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Letters
The rational design of modified Cinchona alkaloid catalysts.
Application to a new asymmetric synthesis of chiral chromanes
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Abstract—A new asymmetric synthesis of 2-substituted chiral chromanes has been achieved. The key step is the intramolecular
conjugate addition of a phenolic nucleophile on a a,b-unsaturated ester catalyzed by Cinchona alkaloids. The high ee’s obtained
with cinchonine and its derivatives have been rationalized by ab initio quantum chemistry calculations of transition state struc-
tures.
� 2004 Elsevier Ltd. All rights reserved.
Functionalized chromanes possess potentially useful
biological properties.1 In the scope of a research pro-
gram, we developed earlier the synthesis of 2,6-disub-
stituted-chromanes from 6-substituted chromanones2

(Fig. 1).

Although high overall yields of racemic material were
obtained, this approach suffered from the need to per-
form an optical resolution in the last step of the syn-
thesis.

In order to improve the productivity of the process
without having to develop a new route, we sought to
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utilize a chiral base in the Wittig-oxa-Michael step (Fig.
2). The results of those efforts are reported herein. Ini-
tially very low enantioselectivities (ca. 28% ee with cin-
chonine) were obtained in a tandem process by heating a
mixture of lactol 1, phosphorane, and cinchonine to 80–
100 �C. In this temperature range, we observed that the
phosphorane alone was able to catalyze the cyclization
thus competing with the chiral catalyst. Therefore, we
modified the procedure and performed the reaction
sequentially: (i) the Wittig step was carried out at
ambient temperature (ii) the remaining phosphorane
and the triphenylphosphine oxide by-product were
removed by silica gel treatment, and (iii) the chiral
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Table 1. Modifications of cinchonine at carbon-9
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Entry Catalysta

(10mol%)

R1 R2 Conv

(%)b
R/S ratio

(rel%)b

1 5 OH H 90 82:18

2 67 H OH 10 68:32

3 78 OH Me 5 nd

4 86 OMe H <1 nd

5 96 OAc H <1 nd

6 109 H H 25 61:49

aReactions were carried out in toluene (0.5M) at 110 �C under N2 for

48 h.
bDetermined by HPLC––Column Chiralcel OD, elution with 1mL/

min n-heptane/EtOH/diethylamine 99/1/0.2, UV detection at 235 nm.
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catalyst was added to the crude mixture of olefins
(�90% E isomer) and the solution heated to 80–100 �C.
Unfortunately, we obtained only slightly better results
(ca. 38% ee with cinchonine). Anyway, simple use of
cinchonine in the Wittig-oxa-Michael step allowed us to
increase the overall yield by 10–15%. After separation of
the (E)- and (Z)-a,b-unsaturated esters 2e–3e, we found
that these compounds cyclized into the opposite
enantiomers: with cinchonine (5–10mol%) as catalyst,
the E isomer 2e gave the S-chromane 4 (44% ee) and the
Z olefin 3e afforded the R enantiomer (66% ee). It is
worth mentioning that among Cinchona alkaloids cin-
chonine gave the best results for both E and Z isomers
(cinchonine> quinidine> cinchonidine� quinine). On
the other hand, we attempted to increase the enantio-
selectivity by modifying the alkyl chain (methyl, tert-
butyl, and benzyl) of the ester function but with little
success: up to 67% ee for the Z benzyl ester 3g and 54%
ee for the E tert-butyl ester 2f.

We performed a broader screening of chiral bases and
solvents3 but none of the systems studied could improve
the results obtained with readily available cinchonine. In
many experiments performed on the Z substrates, we
observed the formation of the E isomer. Control
experiments showed that this latter product is not
formed by direct isomerization of the Z substrate4 or by
retro-Michael on the final chromane.5 We assumed
therefore that protonation of the ester enolate formed
after cyclization was too slow in aprotic solvents thus
allowing retro-Michael reaction leading to the for-
mation of the E isomer.
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Figure 3. Preparation of C3-modified catalysts.
We decided thus to focus on cinchonine (5) and eval-
uated first modifications around chiral carbon-96

(Table 1).

Table 1 shows all the modifications envisaged in cata-
lysts 6–10. It is noteworthy that increase of steric
hindrance and conformational constrain (entry 3), O-
functionalization (entries 4 and 5) and de-hydroxylation
(entry 6) have a large negative effect. The presence of a
conformationally mobile free hydroxy group is thus
needed in the catalyst to achieve both good kinetics and
enantioselectivity.

We envisaged then the modification of the vinyl side
chain of cinchonine10 5 and selected the aldehyde 12 as
the key intermediate of our approach (Fig. 3).

We found that epimerization occurs at carbon-3 during
the periodate oxidation step11 and developed an efficient
crystallization in diisopropylether to obtain highly pure
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Table 3. Cyclization of Z ester model 3a with C3-modified catalysts

OH

Me

CO2Me
O
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3a 4

Entry Catalyst

(10mol%)a
Conversion (%)b R/S ratio

(rel%)b

1 5 45 82:18

2 13 37 78:22

3 14 30 83:17

4 15 44 87:13

5 16 34 89:11

6 17 23 88:12

7 18 20 90:10

8 19 44 87:13

9 24 75 86:14

10 25 45 88:12

11 26 35 90:10

12 27 35 65:35

13 28 42 87:13

14 29 <2 nd

15 30 <2 nd

aReactions were carried out in toluene (0.5M) at 80 �C under N2 for

24 h.
bDetermined by HPLC––Column Chiralcel OD, elution with 1mL/

min n-heptane/EtOH/diethylamine 99/1/0.2, UV detection at 235 nm.

Table 2. Preparation of C3-modified catalysts

Entry Compound R1 R2 Yield (%)a

1 13 H Me 25

2 14 Me H 45

3 15 H/Etb Et/Hb 80

4 16 i-Pr/Hb H/i-Prb 70

5 17 H Ph 68

6 18 Ph H 12

7 19 Me Me 30

8 20 Me/Et Et/Me <5

9 21 c-Hex <5

10 22 c-Pr �0
11 23 Ph Ph <5

12 24 H H 95c

13 25 Me Me 85

14 26 H Ph 90

X

15 27 H 60

16 28 CH2OH 95

17 29 CN 60

18 30 CHO 90

a Isolated unoptimized yields.
bE/Z mixture (�1:2 by 1H NMR) could not be separated.
c Commercially available at 97% purity (Aldrich).
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12. Catalysts 13–23 (Table 2) were prepared by reaction
of 12 with ca. 3 equiv of the Wittig reagents prepared
from the corresponding phosphonium halides and
LHMDS.12

We obtained about 80% yield for the mono-substituted
compounds as E/Z mixtures (entries 1–6) but only the
11-methyl and 11-phenyl derivatives could be separated
by chromatography on silica gel. With the exception of
the dimethyl compound 19, only traces of the 11,11-
disubstituted derivatives were obtained (entries 8–11). In
these unsuccessful experiments, most recovered alde-
hyde 12 was largely epimerized at carbon-3. Cinchonine
(5), 17, and 19 were hydrogenated with 10% Pd–C to
afford the saturated catalysts 24–26 in high yield (entries
12–14). From the aldehyde 12, we prepared also the
catalysts 28,13 29,13 and 30 in order to evaluate elec-
tronic effects on the quinuclidine nitrogen14 and the
catalyst 2713 to assess lack of substitution at carbon-3 of
the quinuclidine ring.

These catalysts were tested in the cyclization of model Z
and E esters 2a and 3a.15 Reactions were carried out at a
lower temperature (80 �C) to better discriminate the
effects of our modifications on the conversion and to
minimize possible retro-Michael side reaction16 occur-
ring at higher temperature. As shown in Table 3, mod-
ifications at carbon-3 generally affect conversion and
enantioselectivity. Globally, the introduction of alkyl or
aryl groups on the vinyl side chain of the catalyst (en-
tries 2–8) had a positive effect on enantioselectivity and a
negative impact on conversion. The best enantioselec-
tivities were obtained with the bulkiest groups (entries
4–7) albeit at low conversion. For both methyl and
phenyl groups, the Z geometry gave better enantiose-
lectivity (14> 13 and 18> 17). Dialkylation at the ter-
minal position of the olefin was also beneficial (entry 8).
On the other hand, hydrogenation of the vinyl group
(entries 9–11) increased conversion and enantioselectiv-
ity, especially for the least hindered catalyst (24> 5).

We assume that the intrinsically higher steric hindrance
of the saturated compounds favors discrimination
between the transition states. Higher conversions are
explained by an increase of the nitrogen basicity due to a
higher þi effect at position-3.17 The poor results ob-
tained with catalyst 27 reinforce our assumption about
the need for steric hindrance at position-3. We have also
shown that introduction of a polar hydroxy function is
tolerated (entry 13) contrary to strong electron-with-
drawing groups, which give significantly poorer results
(entries 14 and 15). Catalysts 29–30 are most probably
not basic enough to deprotonate the phenolic sub-
strate.14

As illustrated in Table 4, the effect of a structural
modification of the catalyst on the E ester 2a cyclization
is relatively similar to that observed for the Z derivative.

Steric hindrance (entries 2, 4, and 5) and hydrogenation
(entries 6–8) of the vinyl side chain have generally a
positive effect whereas electron-withdrawing groups
(entries 11 and 12) lead to low conversions. As observed
in our earlier studies, cyclization of the E isomer is al-
ways faster but less enantioselective. Of the catalysts
tested, 26 gave the highest enantioselectivities for both Z
(80% ee) and E (52% ee) substrates.

In order to rationalize the results obtained with cin-
chonine and to help design better catalysts, we per-
formed a molecular modeling study. Numerous
conformational studies have been conducted on Cin-
chona alkaloids.18 The relative populations of the more



Figure 4. Possible transition state I for Z ester isomer 3a.

Figure 5. Possible transition state II for Z ester isomer 3a.

Table 4. Cyclization of E ester model 2a with C3-modified catalysts

OH

Me

O

Me

CO2Me

CO2Me

2a 4

Entry Catalyst

(10mol%)a
Conversion

(%)b
R/S ratio

(rel%)b

1 5 95 30:70

2 13 58 31:69

3 17 70 40:60

4 18 35 26:74

5 19 60 28:72

6 24 100 25:75

7 25 75 27:73

8 26 82 24:76

9 27 50 41:59

10 28 80 32:68

11 29 3 nd

12 30 10 30:70

aReactions were carried out in toluene (0.5M) at 80 �C under N2 for

24 h.
bDetermined by HPLC––Column Chiralcel OD, elution with 1mL/

min n-heptane/EtOH/diethylamine 99/1/0.2, UV detection at 235 nm.
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stable conformations are very sensitive to the environ-
mental variations such as pH, solvent polarity or H-
bonding.19 It is however hazardous to limit the study of
a catalyst–substrate interaction to the most stable con-
formers of the free alkaloid as the relative differences
between their energies are relatively low compared to the
energies of transition states.20

Therefore, we decided to use ab initio quantum chem-
istry calculations, which build step by step models of the
substrate–catalyst complex starting with the key hy-
droxy and amino groups of the alkaloid.21 A potential
energy map of cinchonine has been calculated for the
torsion angles /1 (C40–C9–C8–N1) and /2 (C30–C40–
C9–C8) by optimization of all the other 3n� 8 degrees
of freedom. As the differences in free energy between 6
of the 8 minima found are <2.5 kcal/mol, we can con-
clude that several of them are energetically accessible for
the intramolecular oxa-Michael reaction. We found two
possible transition states for the cyclization of the Z
substrate. Both involve the formation of a tight ion-pair
between the basic nitrogen of cinchonine and the phe-
nolic group of the substrate as well as a large defor-
mation of the quinuclidine ring during cyclization.
Torsion angle /1 of cinchonine remains close to 300�
whereas /2 varies from )20� to +40�. Transition state
(TS) I is stabilized by hydrogen bonding between the
hydroxy group of the catalyst and the carbonyl function
of the a,b-unsaturated ester. Preferential formation of
the R enantiomer is explained by a lower steric repulsion
between the vinyl and quinoline groups (Fig. 4). Indeed,
the distance between carbons 11 and 60 in the pro-R and
pro-S TS I are, respectively, �9.3 and �4.8�A. This TS is
thus in agreement with the best ee obtained with the
more hindered C-11 substituted catalysts.

In the other energetically favored TS (II) leading to the
R enantiomer, the hydroxy group of cinchonine takes
part in a concerted mechanism (Fig. 5). This pathway
avoiding the formation of a charged ester enolate after
cyclization is energetically favored in apolar solvents.

TS IImight thus explain the much lower extend of retro-
Michael side reaction observed for cinchonine and its
derivatives as compared to most other aminoalcohols.
As for the less enantioselective E isomer cyclizations we
identified only a structure very similar to I, we tenta-
tively propose II as the preferred transition state for the
cyclization of Z compounds.

In conclusion, we have achieved a new asymmetric
synthesis of 2-substituted chiral chromanes. The key
step is the intramolecular conjugate addition of a phe-
nolic nucleophile on a a,b-unsaturated ester. To the best
of our knowledge, it is the first example of asymmetric
catalysis of an exo-trig22 cyclization for an oxygen
nucleophile. An extensive study of the effect of the cat-
alyst’s structure on the enantioselectivity of a model
reaction was achieved. We have shown that the highest
ee’s are obtained with the readily available Cinchona
alkaloids and some of their derivatives. Finally, the
experimental results have been rationalized by ab initio
quantum chemistry calculations of transition state
structures.
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