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syn-anti Diastereoselectivity in the Nicholas reaction via a chiral
1-alkoxy-propargylium cation
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Abstract—The Nicholas reaction between enantiopure propargyl acetal dicobalt–hexacarbonyl complexes, as precursors of chiral
propargyl cobalt–hexacarbonyl cations, and several linear and cyclic silyl enol ethers is presented. A high yield up to 95% and high
syn-anti diastereoselectivity (from 85:15 up to >99:1) is observed in the generation of the two new stereocenters. Moderate, but
promising, syn(R,R)-syn(S,S), up to 70:30, is also observed in this preliminary work. © 2001 Elsevier Science Ltd. All rights
reserved.

The reaction between a propargyl cation stabilized as a
dicobalt hexacarbonyl complex and a wide variety of
nucleophiles is known as the Nicholas reaction.1 This
reaction is very versatile and enables the introduction
of different functional groups, especially by modifica-
tion of the C�C triple bond, after demetallation. Thus,
there have been many applications for this reaction,2

leading recently to the synthesis of complex biologically
active compounds.3

There are precedents in the literature2–4 on the Nicholas
reaction, regarding the syn-anti diastereoselectivity in
the generation of two new stereocenters when the
propargyl cation reacts with silyl enol ethers as nucle-
ophiles. However, there are very few studies about the
induction of enantioselectivity in this reaction. In some
of them,5 a dissymmetric cluster C2Co2(CO)5L is gener-
ated by exchanging one CO ligand for another suitable
ligand, L, normally a conveniently substituted phos-
phine or phosphite molecule. These seminal and merito-
rious models require, in some cases, preliminary
resolutions of racemic starting propargyl alcohols and
also separation of the mixture (normally 1:1) of
diastereomers resulting from the ligand exchange. There
are other approaches based on the use of chiral
nucleophiles6 (to be reacted with an achiral propargyl
cation), and also some authors induce dissymmetry in
the Nicholas C�C coupling by using chiral propargyl
precursors,7 with the chiral moiety either as a sub-

stituent of the triple bond or as a chiral acetal function
on the propargylic position.8

With these precedents in mind, our target was the
design of a general model for the improvement of
syn-anti diastereoselectivity and for the approach to the
induction of enantioselectivity in the Nicholas reaction
by introduction of a chiral auxiliary at the carbocation
reactive center, instead of at the cobalt cluster.

We prepared enantiopure propargyl acetals, as precur-
sors of chiral propargyl dicobalt–hexacarbonyl cation
complexes, starting from cheap and commercially avail-
able enantiopure alcohols: (−)-trans-myrtanol, (which
as a chiral auxiliary places a stereogenic center three
bonds away from the reactive center of the cobalt
cation), and (−)-menthol (which has the first stereo-dif-
ferentiating asymmetric carbon, two bonds away from
the cationic center).

For each model, we have evaluated the C�C coupling
reaction with the prochiral enol silanes 1 to 63a,9–12 and
thoroughly studied the corresponding alkylation prod-
ucts, both metallated and demetallated. The chiral
propargyl acetals, 8a and 8b were prepared by transac-
etalation of the commercially available diethyl acetal of
phenylpropargylaldehyde, in the presence of catalytic
amounts of anhydrous p-TsOH, with 2 equiv. of the
corresponding enantiopure alcohol.13 Dicobalt–hex-
acarbonyl complexes of these acetals were obtained, in
quantitative yield, by reaction of the appropriate
acetylenic acetal with Co2(CO)8 in an inert solvent, at
room temperature.4b The yields for both steps of the
synthetic pathway are quoted in Table 1.
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Table 1.

Transacetalation Metallation

Yield (%) ProductProduct Yield (%)R*-OH

998a 66 9a

(−)-trans-Myrtanol
808b 65 9b

(−)-Menthol

A number of reaction parameters including tempera-
ture, stoichiometry and reaction time were explored to
assess their effects on the yield and stereoselectivity of
the Nicholas reaction. The parameters under evaluation
and the results obtained from a selection of a large
number of performed assays are presented in Table 2.

For a 1:1:1 stoichiometry, a decrease in the temperature
was found to reduce the yield of C�C coupling, being
zero at −78°C (entry 5). When the Nicholas C�C cou-
pling was carried out at room temperature (entry 7), the
yield of alkylation products decreased because of
decomposition of the starting acetal and formation of
phenylpropionaldehyde. This decomposition under
strictly anhydrous conditions has also been previously
observed by other authors.14 Then, in order to enable a

low working temperature (−78°C, favourable for stereo-
controlled reactions) and to reach high conversions, in
a reasonable period of time, it was necessary to use
excess of either BF3·OEt2 or silyl enol ether 1 (up to 2
equiv., entries 1–4). A relative excess of BF3·OEt2

decreased the yield of C�C coupling due to the forma-
tion of phenylpropargylaldehyde (entries 1 and 4).
Therefore, these results led us to conclude that the
treatment of a 1:2 mixture of cobalt complex and silyl
enol ether 1, respectively, with 1.1 equiv. of Lewis acid
gave the alkylation products in good yield (95%) and
high diastereoselectivity (Table 2). None of the reaction
parameters above evaluated considerably affected the
stereochemical outcome of the reaction, which gave an
average diastereomeric ratio (syn :anti ratio) of 85:15.

Table 2.

Reaction conditionsc ResultsEntry

SEEa (equiv.) BF3·OEt2 (equiv.) T (°C) Yieldb (%) syn :antib DiastereoselectivityCobalt complex (equiv.)

1 85:1550−78221
−781.52 9012 87:13

3 2 1.1 −78 95 85:151
1 1 24 −78 85 80:20

5 1 1 1 −78 0 –
01116 85:1541

1 1 17 rt 14d 78:22

a SEE: silyl enol ether 1.
b Determined by 500 MHz 1H NMR.
c Reaction time until disappearance of the starting acetal cobalt complex, as observed by TLC (1–5 h). Dichloromethane was used as a solvent

with a dilution of 17–140 ml/g of cobalt complex. 4 A� molecular sieves powder was added to the reaction medium as a drying agent.
d A high % of complex decomposition products was observed at rt.
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The Nicholas reaction of the chiral propargyl acetal
cobalt–hexacarbonyl complex 9a with silyl enol ethers
of different nature (Fig. 1) was examined under the
optimal conditions found in the previous experiments
(see Table 2). The results obtained are presented in
Table 3. In this case, as a result of generation of two
new stereocenters, four diastereomers were observed by
1H NMR (500 MHz): syn(R,R), syn(S,S), anti(S,R)
and anti(R,S) (see Fig. 1).

From the results quoted in Table 3 it is possible to
observe how the ring size in cyclic silyl enol ethers
influences on the C�C coupling diastereoselectivity,
probably due to steric conditioning in the approach of
reactants in the transition state (see entries 1 and 3).
Introduction of a methyl group at the reactive center in
the nucleophilic silyl enol ether (entry 2), decreases the
yield but increases the syn/anti diastereoselectivity (see
entries 1 and 2); effects that could also have a stereo-
electronic origin.

When a bulky and hindered silyl enol ether, having a
low conformational freedom (entry 6), was used no
reaction was observed, probably due to its difficulty to
approach the electrophile. The use of linear silyl enol
ethers (entries 4 and 5) considerably raised the syn/anti
diastereoselectivity (affording stereo-specifically the syn
diastereomer). These results could be interpreted on the
basis of the smaller size of the linear carbon framework
(maintaining the size and nature of the OSiR3 group) of
silyl enol ethers and their higher conformational free-
dom than the cyclic ones. This allows a better and less
stereo-demanding approach of reactants and affords a
better and less energetic matching in the transition
state.

It is possible to distinguish the four diastereomeric
products (the pair of syn diastereomers from the pair of
anti diastereomers, Fig. 1) by 500 MHz 1H NMR and
75 MHz 13C NMR correlation studies, after a careful
assignment of signals by 1D and 2D NMR experi-
ments. 1H NMR analysis of the reaction mixture
allowed to conveniently determine the syn-anti ratio
and, the syn1-syn2 and anti1-anti2 ratios, by integra-

tion of the separated CH(OR*) diagnostic resonance
peaks for each diastereomer (prior to their separation).

The stereochemical assignment was carried out on the
basis of a comparative analysis of high field 1H and 13C
NMR data15 (by correlation of both chemical shifts and
values of coupling constants16) in conjunction with
examination of molecular models and computational
conformational analysis.17 Once the minimum energy
conformation was established for each configuration,
the 1H and 13C NMR correlations of chemical shifts
confirmed the stereochemical assignment. A coherence
between the assignment of relative stereochemistry and
the NMR data of diastereomers was observed by ana-
lyzing the stereo-electronic origin of the shielding and
deshielding effects on the 1H and 13C nuclei, especially
of the new stereocenters.

Due to the conformational freedom of (−)-trans-myr-
tanol, natural (−)-menthol was chosen as an alternative.
In this new model, the C-1 stereogenic center of the
chiral auxiliary is two bonds closer to the reactive
cationic center than in the former model. The Nicholas
reaction of the corresponding acetal (9b), with two silyl
enol ethers (1 cyclic and 4 acyclic), under the same
stoichiometry and reaction conditions as in the primary
model, proceeded with low yields of alkylation prod-
ucts. However, a promising 7:3 syn1-syn2 diastereose-
lectivity ratio for the major product was obtained when
the nucleophile was the cyclic enol silane 1 (Table 3).
Therefore, in this model a closer proximity of the first
stereogenic center of the menthyloxy chiral auxiliary to
the cationic center, together with the restriction of
conformational rotation along the C1�-O and O-C1�
bonds, enable the nucleophile to differentiate between
both faces of the carbocation, better than in the former
model.17

On the other hand, there is a certain decrease on the
yield in the reaction of menthyl chiral acetals versus
myrtanyl acetals. This fact could be probably due to the
higher difficulty of the approach of reactants in the
transition state, because of their higher bulkiness (this

Figure 1.
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Table 3.

StereoselectivitybSEEd Reaction conditionsEntry

t (h) Yield (%) ProductT (°C) Diastereoselectivity Diastereoselectivity
(syn1:syn2; anti1:anti2)a(syn :anti )

Reactions of cobalt complex 9a

1 −78 4 95 10 85:15 Overlapped; 50:50

−78 3.52 69 11 94:6 55:45; 50:50

3 −78 3 95 12 72:28 60:40; 50:50

4 −78 3 70 13 �99:1c 50:50; Not detected

−78 35 95 13 �99:1c 58:42; Not detected

−78 4 06
0−23 3

Reactions of cobalt complex 9b

7 −78 (0) 5 (1) 40 14 75:25 70:30; 50:50

−78 4.5 74 158 85:15 60:40; 50:50

a The syn1-syn2 or anti1-anti2 diastereoselectivities would correspond to the ‘enantioselectivity’ of the Nicholas reaction after the removal of the
chiral auxiliary.

b Determined by 500 MHz 1H NMR.
c Sensitivity limit of the 500 MHz NMR apparatus.
d Silyl enol ethers were prepared according to Refs. 3a, 9–12.
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could be the explanation for the lower reactivity of
cobalt complex 9b versus 9a).

We could conclude that the Nicholas reaction between
silyl enol ethers and chiral propargyl acetals derived
from enantiopure alcohols (myrtanol and menthol) pro-
ceeds with excellent syn/anti diastereoselectivity (from
7:3 up to >99:1). Furthermore, when a double confor-
mational restriction was introduced at the level of both
the cation and the silyl enol ether, a syn1-syn2
diastereoselectivity 7:3 for the major product was
obtained. Studies with new chiral propargyl acetals are
currently in progress, in order to improve the syn1-syn2
or anti1-anti2 diastereoselectivity.
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2000, 56, 425–439; (e) Magnus, P. Tetrahedron 1994, 50,
1397–1418; (f) Jacobi, P. A.; Brielmann, H. L.; Hauck, S.
I. Tetrahedron Lett. 1995, 36, 1193–1196; (g) Palazon, J.
M.; Martı́n, V. S. Tetrahedron Lett. 1995, 36, 3549–3552;
(h) Mikai, C.; Moharram, S. M.; Kataoka, O.; Hanaoka,
M. J. Chem. Soc., Perkin Trans. 1 1995, 2849–2854; (i)
Saha, M.; Bagby, B.; Nicholas, K. M. Tetrahedron Lett.
1986, 27, 915–918.

4. (a) For a review on syn-anti diastereoselectivity in the
Nicholas reaction see Ref. 2b; (b) Tester, R.; Varghese,
V.; Montaña, A. M.; Khan, M. A.; Nicholas, K. M. J.

Org. Chem. 1990, 55, 186–192; (c) Ju, J.; Reddy, B. R.;
Khan, M. A.; Nicholas, K. M. J. Org. Chem. 1989, 54,
5426–5428; (d) Grove, D. D.; Miskevich, F.; Smith, C.
C.; Corte, J. R. Tetrahedron Lett. 1990, 31, 6277–6280.

5. (a) Carpenter, N. E.; Nicholas, K. M. Polyhedron 1999,
18, 2027–2034; (b) Yang, K.; Bott, S. G.; Richmond, M.
G. Organometallics 1995, 14, 4977–4979; (c) Park, H. J.;
Lee, B. Y.; Kang, Y. K.; Chung, Y. Organometallics
1995, 14, 3104–3107; (d) Bradley, D. H.; Khan, M. A.;
Nicholas, K. M. Organometallics 1992, 11, 2598–2607; (e)
Caffyn, A. J. M.; Nicholas, K. M. J. Am. Chem. Soc.
1993, 115, 6438–6439.

6. (a) Ganesh, P.; Nicholas, K. M. J. Org. Chem. 1997, 62,
1737–1747; (b) Jacobi, P. A.; Zheng, W. Tetrahedron
Lett. 1993, 34, 2581–2584; (c) Roush, W. R.; Park, J. C.
J. Org. Chem. 1990, 55, 1143–1144; (d) Jacobi, P. A.;
Guo, J.; Zheng, W. Tetrahedron Lett. 1995, 36, 1197–
1200.

7. (a) Muehldorf, A. W.; Guzmán-Pérez, A.; Kluge, A. F.
Tetrahedron Lett. 1994, 35, 8755–8758; (b) Betancort, J.
M.; Rodrı́guez, C. M.; Martı́n, V. S. Tetrahedron Lett.
1998, 39, 9773–9776; (c) Dunn, J. A.; Pauson, P. L. J.
Organomet. Chem. 1991, 419, 383–389; (d) Kajtár, M.;
Miklós, J. K.; Giacomelli, G.; Guál, G.; Váradi, G.;
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