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Abstract—Five enantiopure C(2)-substituted 10-[(dimethylamino)methyl]isoborneols has been prepared by a novel straightforward
camphor-based route, and probed as �-amino-alcohol ligands for the enantioselective addition of diethylzinc to benzaldehyde. The
established route constitutes a divergent model procedure for this class of �-amino-isoborneol ligands, allowing different
substitutions, not only at the nitrogen atom, but also at the more interesting hydroxyl-bearing C(2)–norbornane position. This last
synthetic possibility has made possible a study of the role played by the group located at the C(2)–norbornane position on the
catalytic activity. New catalyst models and transition-state models for explaining such a role are also proposed and discussed.
© 2003 Elsevier Ltd. All rights reserved.

The great importance that catalytic asymmetric car-
bon�carbon bond generation has in synthetic organic
chemistry is well known.1 In this sense, the catalyzed
enantioselective addition of dialkylzinc to aldehydes
must be highlighted, since it produces valuable enan-
tiomerically pure or enriched alcohols, which are key
synthetic starting materials and intermediates for the
preparation of a large number of interesting organic
molecules (i.e. valuable natural products).2 Since Noy-
ori et al. demonstrated the high efficiency of (−)-3-exo-
(dimethylamino)isoborneol (DAIB) as a chiral catalyst
for the addition of diethylzinc to benzaldehyde,3 and
suggested a mechanistic model for the catalytic cycle
based on the formation of a five-membered Zn-chelate,4

many other chiral �-amino alcohols have been synthe-
sized and employed as chiral catalysts for such asym-
metric reactions.5

Although the catalytic role of �-amino alcohols has
been extensively outlined and understood on the basis
of a stable five-membered Zn-chelate,4,5 the utility of �-
and �-amino alcohols as chiral catalysts for the enan-
tioselective diethylzinc-addition to aldehydes has been

less studied.6 In these last cases, the Zn-atom would be
potentially part of a more flexible six- or seven-mem-
bered ring and, therefore, the rigidity of the chiral
amino alcohol would play an important role in order to
limit the conformational freedom of the Zn-chelate,
especially around of the oxygen and nitrogen atoms.6l

In this sense, some rigid camphor- and fenchone-
derived �-amino isoborneols (e.g. 1, 2, 3 and 4 in Fig. 1)

Figure 1. Some interesting reported �-amino-isoborneol cata-
lysts.
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have been recently described as interesting chiral cata-
lysts for the enantioselective diethylzinc-addition to
benzaldehyde.6c,g,h,j,l Nevertheless, in order to do a sys-
tematic study on the influence that the substitution
pattern of the �-amino isoborneol has in its catalytic
activity, more information about such activity (new
catalysts and corresponding obtained e.e.s) is necessary.

In this sense, and continuing with our ongoing research
on the straightforward preparation of enantiopure
C(10)-substituted camphor- and fenchone-derived chi-
ral sources,7 we now report a new highly efficient
synthetic route to enantiopure C(2)-substituted 10-
[(dimethylamino)methyl]isoborneols 9(X), starting from
inexpensive and readily available natural (+)-(1R)-cam-
phor 5, as described in Scheme 1.

The key intermediate of this route is amino ketone 8,
whose synthesis has been previously reported by us by
means of: (a) a first enantiospecific Wagner–Meerwein
rearrangement of (+)-camphor 5 by triflic anhydride
treatment, to generate the bridgehead 1-norbornyl trifl-
ate 6, and (b) a second enantiospecific Wagner–Meer-
wein rearrangement of the 2-methylenenorbornan-1-ol
7, by reaction with N,N-dimethylmethaniminium iodide
(Eschenmoser’s salt).7g Finally, the highly stereocon-
trolled addition of different nucleophiles X− (H−, Me−,
Et−, i-Pr− and t-Bu−) to the carbonyl group of 8 yields
the corresponding C(2)-substituted �-amino isoborneols
9(X) in high yield (75–95%).8

Our route has made possible the highly efficient prepa-
ration of Fujita’s ligand ent-4 [9(Me)] in four individual
steps, as in Fujita’s route to 4,6h–j but with a higher
overall yield (66% instead of 40%) and starting from
(+)-camphor instead of the more expensive and less
enantiopure (−)-fenchone].7g On the other hand, the
established synthetic route constitutes a valuable model
procedure for the preparation of other interesting 10-
(aminomethyl)isoborneols, allowing also variation of

the substitution at the N-atom by simple substitution of
Eschenmoser’s salt by other N,N-disubstituted metha-
niminium salts (see Scheme 1).

In addition to the synthetic work, we have also tested
the obtained C(2)-substituted �-amino isoborneols 9(X)
(see Scheme 1) as chiral catalysts for the enantioselec-
tive addition of diethylzinc to benzaldehyde, under the
same conditions used by Fujita et al. for testing 4.6i The
results are summarized in Table 1.

As shown in Table 1, the e.e. reached by the use of
ligand ent-4 is slightly higher than that achieved with
the use of 4 (61% versus 56%). This fact can be
explained as due to the different enantiomeric excess of
both catalysts, which must be due to a different enan-
tiomeric excess of the starting materials to generate
such catalysts: (−)-fenchone for Fujita’s ligand 4 and
(+)-camphor for our ligand ent-4. Nevertheless, there is
not a linear relationship between the observed stereose-
lectivities and the enantiomeric excesses of the used
catalysts (a slight positive non-linear effect could be
invoked).9

On the other hand, an interesting steric influence of the
group located at the C(2)-endo-norbornane position (X)
on the asymmetric induction (observed e.e. and
configuration of major enantiomer) has been detected
(see Table 1). Thus, when the methyl group of 9(Me) is
substituted by an ethyl group in 9(Et), there is no
substantial change in the catalytic activity: yields, e.e.s
and configurations for the major enantiomer are almost
the same (see Table 1). Nevertheless, the introduction
of an isopropyl group at such position [see 9(i-Pr) in
Table 1] produces a strong change in the catalytic
behavior: the e.e. decreases considerably (from 61–62 to
6%) and the configuration of the major product
changes from R to S. Finally, the substitution of iso-
propyl by tert-butyl, as the substitution methyl by
ethyl, [cf. couples 9(Me)/9(Et) and 9(i-Pr)/9(t-Bu) on
Table 1] does not produce any substantial change in the
catalytic activity.

Scheme 1. New enantiospecific route to C(2)-substituted 10-
[(dimethylamino)methyl]isoborneols based on camphor.

Table 1. Enantioselective addition of diethylzinc to benz-
aldehyde catalyzed by amino isoborneols 4 and 9(X)a

1-Phenyl-1-propanolLigand

Yield (%)c E.e.d Config.e[� ]D
25b

99f+16f4 R f56f,g

9(Me) (ent-4) S−18h 6198
S−13 97 629(Et)
R9(i-Pr) −14 698

−19 959(t-Bu) 8 R
9(H) +7 R6698

a Solvent: toluene; [PhCHO]/[Ligand]/[Et2Zn]=1:0.05:2; at rt.
b Measured in CHCl3.
c Determined by GC.
d Determined by Chiral GC using a Cyclodex-B column.
e Determined by the sign of the specific rotation.
f Previous reported results (see Ref. 6i).
g Determined by chiral HPLC with a OD-H column.
h Measured at the same concentration as 4.
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Finally, the substitution of the methyl group in 9(Me)
by hydrogen in 9(H) produces a complete inversion in
the stereochemical outcome of the catalytic addition [cf.
corresponding reached e.e.s and major-enantiomer
configurations in Table 1].

The above results can be easily explained according to
the empirical catalyst models A, B and C, and the
transition-state models TS-1, TS-2 and TS-3 as shown
in Scheme 2.

Catalyst model A and transition-state model TS-1 were
proposed by Fujita for explaining the catalytic activity
of �-amino isoborneol 4.6i Thus, reaction of ent-4 with
Et2Zn generates chiral catalyst A, in which the confor-
mation of the seven-membered metallacycle disposes
the dimethylamino group in an ‘endo ’ disposition,
avoiding steric interaction between the N- and C(7)-
syn-methyl groups. Benzaldehyde’s oxygen must then
coordinate the Zn atom of catalyst A by the top face
(steric hindrance at the bottom face is exerted by the
C(2)-endo-methyl group),6i giving place to the forma-
tion of the anti-7/4/4 tricyclic transition-state TS-1
(Noyori’s anti-type transition-state).4 In this transition
state, the Zn-ethyl group attacks the benzaldehyde Si-
face, explaining the formation of an enriched (S)-
product.

Accordingly to model A, the substitution of the C(2)-
methyl group by a new group with a higher steric
volume must produce a higher stereoselection in the
asymmetric addition (higher observed e.e.), favoring the
top-face attack at generating the corresponding tricyclic
transition state. On the other side, substitution of such
methyl group by a minor group must produce a smaller
stereoselection (smaller observed e.e.).

In contrast to the above, the situation in �-amino
isoborneols 9(i-Pr) and 9 (t-Bu) is quite different [cf.
corresponding e.e. in Table 1], which makes a new
catalyst model different to A necessary. Thus, for
explaining the catalytic activity of such chiral ligands,
we have proposed the catalyst model B, in which, due
to the higher steric interaction exerted by the bulky
C(2)-isopropyl [or C(2)-tert-butyl] group, the confor-
mation adopted by the seven-membered metallacycle
disposes the dimethylamino group in an ‘exo ’
disposition.

For 9(i-Pr), the conformation adopted by the C(2)-iso-
propyl group in catalyst-model B must be A=H, C=
B=Me, in order to minimize steric interactions
[C(6)-endo-hydrogen with rest A (higher interaction),
and N-methyl with rest C]. Therefore, it is the steric
interaction exerted by the methyl C-group the main
responsible for the different conformation adopted by
the seven-membered metallacyclo in catalyst-model B,
respect to that adopted in catalyst-model A.

Now, in model B when compared with model A, both
diastereotopic faces are less distinguished: the top face
is hindered by the C(7)-syn-methyl group, whereas the
bottom face is hindered (less) by the C(2)-group
(mainly by rest C). Therefore, benzaldehyde’s oxygen
must attack the zinc atom of B by its slightly less-hin-
dered bottom face, giving place to the anti-7/4/4 transi-
tion state TS-2 with a low stereoselection, which
explains the formation of a slightly enriched (R)-
product (see Table 1). Model B predicts also the same
catalytic behavior for 9(i-Pr) and 9(t-Bu) (see corre-
sponding reached e.e.s in Table 1), since in both cases
the main-stereodistinguishing C-group is a methyl one.

Scheme 2. Proposed empirical catalyst and transition-state models.
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From all the above, for �-amino isoborneol 9(Et), the
conformation of the C(2)-ethyl group in the catalyst
would be A=C=H B=Me, (see model B in Scheme 2).
Therefore, the steric effect exerted by such ethyl group
must be similar to that exerted by a methyl group (in
both cases the stereodistinguishing C-group is hydro-
gen), and, therefore, the seven-membered metallacycle
will adopt the conformation shown in model A. By the
same reason, the stereoselection at forming the tricyclic
transition state will be the same as in the case of 9(Me),
which explains the same stereochemical behavior for
both chiral ligands (see corresponding reached e.e.s in
Table 1).

Finally, the stereochemical behavior of ligand 9(H) can
be explained starting from catalyst-model C. Due to the
low steric hindrance exerted by the C(2)-hydrogen
group, catalyst-model C is similar to catalyst-model A
[N-gem-dimethyl group as far as possible from the
C(7)-gem-dimethyl group, see Scheme 2]. Nevertheless,
in this last case the attack of benzaldehyde’s oxygen to
the Zn atom of the catalyst must preferentially occur by
the less hindered bottom face, forming the transition
state TS-3, and, therefore, explaining the formation of
a (R)-enriched product (see Table 1).

In summary, the establishment of a new straightfor-
ward route to enantiopure 10-(aminomethyl)iso-
borneols has allowed the synthesis of a set of such
�-amino isoborneols with different substitution at the
C(2)-norbornane position (the hydroxyl-bearing posi-
tion). This has made possible the comparative study of
the behavior of those �-amino alcohols as chiral ligands
for the catalytic enantioselective addition of diethylzinc
to benzaldehyde, allowing the establishment of an
empirical rule (empirical catalyst and transition-state
models) to explain the role played by such C(2)-group
on the asymmetric induction. Further experimental and
theoretical support studies (based on the consideration
of different reaction conditions, chiral ligands, alde-
hydes and transition-state models) are in progress.

Acknowledgements

We would like to thank the Ministerio de Ciencia y
Tecnologı́a of Spain (plan nacional I+D, research pro-
ject BQU2001-1347-C02) and UNED (research project
2001V/PROYT/18) for the financial support of this
work. B.L.M. wish to thank Ministerio de Educación
Cultura y Deportes of Spain for a post-graduate grant.

References

1. (a) Noyori, R. Angew. Chem., Int. Ed. 2002, 41, 2008; (b)
Tye, H.; Comina, P. J. J. Chem. Soc., Perkin. Trans. 1
2001, 1729; (c) Catalytic Asymmetric Synthesis ; Ojima, I.,
Ed.; VCH: New York, 1994; (d) Noyori, R. Asymmetric
Catalysis in Organic Chemistry ; Wiley: New York, 1994;
Chapter 5; (e) Ager, D. J.; East, M. B. Asymmetric Syn-
thetic Methodology ; CRC Press: New York, 1996; (f)

Houben-Weyl Methods of Organic Chemistry ; Helmchen,
G.; Hoffmann, R. W.; Mulzer, J.; Schaumann, E., Eds.;
Thieme: Stuttgart, 1996; Vol. E21; (g) Jacobsen, E. N.;
Pfaltz, A.; Yamamoto, H. Comprehensive Asymmetric
Catalysis ; Springer: Berlin, 1999; Vol. 1–3.

2. For example, see: (a) Noyori, R.; Kitamura, M. Angew.
Chem., Int. Ed. 1991, 30, 49; (b) Soai, K.; Niwa, S. Chem.
Rev. 1992, 92, 833; (c) Pu, L.; Yu, H.-B. Chem. Rev. 2001,
101, 757. Also see Ref. 1.

3. Kitamura, M.; Suga, S.; Kawai, K.; Noyori, R. J. Am.
Chem. Soc. 1986, 108, 6071.

4. (a) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R. J. Am.
Chem. Soc. 1989, 111, 4028; (b) Noyori, R.; Suga, S.;
Kawai, K.; Okada, S.; Kitamura, M.; Oguni, N.; Hayashi,
M.; Kaneko, T.; Matsuda, Y. J. Organomet. Chem. 1990,
382, 19; (c) Kitamura, M.; Suga, S.; Niwa, M.; Noyori, R.
J. Am. Chem. Soc. 1995, 117, 4832; (d) Yamakawa, M.;
Noyori, R. J. Am. Chem. Soc. 1995, 117, 6327; (e) Kita-
mura, M.; Suga, S.; Oka, H.; Noyori, R. J. Am. Chem.
Soc. 1998, 120, 9800; (f) Yamakawa, M.; Noyori, R.
Organometallics 1999, 18, 128. Also see Refs. 2a, 2b and 3.

5. For example, see: (a) Seyden-Penne, J. Chiral Auxiliaries
and Ligands in Asymmetric Synthesis ; John Wiley and
Sons: New York, 1992; (b) Blaser, H.-U. Chem. Rev. 2002,
92, 933. Also see Ref. 2c. Some recent examples are: (c)
Guijarro, D.; Pinho, P.; Andersson, P. G. J. Org. Chem.
1998, 63, 2530; (d) Chao, B. T.; Chun, Y. S. Tetrahedron:
Asymmetry 1998, 9, 1489; (e) Nugent, A. W. Chem. Com-
mun. 1999, 1369; (f) Kang, J.; Kim, H. Y.; Kim, J. H.
Tetrahedron: Asymmetry 1999, 10, 2523; (g) Paleo, R. M.;
Cabeza, I.; Sardina, F. J. J. Org. Chem. 2000, 65, 2108; (h)
Rasmusen, T.; Norrby, P.-O. J. Am. Chem. Soc. 2001, 123,
2464; (i) Garcı́a Martı́nez, A.; Teso Vilar, E.; Garcı́a
Fraile, A.; de la Moya Cerero, S.; Martı́nez Ruiz, P.;
Chicharro Villas, P. Tetrahedron: Asymmetry 2002, 13, 1;
(j) Garcı́a Martı́nez, A.; Teso Vilar, E.; Garcı́a Fraile, A.;
de la Moya Cerero, S.; Martı́nez-Ruiz, P. Tetrahedron:
Asymmetry 2002, 13, 1457.

6. (a) Oppolzer, W.; Radinov, R. N. Tetrahedron Lett. 1988,
29, 5645; (b) Oppolzer, W.; Radinov, R. N. Tetrahedron
Lett. 1991, 32, 5777; (c) Genov, M.; Kostova, K.; Dim-
itrov, V. Tetrahedron: Asymmetry 1997, 8, 1869; (d)
Genov, M.; Dimitrov, V.; Ivanova, V. Tetrahedron: Asym-
metry 1997, 8, 3703; (e) Cicchi, S.; Crea, S.; Goti, A.;
Brandi, A. Tetrahedron: Asymmetry 1997, 8, 1869; (f)
Irena, P.; Dimitrov, V.; Svetlana, S. Tetrahedron: Asymme-
try 1999, 10, 1381; (g) Knollmüller, M.; Ferencic, M.;
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