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N/N/O versus N/O/O and N/O amino isoborneols
in the enantioselective ethylation of benzaldehyde
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Abstract—Enantiopure 10-(4-methylpiperazin-1-yl)isoborneol, a N/N/O-tridentate chiral diamino isoborneol, has been obtained from
enantiopure ketopinic acid and its catalytic activity (as chiral ligand in the enantioselective addition of diethylzinc to benzaldehyde) mea-
sured and compared with the previously reported data for related N/N/O, N/O/O, and N/O isoborneols. It is demonstrated that the
pentacoordinated-zinc Oppolzer’s model for transition states is useful for explaining the catalytic behavior of N/N/O-tridentate ligands.
In such cases, stable syn- or anti-type transition states can be proposed depending on the catalyst’s conformational flexibility.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The enantioselective addition of organozinc reagents to
aldehydes catalyzed by chiral ligands1 is one of the most
important asymmetric processes of synthetic utility, since
the optically active secondary alcohols obtained are the
key intermediates for the preparation of important biologi-
cally active compounds (including several synthetic drugs)
and new materials with interesting optical properties.2

Since Noyori et al. demonstrated the high efficiency of
3-exo-(dimethylamino)isoborneol (DAIB) 1 (Fig. 1), an
N/O-bidentate b-amino alcohol, as a chiral ligand for the
enantioselective addition of diethylzinc to benzaldehyde,3

explaining such activity in terms of activated bimetallic
species formed from a reactive zinc-chelate catalyst,4 many
OH
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Figure 1. DAIB, a N/O-bidentate chiral amino alcohol.

0957-4166/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2008.01.012

* Corresponding author. Tel.: +34 91 394 5090; fax: +34 91 394 4103;
e-mail: santmoya@quim.ucm.es
other chiral N/O-bidentate ligands, specially b-amino alco-
hols,5 have been prepared and tested in this reaction. On
the other hand, chiral ligands with three coordination sites
have been far less studied.6,7

It is expected that a tridentate chiral ligand should confer
more rigidity to the reactive zinc-chelate catalyst than a
bidentate one, and thus may enhance the enantioselectivity
of the addition reaction.7d Nevertheless, the role played
by the third coordination site is more complicated and
unknown. Thus, the very few reported comparison studies
between bidentate and tridentate ligands7 show different
tendencies, from unchanged enantioselectivities7b,d to
enantioselectivity reversal.7a

Herein we report the factors controlling the catalytic activ-
ity of tridentate amino alcohols as chiral ligands for the
enantioselective addition of diethylzinc to benzaldehyde,
by a comparison of the catalytic behavior of a series of
N/O, N/N/O, and N/O/O 10-aminoisoborneols described
previously by Oppolzer and Aoyama, with a new related
N/N/O ligand obtained and tested by us.
2. Results and discussion

In 1988, Oppolzer described that both N/O amino isobor-
neol 2 and N/N/O diamino isoborneol 3 (Fig. 2) are able to
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Figure 2. Previously described catalytic activities for related isoborneol-
based N/O, N/N/O, and N/O/O ligands.
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Figure 4. Proposed most stable TS for bidentate 2, 4 or 5 (endo-anti-7-Re,
by the application of Noyori’s transition-state model) and for tridentate 3

(endo-syn-6-Si, by the application of Oppolzer’s transition-state model).
Zinc-chelate catalyst in red.
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catalyze the enantioselective addition of diethylzinc to
benzaldehyde with high and similar enantioselectivities
(82% and 87% ee), but with a reversal of the sense of enan-
tioselection.7a Fifteen years later, Aoyama described the
same enantioselection grade (near 75% ee) and sense of
enantioselection (pro-R) for both N/O amino isoborneol
4 and N/O/O oxaamino isoborneol 5 (Fig. 2).8

In the seminal work of Oppolzer, the enantioselection
reversal exhibited by 3 was explained on the basis of its
tridentate character, which makes possible the formation
of bimetallic transition states with a pentacoordinated
catalytic zinc atom.7a This pentacoordinated-zinc transi-
tion-state model of Oppolzer 6 is different to the tetracoor-
dinated-zinc model 7, initially proposed by Noyori for
bidentate DAIB4 (Fig. 3).
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Figure 3. Pentacoordinated-zinc Oppolzer’s transition-state model 6 and
tetracoordinated-zinc Noyori’s one 7. Zinc-chelate catalyst in red.
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Figure 5. Catalytic activity of N/N/O ligand 8.
Application of Noyori’s model to bidentate amino iso-
borneols 2 or 4 predicts the (pro-R) TS (transition state)
endo-anti-7-Re9 (Fig. 4) to be the most stable,10 which is
in agreement with the sense of enantioselection found
(Fig. 2) whereas application of the Oppolzer’s model to
tridentate diamino isoborneol 3 predicts the (pro-S) endo-
syn-6-Si (Fig. 4),7a,11 also in agreement with the experimen-
tal data shown in Figure 2.
On the other hand, N/O/O Aoyama’s ligand 5 (pro-R)
must act as a simple N/O-bidentate ligand, similar to anal-
ogous pro-R ligands 2 and 4 (see Fig. 2). This fact can be
easily explained due to the low coordinative character of
the second oxygen of 5 (ether oxygen), when compared
with the second nitrogen of 3 (amine nitrogen).

For testing such hypotheses, we were interested in studying
the catalytic behavior of a new N/N/O ligand of the type of
3, that is, a 10-[(2-aminoethyl)amino]isoborneol. This new
analogue should act as a tridentate ligand and its catalytic
activity should be explained on the basis of a stable Oppol-
zer’s pro-S TS of the type of endo-syn-6-Si (see Fig. 4).

Following this line, we obtained (1R)-10-(4-methylpipera-
zin-1-yl)isoborneol 812 from commercial (1S)-ketopinic
acid in two steps (amidation with piperazine13 followed
by reduction with LAH,14 overall yield: 82%) and studied
its catalytic activity in the enantioselective addition of
diethylzinc to benzaldehyde15 (Fig. 5).

Surprisingly, instead of the expected (pro-S) catalytic activ-
ity for 8, a moderate (pro-R) enantioselection was observed
(Fig. 5, 50% ee). In principle, this experimental fact seemed
to indicate that 8 is acting in the reaction in a similar man-
ner as (pro-R) amino isoborneols 2, 4, or 5; that is, as a
simple N/O bidentate ligand. On the other hand, a compar-
ison between the use of bidentate ligands 2, 4, or 5, and
new ligand 8 shows a considerable enantioselection-degree
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diminution (Fig. 2). However, we believe that the extraor-
dinary similarity between the structures of 3 and 8 (see
Figs. 2 and 5) makes it not possible to discard a tridentate
behavior for 8. In this sense, ligand 8 must be able to
generate Oppolzer-type pentacoordinated-zinc transition
states (type 6 in Fig. 6), as tridentate ligand 3 does. Never-
theless, the mentioned similarity is not enough to maintain
the structure (absolute configuration) for the most stable
TS (controller of the enantioselection sense). Thus, while
endo-syn-6-Si was proposed by Oppolzer as the most stable
TS for N/N/O-tridentate ligand 3 (see Fig. 4),7a we now
propose endo-anti-60-Re as the most stable one for N/N/
O-tridentate ligand 8 (Fig. 6).16
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Figure 6. Proposed most stable TS for ligand 8 (endo-anti-60-Re, by
application of Oppolzer’s transition-state model). Zinc-chelate catalyst in
red.
This difference between 3 and 8 can be explained on the
basis of the catalyst’s conformational flexibility (with a
flexible six-membered zinc-chelate ring), and its modula-
tion by the type of geometry imposed by the second-nitro-
gen coordination. Thus, the simple ethylene bridge joining
the two nitrogens in ligand 3 gives place to a set of rela-
tively flexible pentacoordinated-zinc transition states of
type 6. This TS flexibility, joined to the fact that the cata-
lyst’s zinc-ethyl group (red ethyl) is folded over the catalyst
in such pentacoordinated-zinc transition states (note the
different disposition of such ethyl group in both tetracoor-
dinated-zinc endo-anti-7-Re and pentacoordinated-zinc
endo-syn-6-Si, Fig. 4), makes favorable a syn assembly of
the reacting species to the catalyst, which agrees with
Oppolzer’s suggestion of endo-syn-6-Si as the most stable
TS for 3. Nevertheless, the introduction of a second ethyl-
ene bridge between the nitrogens in ligand 8 makes the
corresponding set of pentacoordinated-zinc transition
states more rigid. This increase in rigidity would disfavor
the syn assemblies for the transition states, to the advan-
tage of the anti ones. This return to favored anti-type
transition states, initially proposed by Noyori for N/O-
bidentante ligands4 (i.e., endo-anti-7-Re), agrees with the
suggestion of endo-syn-60-Si as the most stable TS for 8
(note the minimal steric interaction between the close benz-
aldehyde’s hydrogen and catalyst’s zinc ethyl).
3. Conclusion

In conclusion, it has been demonstrated that: (1) Oppol-
zer’s transition-state model (pentacoordinated zinc) is a
useful model for explaining the catalytic behavior of N/
N/O-tridentate 10-amino isoborneols, (2) a high conforma-
tional flexibility for the catalyst energetically favors the for-
mation of syn-type transition states, whereas low catalyst
flexibility favors the formation of anti ones, and (3) the cat-
alyst’s flexibility can be modulated by the structure of the
nitrogen–nitrogen link.
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