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Scheme 1 Representative cinchona
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Chiral phase transfer catalysts of dimeric cinchona ammonium salts linked with a benzophenone bridge

showed high enantioselectivity in the a-alkylation of a glycinate ester under mild industry-applicable

conditions: 0.5 mol% PTC and near equivalents of alkyl halide. A dual function of the dimeric

quinuclidiniums was proposed for the high efficiency.
Since cinchona alkaloids were transformed to asymmetric
quaternary quinuclidinium salts with benzyl halides and were
used as a phase-transfer catalyst (PTC) (1) by Dolling1 and
O'Donnell,2 cinchona alkaloids have been widely utilized as
chiral templates for phase-transfer catalysis.3 (Scheme 1) These
organic PTCs can be easily prepared from natural and low cost
chiral cinchona alkaloids in a few synthetic steps and they are
stable and facile under normal reaction conditions in water.
Later N-9-anthracenylmethyl quinuclidinium salt PTC (2) was
introduced and showed high enantioselectivity for the alkyl-
ation of the protected glycine tert-butyl ester.4 Quinuclidinium
PTCs with each pseudo-enantiomeric cinchona alkaloids, such
as (�)-cinchonidine and (+)-cinchonine, show enantiomeric
selectivity each other, and have been successfully applied in
various asymmetric organic synthesis including a-alkyl glycine
derivatives synthesis.3
-derived PTCs.
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Enantioselectivity in the alkylation of glycine esters has been
probed by several experimental trials. Crystallographic study of
the p-nitrophenoxide salt of PTC 2 showed that N-anthrace-
nylmethy moiety of 2 is located in staggered position between
the Cc and the Cd,4a which provides more hindered spaces
around the Cb–Cc–Cd face (F4) around the ammonium.5 The Ca–

Cb–Cd face (F2) is blocked by O-allyl group and the Ca–Cc–Cd

face (F3) are covered by bicyclic ring, but the Ca–Cb–Cc face (F1)
is less hindered. Therefore, anionic glycinate derivatives could
approach toward the F1. Enolates of glycine esters would form
tight ionic complexes with the ammonium nitrogen on the F1
face of PTC 2, and the alkylation with alkyl halides could follow
along the direction of less hindered side of the si/re-face of the
enolates.4a

NOE correlations study of PTC 2 with borohydride ion6

indicated the borohydride occupies the F1 face of PTC 2.
Computational simulation7 also described the stable transition
states where an enolate locates on the F1 face.

Dimeric cinchona-derived PTCs linked by either benzene or
naphthalene ligand have been introduced by Park et al.8a–c

Among ortho, meta and para-connected PTCs, the meta-disub-
stituted phenyl PTC 3a or 2,7-disubstituted naphthyl PTC 3b
showed highly improved catalytic effects compared to mono-
meric PTC 2, such as lower dosage of catalyst (1–5 mol%) and
high enantioselectivity. Role of additional quinuclidinium was
thought to be a steric blocker which could increase the stereo-
selectivity of the enolate complex on the F1 face.

Other dimeric cinchona alkaloid PTCs were also developed
with various linkers, such as 9,10-dimethylanthracenyl,9

biphenyl, alkenyl,10 macrocyclic amine and calixarene,11 and
their enantioselectivities were equal or lower than those of
monomeric PTCs. Some dimeric PTCs were converted to ionic
polymers by replacing bromides to a disufonate anion without
loss of reactivity and enantioselectivity.12
RSC Adv., 2018, 8, 2157–2160 | 2157
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Scheme 2 Monomeric and dimeric cinchona-PTC with a benzophe-
none bridge.

§ General alkylation procedure: Benzyl bromide (14.5 mL, 0.122 mmol) was added
to a solution of N-(diphenylmethylene) glycine tert-butyl ester (7, 30 mg, 0.102
mmol) and the catalyst 5pp (50 mL, 1 � 10�2 M in CH2Cl2, 0.5 mol%, the
diluting solvent was evoporated) in toluene/chloroform (7 : 3, 0.75 mL). The
solution was then cooled (0 �C), purged with nitrogen (10 min), and aqueous
50% KOH (0.25 mL, 22 equiv.) was added. The suspension was stirred at 0 �C
until the starting material had been consumed (3 h). The reaction mixture was
diluted with diethyl ether (20 mL), washed with saturated NaBr aqueous
solution (3 � 5 mL). Organic layer was dried over MgSO4, ltered, and
concentrated. Purication by ash column chromatography on silica gel
(hexanes/EtOAc 98 : 2) afforded the desired product 8 (37 mg, 95% yield) as
a colourless oil. Enantioselectivity was determined by chiral HPLC analysis
(DAICEL Chiralcel OD, hexane/2-propanol (100 : 1.0), ow rate 0.5 mL min�1,
25 �C, l ¼ 254 nm, retention times: R (minor) 12.5 min, S (major) 20.5 min,
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Alkylation of tert-butyl glycinate ester was performed with 1–
10 mol% of PTC 1–3 and excess 5 equivalents of alkyl halide at
0 to �78 �C. These catalytic conditions are still to be improved
for practical application; low mol% of PTC, near equimolar
amount of alkyl halides and ambient temperature. Hence we
investigated dimeric PTCs with various linkers for facile cata-
lytic condition. Here we introduce new dimeric cinchona PTCs
with a benzophenone linker and their application in asym-
metric alkylation of glycine derivatives.

Monomeric PTC 4p, N-(4-benzoylbenzyl)-O(9)-
allylcinchonidium bromide, which has a benzoyl benzyl at N(1),
was synthesized from 4-bromomethyl-benzophenone and
(�)-cinchonidine. (Scheme 2) Dimeric cinchona-based quarter-
nay ammonium salts (PTC 5–6) were synthesized frommeta/para-
di(bromomethyl) benzophenone13 and two equivalent cinchona
alkaloids. Coupling reaction of the di(bromomethyl)benzophe-
none and (�)-cinchonidine or (+)-cinchonine in EtOH/DMF/
CHCl3 (5 : 6 : 2)8 for 5 h at 100 �C and the O(9)-allylation with allyl
bromide gave the dimeric quarternary salts, bis(4-(O(9)-allyl-cin-
chonidium-N-methyl)phenyl) methanone dibromide (5) and
bis(4-(O(9)-allyl-cinchonium-N-methyl)phenyl) methanone dibro-
mide (6), respectively, in good yields.‡

Enantioselective PTC 4–6 system was applied in the alkyl-
ation of N-(diphenylmethylene)glycine tert-butyl ester (7) to the
a-alkylated glycinate (8) under the condition of 0.5–1.0 mol%
catalysts and 1.2 equivalent alkyl halides. We also explored the
variation of enantioselectivity depending on the various posi-
tions of dimeric cinchonidium at benzophenone; 5pp, 5mp and
5mm.

Monomeric PTC 4p showed enantioselectivity of 87% ee (S)
at 25 �C (Table 1, entry 1) which is slightly higher than 81% ee of
N-benzyl PTC 1.2 Geometric difference between PTC 1 and 4p is
the extra p-benzoyl substituent on N-benzyl. Apparently the p-
benzoyl moiety gives no big enhancement in enantioselectivity
of 4p.
‡ For the detailed synthesis of 5pp, 6pp and their precursors, see ESI.†

2158 | RSC Adv., 2018, 8, 2157–2160
When the dimeric PTC of bis(4-(O(9)-allyl-cinchonidium-N-
methyl)phenyl)methanone dibromide (5pp) was applied in the
benzylation, it showed big improvement of both enatiose-
lectivity and catalytic condition.§ PTC 5pp (1.0 mol%) showed
enantioselectivity of 97% ee (S) with 1.2 equivalents of benzyl
bromide at 20 �C. (entry 2) At lower reaction temperature (0 �C:
entry 3), its enantioselectivity increased to 98% ee. When
0.5 mol% of 5pp was applied at 0 and –20 �C, the product
showed 98% and 99% ee. (entries 4 and 6) And with 0.25 mol%
of 5pp, the enantioselectivity went down to 97% ee. Therefore,
the practical catalytic condition for the benzylation with 5pp
would be 0.5 mol% of PTC and 1.2 equivalents of benzyl
bromide at 0 �C.

The isomeric PTC 5mp and 5mm showed lower % ee; 5mp
showed 89% ee (S) in benzylation (entry 8) and 5mm showed
71% ee (entry 9). These enatioselectivity values are similar or
lower than that of the monomeric 4p. There was no enhanced
catalytic effect by two cinchonidiums at meta/para and meta/
meta position of 5mp and 5mm.

Enantioselectivity of PTC 5 was varied in the order of 5pp >
5mp > 5mm depending on the position at benzophenone ring,
which is different from those observed at PTC 3a (meta > para >
ortho position).8 To deduce the enantioselectivity of PTC 5pp,
one may consider a distance factor between dimeric cinchoni-
diums. The distance between two benzyl positions of the bridge
benzophenone of PTC 5pp was calculated to be �10.4 Å at
B3LYP/6-31G(d) level (see, ESI†), which is longer than those of
PTC 3a and 3b (�5.1 Å and �7.5 Å, respectively). And those of
PTC 5pm and 5mm were 8.7 Å and 8.3 Å, respectively. The
distance between two quarternary ammoniums could not be
correlated with the enantioselectivity, and it would not be
a main controlling factor for enantioselectivity.

At the transition state for a-alkylation of glyciante 7 with
benzyl bromide, there will be SN2-type bond formation/cleavage
between the enolate carbon and the benzyl carbon and
bromide, which occurs on the F1 face of the PTC.7b (Fig. 1) It is
expected that the anionic oxygen of the enolate from 7 will form
an ionic complex with the PTC ammonium at the transition
state, and as the benzyl bromide approaches to the enolate of 7
in SN2 pattern, the leaving bromide will be attracted also by the
98% ee). The absolute conguration was conrmed by comparison of the HPLC
retention time with the authentic sample synthesized by the reported
procedure.2,4,8

This journal is © The Royal Society of Chemistry 2018
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Table 1 Catalytic phase-transfer benzylation of 7 with monomeric and dimeric cinchona-based catalysts (4–6)a

Entry PTC mol% Temp (�C) Time (h) Yieldb (%) % eec (cong)d

1e 4p 5.0 20 1.5 89 87 (S)
2 5pp 1.0 20 2 92 97 (S)
3 5pp 1.0 0 3 95 98 (S)
4 5pp 0.5 0 4 95 98 (S)
5 5pp 0.25 0 8 94 97 (S)
6 5pp 0.5 �20 6 95 99 (S)
7f 5pp 0.5 0 6 95 98 (S)
8 5mp 2.0 20 1.5 89 89 (S)
9 5mm 2.0 20 1.5 84 71 (S)
10 6pp 0.5 20 3 90 94 (R)
11 6pp 0.5 0 6 92 95 (R)
12 6pp 0.5 �20 8 93 98 (R)

a Benzylation of 7 (0.1 mmol) was carried out with 1.2 equivalents of benzyl bromide and 50% aqueous KOH (0.25 mL) in toluene/chloroform (7 : 3,
0.75 mL) under nitrogen atmosphere, unless otherwise stated. b Yields of isolated product. c Enantiopurity of 8 was determined by HPLC analysis
using a column with a chiral stationary phase (DAICEL Chiralcel OD) with hexane/isopropanol as the solvent. d The absolute conguration was
determined by comparison of the HPLC retention time with that of an authentic sample, which was synthesized independently by reported
procedures.2,4,8 e 5.0 equivalents of benzyl bromide. f With the same conditions expect the increased amount of 7 (1.0 mmol).
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View Article Online
ammonium.14 An estimated distance between enolate and the
leaving bromide will be �5.0 Å.

At the monomeric PTC 1/2, both the enolate and bromide
will be attracted by the same quinuclidinium. On the other
hand, dimeric PTC 5 is expected to anchor the enolate of gyl-
cinate 7 on one ammonium and attract the leaving bromide
with another ammonium in a distance (Br–N(+)) of�5.0 Å at TS.
(Fig. 1) Two phenyl rings of the benzophenone bridge of PTC 5
are not laid on a plane but twisted around the carbonyl (s ¼
50�)15 and these two twisted cinchonidiums of PTC 5pp would
provide a stabilized transition structure for the benzylation
within �10 Å distance by dual functions of two quinuclidi-
niums. However, more crowded TSs will be formed in 5mp and
5mm because of the short ammonium distance, therefore their
TSs will resemble to that of monomeric PTC 4p.

Dimeric PTC of bis(4-(O(9)-allyl-cinchonium-N-methyl)
phenyl) methanone dibromide (6pp) derived from (+)-cincho-
nine is a pseudo enantiomer of PTC 5pp. PTC 6pp showed also
high enantioselectivity of 94% ee (R) in the benzylation at room
Fig. 1 Proposed TSs for benzylation of an enolate of gylcinate with
PTC 1 and 5pp.

This journal is © The Royal Society of Chemistry 2018
temperature. (entry 10) Its selectivity increased to 95–98% ee at
lower temperature (entries 11 and 12).

The alkylation with selected alkyl halides with 0.5 mol% of
PTC 5pp were summarized in Table 2. The results showed that
5pp has high enantioselectivity of 93–97% ee with allyl bromide
derivatives and 93–98% ee with benzyl bromide derivatives.
Alkyl iodides were also alkylated in high % ee (Table 2, entries 7
and 8), but tert-butyl bromoacetate showed low 85% ee at the
same condition because of the known background reaction.16

(entry 9) PTC 5pp has been proved to be an advanced phase
transfer catalyst for the synthesis of various a-amino acids
under mild catalytic conditions.

a,a-Dialkylation of aldimine Schiff base of amino acid17 was
examined with 5pp. Aldimine Schiff base of D,L-alanine ethyl
ester 9, benzyl bromide (1.2 eq.) and CsOH$H2O (5 eq.) with PTC
5pp (1.0 mol%) in toluene/CHCl3 (7 : 3) at �10 �C for 4 hour,
then the acid work-up gave ethyl 2-amino-2-methyl-3-
phenylpropionate 10 in 94% yield, which was benzoylated to
N-benzoyl a,a-dialkylated product 11 and analysed with chiral
HPLC (92% ee (S)).

In conclusion, we have provided the novel dimeric cinchona-
based PTCs with a benzophenone bridge. The p,p0-linked PTC
5pp and 6pp showed high enantioselectivity (93–99% ee) in the
alkylation of a glycine ester under mild catalytic conditions of
0.5 mol% PTC and near stoichiometric alkyl halide (1.2 equiv-
alents) at 0–20 �C. Dialkylation under similar conditions gave
high % ee with the aldimine Schiff base of alanine. Their
RSC Adv., 2018, 8, 2157–2160 | 2159
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Table 2 Catalytic phase-transfer alkylation of 7 with dimeric
cinchona-based catalyst 5ppa

Entry R–X Time (h) Yieldb (%) % ee (cong)c

1 PhCH2–Br 4 95 98 (S)
2 11 89 97 (S)

3 12 86 97 (S)

4 3 88 93 (S)

5 9 69 95 (S)

6 9 93 94 (S)

7d CH3CH2I 6 92 95 (S)
8d,e CH3I 4 64 93 (S)

9 5 51 85f (S)

a Alkylation of 7 (0.1 mmol) was carried out with 0.5 mol% of 5pp, 1.2
equivalents of R-X and 50% aqueous KOH (0.25 mL) in toluene/
chloroform (7 : 3, 0.75 mL) at 0 �C under nitrogen atmosphere, unless
otherwise noted. b Yields of isolated product. c Enantiopurity of 8 was
determined by HPLC analysis using a column with a chiral stationary
phase (DAICEL Chiralcel OD) with hexane/isopropanol as the solvent.
The absolute conguration was determined by comparison of the
HPLC retention time with that of an authentic sample, which was
synthesized independently by reported procedures.2,4,8 d R–I (5.0 eq.)
and CsOH$H2O (5.0 eq.) was uses as base. e With 1.0 mol% of the
catalyst. f N-Benzoyl derivative.
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View Article Online
efficiency and enantioselectivity were explained by dual func-
tions dimeric cinchonidiums; one as an alkylating site and
another as a receptor for a leaving anion. Novel PTCs 5pp and
6pp would be applied in the synthesis of natural and non-
natural chiral a-amino acids and their derivatives. Applica-
tions to other asymmetric phase-transfer catalytic reactions
with 5pp are under investigation.
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