from results in our
laboratories that these simple guidelines do not generally
predict the stereochemical outcome in additions to C6-
heteroatom substituted cyclohexenones.10,11

In the context of ongoing studies in our laboratories, we
required stereoselective syntheses of a series of vinyl and
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Figure 1. Natural products containing tertiary allylic alcohols or
derivatives thereof.
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alkynyl cyclohexenols such as2a,b (Table 1). Additions of
vinyl and ethynyl nucleophiles to 6-chlorocyclohexenone
(1)3b,12gave the expectedanti alcohols2a,b with greater than

25:1 diastereoselectivity with either alkynyl- or vinyl-Li or
-MgBr. The reactions presumably proceeded via a Felkin-
Anh transition state13 with addition occurringanti to the axial
C6-chloro substituent (vide infra).14

By contrast, vinylmetal additions totrans-6-chlorocarvone
3a12 demonstrated an unusual counterion-dependent reversal
of diastereoselectivity (Table 2, entries 1 and 2). VinylMgBr

produced predominately equatorial alcohol4a via addition
syn to the C6-chloride. VinylLi addition produced axial
alcohol5aas the major product viaanti addition. The relative
stereochemistry of alcohols4a and 5a was determined by
13C NMR analysis of the two diastereomers.15 A few
scattered examples of counterion-dependent reversal of
selectivity have appeared in the literature,16 although to our
knowledge no systematic investigation of this phenomenon
has been conducted.

In an effort to probe steric versus electronic effects of the
C6-heteroatom on diastereoselection, vinylmetal additions to
trans-6-fluorocarvone3b17 were examined (Table 2, entries
3 and 4).18 In the case of vinylmetal additions to fluoro-
carvone3b, we again observed a reversal of diastereoselec-
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845. (b) Gilchrist, T. L.; Stanford, J. E.J. Chem. Soc., Perkin Trans. 1
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carbon of the vinyl substituent of4a,b was upfield relative to that of5a,b.
See Supporting Information for shift assignments and refs 4a and 7 for
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(17) trans-6-Fluorocarvone3b was prepared by fluorination of the Li
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Han, W.Tetrahedron Lett.1992,33, 1153-1156.

Table 1. 1,2 Additions to 6-chlorocyclohexenone

a Yield after desilylation.b 10% 1,4-addition products also isolated.

Table 2. Vinyl Additions to trans-6-Halocarvone

entry compd X M 4:5 yielda

1 a Cl MgBr 4:1 65
2 a Cl Li 1:5 70
3 b F MgBr 2:1 36
4 b F Li 1:3 56

a Isolated yield of major isomer.
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tivity,15 although the magnitude decreased slightly in both
additions.

The diastereoselectivity of additions of several other hard
carbon nucleophiles totrans-6-chlorocarvone3a was inves-
tigated (Table 3). Counterion-dependent reversal of selectiv-

ity was evident for all sets of nucleophiles, with Grignard
reagents giving good to excellentsynselectivity (entries 1,
3, and 5) and alkynyl, alkyl, and aryllithium reagents all
exhibiting goodanti selectivity (entries 2, 4, and 6).15

However, whencis-6-chlorocarvone8,21 was treated with
either vinylMgBr or vinylLi, anti diastereomer9 was
produced as the sole detectable product by1H NMR analysis
(Scheme 1).22

To determine whether these findings were generalizable
to other C6-substituted cyclohexenones, we examined addi-

tions to methoxyethoxymethyl (MEM) protected 6-hydroxy-
cyclohexenone10.23 A reversal of diastereoselectivity was
again observed as a function of the counterion (entries 1 and
3, Table 4).24 Some notable solvent effects were observed

in the additions. When DMPU was used in the Grignard
additions (entries 2 and 7), selectivity increased from 2:1 to
3:1 for ethynylMgBr and from 2:1 to 4:1 for vinylMgBr. In
the Li acetylide additions, changing the solvent from THF
to ether improved selectivity from 1:3 to 1:7 (entries 3 and
4). Adding NEt3 as a cosolvent further improved the
selectivity to 1:13 (entry 5).25 No such solvent-related
improvements were found for the addition of vinyllithium,

(18) It has been reported that the proportion of equatorial reduction of
cis-2-fluoro-4-tert-butyl-cyclohexanone increased slightly relative to the
2-chloro analog: Rosenberg, R. E.; Abel, R. L.; Drake, M. D.; Fox, D. J.;
Ignatz, A. K.; Kwiat, D. M.; Schaal, K. M.; Virkler, P. R.J. Org. Chem.
2001,66, 1694-1700.

(19) nBuLi addition to3a was performed at room temperature, and the
reaction mixture was quenched with HOAc after 5 min. In the absence of
an HOAc quench, selective decomposition of the minor product6b occurred
upon prolonged (ca. 90 min) stirring of the reaction mixture at room
temperature. Presumably the minor isomer6b, in which the alkoxide is
trans to the chloride, decomposed via formation of the corresponding
epoxide. In this case, an apparent selectivity of>1:20 was observed. See
Supporting Information for details.

(20) X-ray crystallographic analysis of alcohol7c confirmed stereo-
chemical assignments. See Supporting Information for details.

(21) Kinetic epimerization oftrans-6-chlorocarvone3awas achieved by
adding3a to a solution of LDA at-78 °C followed by addition of a THF
solution of camphor sulfonic acid. A 3:1 ratio of8:3a was obtained with
cis-6-chlorocarvone8 isolated in 64% yield.

(22) X-ray crystallographic analysis of an (S)-O-benzyl lactate ester
derived from 9 confirmed stereochemical assignments. See Supporting
Information for details.

(23) MEM-protected 6-hydroxycyclohexenone11 was available from
Rubottom oxidation and protection of 2-cyclohexen-1-one. (a) Oxidation:
Rubottom, G. M.; Gruber, J. M.J. Org. Chem.1978,43, 1599-1602. (b)
Protection: Corey, E. J.; Gras, J.-L.; Ulrich, P.Tetrahedron Lett.1976,
809-812.

(24) Relative stereochemistries for alcohols11 and12 were assigned by
correlation to the free diol derived from propargyl alcohol11a. The structure
of the diol was unambiguously determined by X-ray crystallography (see
Supporting Information for full details).

(25) Carreira, E. M.; Du Bois, J.Tetrahedon Lett.1995,36, 1209-1212.

Table 3. Diastereoselectivity in Additions to
trans-6-Chlorocarvone

entrya R M solvent compd 6:7b yieldc

1 HCC MgBr THF a 5:1 78
2 TBSCC Li ether a 1:6 71d

3 nBu MgBr ether b 25:1 59
4 nBu Li THF b 1:619 58e

5 Ph MgBr ether c 12:1 52
6 Ph Li ether c 1:720 51

a All additions except entry 2 were performed on substrates derived from
the (R)-enantiomer of carvone.b Ratio determined by1H NMR integration
of C6-protons.c Isolated yield of major isomer.d Yield after desilylation.
e Inseparable mixture of diastereomers.

Scheme 1. Vinyl Additions to cis-6-Chlorocarvone

Table 4. Solvent Effects in Alkyl MgBr and Alkyl Li
Additions to 6-OMEM-cyclohexenone

a Isolated yield of major isomer.
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with the highest selectivity being only 1:2 in THF (entry
8).26

Several models for carbonyl addition have been proposed
to rationalize diastereoselectivity in the addition of nucleo-
philes to cyclohexanones and cyclohexenones. These include
Cram chelation,1a,27,28Felkin-Anh,13 electrostatic repulsion,18

and delivery28,29 models. In the examples reported herein,
four reaction pathways are in principle possible: axial or
equatorial addition to either half-chair conformation of the
cyclohexenone substrate (i or ii, Figure 2). In the case of

6-chlorocyclohexenone andcis-6-chlorocarvone, (cf. Table
1 and Scheme 1), excellent diastereoselectivity was observed
and the same product was formed regardless of the nucleo-
phile counterion. These results imply the operation of a single
Felkin-Anh pathway, in which axial attack of the nucleo-
phile occurs via the half-chair conformationi.

However, the observation of counterion-dependent reversal
of diastereoselectivity is indicative of the operation of at least
two reaction pathways.30 Similarly, the modest diastereo-
selectivities observed in additions to 6-OMEM cyclo-
hexenone imply that Cram chelation and/or Felkin-Anh
pathways are not the sole modes of addition. Given the
relatively modest energy differences necessary to reverse the

diastereoselection (e.g., from 1:5 to 5:1), extricating the
individual contributions of solvent, metal, R-group, and C6-
heteroatom substituent may prove challenging.31 Further
efforts toward optimizing the diastereoselectivity, probing
the generality of the reversal and examining a wider variety
of counterions are underway.

In summary, we have found that diastereoselectivity in
the addition of hard carbon nucleophiles to C6-substituted
cyclohexenones may in some cases be controlled by the
counterion of the nucleophile, with Grignard reagents gener-
ally addingsynand lithium reagents addinganti to the C6-
substituent. Further, this selectivity may be optimized by use
of an appropriate solvent and/or cosolvent in the addition
reaction.
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(26) Ancillary studies using various protecting groups for the C6 alcohol
yielded similar results.

(27) Still, W. C.; McDonald, J. H.Tetrahedron Lett.1980,21, 1031-
1034.

(28) Paquette, L. A.; Lobben, P. C.J. Am. Chem. Soc. 1996, 118, 1917-
1930.

(29) Allen, J. G.; Danishefsky, S. J.J. Am. Chem. Soc. 2001,123, 351-
352.

(30) Computational studies have examined the role of polar substituents
in diastereoselective carbonyl addition reactions: (a) Wong, S. S.; Paddon-
Row, M. N. J. Chem. Soc., Chem. Commun. 1990, 456-458. (b) Wu, Y.-
D.; Tucker, J. A.; Houk, K. N.J. Am. Chem. Soc.1991,113, 5018-5027.
(c) Shi, Z.; Boyd, R. J.J. Am. Chem. Soc. 1993,115, 9614-9619. Other
theoretical studies have investigated selectivity in additions involving
Grignard, organolithium, organoaluminum and/or organopotassium re-
agents: Yadav, V. K.; Sriramurthy, V.Tetrahedron2001,57, 3987-3995.
See also refs 5c-d.

(31) A further complicating factor is the aggregation state of the
nucleophile. A number of studies indicate that the molecular aggregation
of organolithium and Grignard reagents is dependent upon solvent and the
R group and that aggregation affects the reactivity of the nucleophile as
well as the mechanism and the stereoselectivity of the addition. (a)
Thompson, A.; Corley, E. G.; Huntington, M. F.; Grabowski, E. J. J.;
Remenar, J. F.; Collum, D. B.J. Am. Chem. Soc.1998,120, 2028-2038.
(b) McGarrity, J. F.; Ogle, C. A.J. Am. Chem. Soc.1984, 107, 1805-
1815. (c) Haeffner, F.; Sun, C.; Williard, P. G.J. Am. Chem. Soc.2000,
122, 12342-12348. See also refs 1a, c, d.

Figure 2. Four possible reaction pathways for additions to C6-
substituted cyclohexenones.
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