
Tetrahedron: Asymmetry 17 (2006) 3423–3429
Improved conditions for the asymmetric synthesis of a-amino
acids using Cinchona-derived anthracenylmethyl ammonium

salts as chiral phase-transfer organocatalysts
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Abstract—Cinchonidine and cinchonine-derived monomeric anthracenylmethyl ammonium salts bearing different counter-anions are
used as chiral organocatalysts in the enantioselective alkylation of a benzophenone-imine tert-butyl glycinate under phase-transfer con-
ditions. Generally, an improvement of the enantioselectivity is observed when the counterions are tetrafluoroborate and hexafluorophos-
phate using 50% aqueous KOH as the base and toluene/chloroform as the solvent. The enantioselectivities achieved are comparable and
frequently higher, even working under simpler and less-strict reaction conditions and with lower organocatalyst loading, than those
reported previously.
� 2006 Elsevier Ltd. All rights reserved.
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3a, R = H, X = Cl
3b, R = H, X = BF4
3c, R = H, X = PF6

3d, R = Allyl, X = Br
3e, R = Allyl, X = BF4
3f, R = Allyl, X = PF6
1. Introduction

The asymmetric synthesis of a-amino acids has always been
always considered as a synthetic challenge due to their bio-
logical properties, therefore boosting the development of
many methodologies.1 Especially interesting from an
industrial point of view are those which include the use
of a catalyst, and amongst them the phase-transfer cataly-
sis (PTC)2 applied to the asymmetric alkylation of glycine
and alanine Schiff bases is probably the most simple and
easy to scale up. Thus, the enantioselective alkylation of
amino acid imines under PTC conditions catalyzed by salts
from Cinchona alkaloids3 pioneered by O’Donnell with
benzylated ammonium salts, such as the cinchonidine-
derived 14 and its pseudoenantiomeric cinchonine-derived
counterpart 2,4f and improved by Lygo (3a)5 and Corey
(3d)6 by changing the benzyl by an anthracenylmethyl
group, allowed high degrees of enantioselection using a
very simple procedure to be achieved. Encouraged by these
results, dimeric,7 trimeric,8 dendrimeric9 Cinchona alka-
loid-derived catalysts and even polymer-supported Cin-
chona-derived species have been developed.10 In addition,
catalysts such as spiro ammonium11 and phosphonium
salts,12 TADDOL13a,b and other tartaric derivatives,13c–e
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guanidinium salts,13f binaphthyl-derived amines,13b,14 and
salen-metal complexes15 have also been used.
Amongst this array of PTC catalysts, and considering
large-scale use, the cinchonidine-derived monomeric
ammonium salts developed by Lygo5 (3a) and Corey6

(3d) are the most simple, easily available, and economical.
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Table 1. Enantioselective benzylation of glycine imine 4 under reported
and new PTC conditions

N CO2tBuPh

Ph

N CO2tBuPh

Ph
Ph

PhCH2Br
catalyst, conditions

4 (S)-5a

Entry Catalyst Cond.a t (h) Yieldb (%) eec (%)

No. R X

1 3a H Cl A 3 70 91
2 3a H Cl B 3 50 91
3 3a H Cl Bd 3 73 90
4 3d Allyl Br C 23 90 91
5 3d Allyl Br B 1.5 86 93
6 3d Allyl Br Bd 3 93 95

a Conditions A: 10 mol % cat., 50% aq KOH, toluene, 25 �C (reported in
Ref. 5a: 18 h, 68%, 91% ee); Conditions B: 5 mol % cat., 50% aq KOH,
toluene/CHCl3 (7/3 v/v), 25 �C; Conditions C: 10 mol % cat., CsOHÆ
H2O, CH2Cl2, �78 �C (reported in Ref. 6a: 23 h, 87%, 94% ee).

b Crude yield determined by 1H NMR (300 MHz).
c Determined by chiral GLC from the corresponding trifluoroacetamides

(see Experimental).
d The reaction was performed at 0 �C.
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Comparing their performance in the alkylation of tert-
butyl N-(diphenylmethylene)glycinate, the cinchonidine-
derived ammonium salt 3a has been used in the synthesis
of (S)-a-amino acid derivatives under liquid–liquid PTC
condition with economical bases, such as KOH and at
room temperature, although the higher ee’s achieved are
only close to 90%. Ammonium salt 3d affords generally
higher ee’s than 3a (even higher than 99%), although these
results were achieved under solid–liquid PTC conditions,
using relatively expensive CsOH as a base and low reaction
temperatures (generally at or below �60 �C) in CH2Cl2 as a
solvent. In spite of the use of this rather strict reaction
conditions, the asymmetric alkylation of tert-butyl N-
(diphenylmethylene)glycinate using 3d as a PTC catalysts
has frequently been used in the preparation of many a-ami-
no acids of interest.16

Recently, a certain influence of the counter anion accompa-
nying the chiral ammonium salt in the enantioselectivity of
this reaction has been observed in a two-center tartrate-
derived bis-ammonium salt,17 this influence being even
larger when using the dimeric cinchonidinium and cinchon-
inium salts developed by our group,18 as well as in enantio-
selective Michael addition reactions.19 These observations
are especially interesting, as an improvement in the enantio-
selectivity of these chiral PTC catalysts can be achieved just
by changing their accompanying counterion, which is more
simple and straightforward than by modifying their struc-
tural features. A subsequent question is, if a counter-anion
exchange in the more simple monomeric salts 3a and 3d,
perhaps also combined with a modification of the reaction
conditions, would positively affect their performance as
chiral PTC catalysts. Thus, an anion-exchanged salt from
the less-derivatized 3a might be more suitable for achieving
the high enantioselectivities required, whereas an
exchanged salt from its allylated derivative 3d could keep
its high-performing properties although avoiding the use
of strict reaction conditions.
2. Results and discussion

The cinchonidine-derived ammonium salts 3a and 3d where
employed as chiral PTC catalysts (5 mol %) in the model
benzylation reaction of tert-butyl N-(diphenylmethylene)-
glycinate 4 to give the corresponding enantiomerically
enriched benzylated compound (S)-5a. The first experi-
ments focused on a comparison between the enantioselec-
tivities achieved under the previously reported conditions
(Table 1, Conditions A and C) and others considered
appropriate for further developments (Table 1, Conditions
B). The base selected was the economical 50% aqueous
KOH. The solvent employed was a mixture of toluene/
chloroform (7/3 v/v) at room temperature or at 0 �C with
a 5% mol of the phase-transfer catalyst. The use of this par-
ticular mixture of organic solvents for this liquid–liquid
PTC alkylation process was found to give the highest
enantioselectivities originally by Jew and Park using
dimeric cinchonidinium salts as catalysts and working at
temperatures of 0 and �20 �C.7a The incorporation of a
certain amount of a more polar solvent than the toluene
allows lowering the reaction temperature avoiding a possible
insolubility of the catalysts in the organic reaction phase.
This problem has been observed in related PTC alkylations
carried out in toluene, resulting in a reduction in the effec-
tive concentration of the catalyst which therefore gives a
lower enantioselection.20

The reaction of glycinate 4 with benzyl bromide under PTC
conditions using cinchonidine-derived chloride salt 3a as a
catalyst under Conditions B at room temperature or at
0 �C gave 91% and 90% ee, respectively, of the correspond-
ing benzylated product (S)-5 in 3 h reaction time (Table 1,
entries 2 and 3), which was similar than the results we ob-
tained for this catalyst when using Conditions A5a with a
much longer reaction time (Table 1, entry 1). In addition,
the allylated cinchonidine bromide 3d gave rise in our
hands to a 94% ee of (S)-5a under Conditions C during
23 h (Table 1, entry 4).6a However, a quite similar 93% ee
could be obtained in 1.5 h working at room temperature
under Conditions B (Table 1, entry 5). This value increased
to 95% ee by lowering the reaction temperature down to
0 �C (Table 1, entry 6). It can be concluded that Conditions
B at 0 �C can afford similar enantioselectivities in much
lower reaction times than the previously described Condi-
tions A or C and with lower catalyst loading. Therefore,
for this benzylation reaction, the O-allylated salt 3d is a
more efficient catalyst than 3a.

After determining the suitability of the new reaction condi-
tions for performing the model benzylation reaction with, at
least, comparable enantioselectivities, the next step was to
investigate the influence of the counter anion of the catalyst
in the enantioselectivity of the reaction under Conditions B
at 0 �C, which gave good enantioselectivities while keeping
a non-strict and easy-handling methodology. The tetrafluo-
roborate and hexafluorophosphate anions were considered
appropriate for exchanging the chloride anion of cinchoni-
dine-derived ammonium salt 3a and the bromide anion of
3d, as they have proven to give rise to a better enantioselec-
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tion,17–19 probably because they can form less tight ionic
pairs than chloride or bromide, thus allowing an easier
and rapid complexation of the chiral ammonium cation
with the glycine-derived enolate. Thus, the chloride anion
of 3a was exchanged by the tetrafluoroborate and the hexa-
fluorophosphate anions, after the reaction of 3a with
2.5 equiv of sodium tetrafluoroborate or potassium hexaflu-
orophosphate, respectively, in acetonitrile as a solvent for
1 day at room temperature. After the addition of ether
and filtration, the resulting solids were washed with water
and dried to give the corresponding salts 3b and 3c in
98% and 97% yields, respectively. Similarly the O(9)-allyl-
ated tetrafluoroborate and hexafluorophosphate cinchoni-
dine-derived salts 3e and 3f were prepared in 96% and
94% yields, respectively, now starting from the O-allylated
bromide 3b. Tetrafluoroborates 3b and 3e and hexafluoro-
phosphates 3c and 3f showed infrared spectra revealing
new strong absorption bands around 1060 3b and 3e and
840 (3c and 3f) cm�1, corresponding to the tetrafluorobo-
rate and hexafluorophosphate anions, respectively.

The results obtained in the benzylation of glycinate 4 using
these exchanged salts are shown in Table 2, where the
reported values included in Table 1 for 3a and 3d are
included for a rapid comparison (Table 2, entries 1 and
4). Thus, the reaction of glycinate 4 using the cinchonidine-
derived exchanged tetrafluoroborate salt 3b as a catalyst
under Conditions B, afforded (S)-5a with an enantioselec-
tivity raised up to 94% (Table 2, entry 2) when compared
with its counterpart 3a (Table 2, entry 1); no influence
when lowering the temperature down to �20 �C was ob-
served. A similar improvement in the final enantioselection
was detected when hexafluorophosphate 3c was employed
as a catalyst under Conditions B, (S)-5a with 95% ee (Table
2, entry 3) being obtained.

The results observed when working with the new O-allyl-
ated cinchonidine-derived exchanged ammonium salts 3d
Table 2. Enantioselective benzylation of glycine imine 4 under PTC condition

N CO2tBuPh

Ph

PhCH

3 or 6 (5 

4
50% aq.

PhMe/CHC

Entry Catalyst Time (h)

No. R X

1 3a H Cl 3
2 3b H BF4 2
3 3c H PF6 2.5
4 3d Allyl Br 3
5 3e Allyl BF4 2.5
6 3f Allyl PF6 1
7 6a H Cl 10
8 6b H BF4 24
9 6c H PF6 24

10 6d Allyl Br 6
11 6e Allyl BF4 23
12 6f Allyl PF6 20

a Crude yield determined by 1H NMR (300 MHz).
b Determined by chiral GLC from the corresponding trifluoroacetamides (see
c Literature values under Conditions A: 10 mol % cat., 18 h, 63%, 89% ee (Re
and 3f also proved interesting. Thus, under Conditions B
at 0 �C, the enantioselectivity achieved was 96% when the
exchanged O-allylated tetrafluoroborate 3e was used as a
catalyst, whereas for (S)-5a a 96% ee was obtained when
the O-allylated hexafluorophosphate 3f was used (Table
2, entries 5 and 6). This value increased to 97% ee when
the temperature was lowered to �20 �C.

Taking into account the above mentioned consideration of
cinchonine-derived ammonium salts as pseudoenantiomers
of their cinchonidine counterparts, and a simple way of
achieving an opposite enantioselection,4f a cinchonine-de-
rived series of PTC catalysts 6 bearing different counterions
were also prepared following the same methodology as de-
scribed above. Thus, starting from chloride 6a, tetrafluoro-
borate 6b, and hexafluorophosphate 6c were prepared in
90% and 87% yields, respectively, whereas O-allylated bro-
mide 6d gave rise to the corresponding salts 6e and 6f in
82% and 85% yields, respectively; these anion exchanges
were also confirmed by IR spectroscopy.
The use of these cinchonine-derived ammonium salts 6 as
PTC catalysts for the standard model benzylation reaction
under Conditions B at 0 �C afforded, as expected, the (R)-
5a product. Thus, when chloride 6a was used as a catalyst,
a 93% ee of (R)-5a was obtained (Table 2, entry 7). This
s

N CO2tBuPh

Ph
Ph

2Br

mol%)

5a

*

 KOH, 
l3, 0 ºC

Product

No. Yielda (%) S/R Ratiob ee (%)

(S)-5a 73 95/5 90
(S)-5a 80 97/3 94
(S)-5a 60 97.5/2.5 95
(S)-5a 93 97.5/2.5 95
(S)-5a 83 98/2 96
(S)-5a 84 98/2 96
(R)-5a 94 3.5/96.5 93c

(R)-5a 94 1/99 98
(R)-5a 93 3/97 94
(R)-5a 86 4/96 92
(R)-5a 75 4/96 92
(R)-5a 73 2.5/97.5 95

Experimental).
f. 5a).
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value could be increased up to 98% ee when using the tet-
rafluoroborate counterpart 6b as a catalyst (Table 2, entry
8), although close to the enantioselection obtained using
the exchanged hexafluorophosphate 6c (Table 2, entry 9).
These values were clearly higher than these reported with
catalyst 6a under Conditions A (see footnote c in Table
2). When the O-allylated cinchonine-derived bromide 6d
was used as a catalyst, 92% ee of the benzylated product
was obtained, an identical value when using the exchanged
tetrafluoroborate 6e (Table 2, entries 10 and 11). However,
when hexafluorophosphate 6f was used, a higher 95% ee
for (R)-5a was obtained, a value similar than to when using
its cinchonidine pseudoenantiomeric counterpart 3f was ob-
tained, although in a longer reaction time (Table 2, entry
12).

The next step was extending the study of the PTC alkyl-
ation reaction of glycinate 4 with the anion-exchanged cat-
alysts to other activated and non-activated electrophiles
under Conditions B at 0 �C. Thus, when the reaction was
Table 3. Enantioselective alkylation of glycine imine 4 under PTC conditions

N CO2tBuPh

Ph

RHal

3 (5 mol%), 50%

4
PhMe/CHCl

Entry Catalyst RHal Time (h

No. R X

1c 3a H Cl CH2@CHCH2Br 18
2 3a H Cl CH2@CHCH2Br 3.5
3 3b H BF4 CH2@CHCH2Br 5
4 3c H PF6 CH2@CHCH2Br 5
5d 3d Allyl Br CH2@CHCH2Br 22
6 3d Allyl Br CH2@CHCH2Br 3
7 3e Allyl BF4 CH2@CHCH2Br 5
8 3f Allyl PF6 CH2@CHCH2Br 5.5
9e 3d Allyl Br 2-O2NC6H4CH2Br n.r.

10 3d Allyl Br 2-O2NC6H4CH2Br 12
11 3e Allyl BF4 2-O2NC6H4CH2Br 12
12 3f Allyl PF6 2-O2NC6H4CH2Br 12
13c 3a H Cl CH3I 3
14 3a H Cl CH3I 24
15 3c H PF6 CH3I 24
16d 3d Allyl Br CH3I 28
17 3d Allyl Br CH3I 24
18 3e Allyl BF4 CH3I 23
19f 3e Allyl BF4 CH3I 28
20 3f Allyl PF6 CH3I 24
21c 3a H Cl BrCH2CO2t-Bu 18
22g 3a H Cl BrCH2CO2t-Bu 8
23 3a H Cl BrCH2CO2t-Bu 8
24 3b H BF4 BrCH2CO2t-Bu 8
25 3c H PF6 BrCH2CO2t-Bu 8
26 3d Allyl Br BrCH2CO2t-Bu 8
27 3e Allyl BF4 BrCH2CO2t-Bu 8
28 3f Allyl PF6 BrCH2CO2t-Bu 27

a Crude yield determined by 1H NMR (300 MHz).
b Determined by chiral GLC from the corresponding trifluoroacetamides (see
c Literature results under Conditions A.
d Literature results under Conditions C.
e Literature results under Conditions C at �30 �C.
f The reaction was performed at �20 �C.
g The reaction was carried out at 25 �C.
performed using allyl bromide as the electrophile and
cinchonidine-derived chloride 3a as the PTC catalyst under
these reaction conditions, a 95% ee of the corresponding
allylated compound (S)-5b was obtained (Table 3, entry
2), which is a rather high value, when taking into account
that the use of catalyst 3a under Conditions A is reported
to afford an 88% ee for (S)-5b (Table 3, entry 1).5a When
this allylation reaction was performed using the exchanged
tetrafluoroborate 3b, the enantioselectivity dropped to
92%. However, a maximum value of 98% ee was achieved
using hexafluorophosphate 3c as a catalyst (Table 3, entries
3 and 4). When the O-allylated cinchonidine-derived bro-
mide catalyst 3d was employed for this allylation reaction,
the enantioselection for the corresponding (S)-5b was only
85%, which is lower than the 97% ee previously reported
using Conditions C6a (Table 3, entries 5 and 6). However,
in this case, the use of the exchanged tetrafluoroborate
and hexafluorophosphate O-allylated salts 3e or 3f allowed
an increase in the initially rather low enantioselection up to
a 96% ee for both catalysts (Table 3, entries 7 and 8).
N CO2tBuPh

Ph R aq. KOH

(S)-53, 0 ºC

) Product Ref.

No. Yielda (%) S/R Ratiob ee (%)

(S)-5b 76 94/6 88 5a
(S)-5b 93 97.5/2.5 95
(S)-5b 84 96/4 92
(S)-5b 81 99/1 98
(S)-5b 87 98.5/1.5 97 6a
(S)-5b 80 92.5/7.5 85
(S)-5b 96 98/2 96
(S)-5b 73 98/2 96
(S)-5c 92 96.25/3.75 92.5 21
(S)-5c 88 95/5 90
(S)-5c 90 97/3 94
(S)-5c 81 97/3 94
(S)-5d 41 95.5/5.5 89 5a
(S)-5d 55 94.5/5.5 89
(S)-5d 52 94.5/5.5 89
(S)-5d 71 98.5/1.5 97 6a
(S)-5d 50 95/5 90
(S)-5d 58 96.5/3.5 93
(S)-5d 44 96.5/3.5 93
(S)-5d 47 96/4 92
(S)-5e 67 84/16 68 5e
(S)-5e 49 88/12 76
(S)-5e 41 90.5/9.5 81
(S)-5e 64 90.5/9.5 81
(S)-5e 56 89/11 78
(S)-5e 86 90/10 80
(S)-5e 85 89.5/10.5 79
(S)-5e 80 93/7 86

Experimental).
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When 2-nitrobenzyl bromide was used as the electrophile in
the presence of the O-allylated cinchonidine-derived bro-
mide catalyst 3d, benzylated compound (S)-5c was obtained
in a 90% ee (Table 3, entry 10). This value was increased up
to 94% ee when the exchanged ammonium salts 3e and 3f
were used as the catalysts (Table 3, entries 11 and 12). This
enantioselection was higher than that reported for (S)-5c
employing Conditions C but working at �30 �C (92.5%
ee, Table 3, entry 9), in a synthesis of enantiomerically
enriched 3-amino-3,4-dihydro-1H-quinolin-2-one, a useful
building block in the synthesis of many biologically active
compounds.21

The use of a non-activated electrophile, such as methyl
iodide, gave, as expected, longer reaction times and lower
yields. When chloride salt 3a was used as PTC catalysts
under Conditions B at 0 �C, the corresponding (S)-5d was
obtained in an 89% ee, an identical value to that detected
when the usually enantioselection-increasing tetrafluoro-
borate salt 3c was employed (Table 3, entries 14 and 15).
This was also identical to the reported value observed under
Conditions A5a (Table 3, entry 13). In addition, when the
O-allylated cinchonidine-derived bromide 3d was used as
a catalyst, a 90% ee of the corresponding methylated prod-
uct (S)-5d was obtained. This value could be increased
slightly up to 93% and 92% ee when the exchanged tetra-
fluoroborate and hexafluorophosphate salts 3e and 3f,
respectively, were employed. No difference when lowering
the reaction temperature was detected (Table 3, entries
17–20). This methylation reaction has been previously re-
ported using bromide 3d as a catalyst, reaching up to 97%
ee, although working at �60 �C6a (Table 3, entry 16).

More polar alkylating reagents, such as tert-butyl bromo-
acetate, are considered ‘difficult’ electrophiles for this type
of alkylation reactions, usually giving lower enantioselectiv-
ities, probably as a consequence of an increased rate of the
non-catalyzed background reaction.5e Thus, the use of bro-
mide 3a under Conditions A is reported to afford the corre-
sponding product (S)-5e in only 68% ee5e (Table 3, entry
21). However, just the use of Conditions B at room temper-
ature allowed us to raise this value to 76% ee (Table 2, entry
22), whereas the enantioselectivity achieved was an 81% ee
using chloride 3a or the exchanged tetrafluoroborate 3b
under Conditions B at 0 �C, the hexafluorophosphate 3c
giving place to a 78% ee (Table 2, entries 23–25). The O-allyl-
ated bromide 3d or tetrafluoroborate 3e performed similarly
under Conditions B at 0 �C, to afford the alkylated product
in 80% and 79% ee, respectively, whereas a remarkable 86%
ee could be achieved when using hexafluorophosphate 3f as
a catalyst (Table 3, entries 22–26).
3. Conclusions

We can conclude that the enantioselectivity of the alkyl-
ation reaction of iminic glycinates under PTC conditions
using the common, simple, and inexpensive monomeric
cinchonidine and cinchonine-derived ammonium salts can
be improved, considerably, by using sometimes less-strict
reaction conditions. Thus, using 50% aqueous KOH in tol-
uene/chloroform as a solvent, lowering the loading of
organocatalyst, and tuning the catalyst efficiency by means
of an anion exchange from chloride or bromide to tetra-
fluoroborate and hexafluorophosphate, can give shorter
reaction times, better yields, and higher enantioselectivities.
4. Experimental

4.1. General

All the reagents and solvents employed were of the best
grade available and used without further purification.
The ammonium salts 3a,5a 3d,6a 6a,5a and 6d4e were pre-
pared as described. Melting points are uncorrected. IR
data were collected on a Nicolet Impact 400D-FT spec-
trometer and only diagnostic bands are given. The 1H
NMR spectra were recorded on a Bruker AC-300 at
300 MHz, using CDCl3 as a solvent and TMS as the inter-
nal standard. The enantiomeric excesses of products 5 were
determined by GLC analyses of the corresponding N-triflu-
oroacetamide esters, obtained after 15% aq citric acid
hydrolysis of imines 5 and further reaction with trifluoro-
acetic anhydride22 (Crownpack Chirasil-L-Val column,
25 m · 0.25 mm i.d.; conditions for 5a, 5c, 5d, and 5e:
P = 85 kPa, 1 min 85 �C, 2 �C/min to 180 �C; conditions
for 5b: P = 50 kPa, 1 min 105 �C, 1 �C/min to 180 �C).
GLC reference racemic samples were prepared from the
corresponding racemic 5, which were obtained using
tetra-n-butylammonium bromide as a phase-transfer cata-
lyst. The absolute configuration was determined by the sign
of the specific rotation of phenylalanine, obtained by the
hydrolysis of (S)-5a under refluxing 6M HCl and treatment
with propylene oxide.23
4.2. Preparation of cinchonidine-derived ammonium salts 3b,
3c, 3e, and 3f

To a suspension of 3a (500 mg, 0.96 mmol) or 3d (581 mg,
0.96 mmol) in acetonitrile (9 mL) was added sodium tetra-
fluoroborate (2.4 mmol, 263 mg) or potassium hexafluoro-
phosphate (2.4 mmol, 442 mg). The reaction mixture was
stirred at room temperature for 24 h. After this time, the
solvent was removed and the mixture diluted with water
(10 mL) and extracted with CH2Cl2 (3 · 5 mL). The com-
bined organic extracts were dried over MgSO4 and evapo-
rated in vacuo to give a crude product, which was washed
with water and Et2O. Filtration and drying afforded 3b
(539 mg, 98%) and 3c (587 mg, 97%) from 3a, and 3e
(564 mg, 96%) and 3f (605 mg, 94%) from 3d. The 1H
NMR of these products were identical to those reported
for the starting materials.
4.2.1. N-9-Anthracenylmethylcinchonidinium tetrafluoro-
borate 3b. Mp 173 �C, ½a�25

D ¼ �316 (c 0.7, acetone),
IR (KBr) m 3419, 1060, 745 cm�1.
4.2.2. N-9-Anthracenylmethylcinchonidinium hexafluoro-
phosphate 3c. Mp 167 �C, ½a�25

D ¼ �190 (c 0.5, acetone), IR
(KBr) m 3522, 839, 557 cm�1.
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4.2.3. O(9)-Allyl-N-anthracenylmethylcinchonidinium tetra-
fluoroborate 3e. Mp 145 �C, ½a�25

D ¼ �154 (c 0.5,
acetone), IR (KBr) m 1460, 1066, 743 cm�1.

4.2.4. O(9)-Allyl-N-anthracenylmethylcinchonidinium hexa-
fluorophosphate 3f. Mp 159 �C, ½a�25

D ¼ �189 (c 0.8, ace-
tone), IR (KBr) m 1462, 839, 557 cm�1.

4.3. Preparation of cinchonine-derived ammonium salts 6b,
6c, 6e, and 6f

To a suspension of 6a (500 mg, 0.96 mmol) or 6d (581 mg,
0.96 mmol) in acetonitrile (9 mL) was added sodium tetra-
fluoroborate (2.4 mmol, 263 mg) or potassium hexafluoro-
phosphate (2.4 mmol, 442 mg). The reaction mixture was
stirred at room temperature for 24 h. After this time, the
solvent was removed and the mixture diluted with water
(10 mL) and extracted with CH2Cl2 (3 · 5 mL). The com-
bined organic extracts were dried over MgSO4 and evapo-
rated in vacuo to give a crude which was washed with water
and Et2O. Filtration and drying afforded 6b (495 mg, 90%)
and 6c (527 mg, 87%) from 6a, and 6e (482 mg, 82%) and 6f
(547 mg, 85%) from 6d. The 1H NMR of these products
were identical to those reported for the starting materials.

4.3.1. N-9-Anthracenylmethylcinchoninium tetrafluoro-
borate 6b. Mp 194 �C, ½a�25

D ¼ þ250 (c 1.0, CHCl3), IR
(KBr) m 3448, 1062, 743 cm�1.

4.3.2. N-9-Anthracenylmethylcinchoninium hexafluorophos-
phate 6c. Mp 179 �C, ½a�25

D ¼ þ166 (c 0.9, acetone),
IR (KBr) m 3545, 839, 558 cm�1.

4.3.3. O(9)-Allyl-N-anthracenylmethylcinchoninium tetra-
fluoroborate 6e. Mp 159 �C, ½a�25

D ¼ þ193 (c 0.7,
CHCl3), IR (KBr) m 1461, 1060, 744 cm�1.

4.3.4. O(9)-Allyl-N-anthracenylmethylcinchoninium hexaflu-
orophosphate 6f. Mp 165 �C, ½a�25

D ¼ þ152 (c 0.7,
acetone), IR (KBr) m 1462, 835, 558 cm�1.

4.4. Enantioselective phase-transfer alkylations. General
procedure

To a mixture of 4 (74 mg, 0.25 mmol) and chiral catalyst 5
or 6 (0.0125 mmol) in a 7:3 v/v mixture of toluene and
CHCl3 (1.5 mL) was added 50% aqueous KOH
(0.140 mL, 1.25 mmol) and the corresponding alkyl halide
(1.25 mmol). The reaction mixture was stirred vigorously
at 0 �C and monitorized by GLC. The suspension was
diluted with H2O (10 mL) and extracted with EtOAc
(3 · 3 mL). The organics were dried over MgSO4, filtered,
and evaporated in vacuo, affording crude products 5 which
were analyzed and identified by their 1H NMR data
(5a,b,d,e5e and 5c21).
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