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ABSTRACT: A class of C2-symmetric chiral spirocyclic phase-
transfer catalysts based on tetramethyl-1,1′-spirobiindane scaffold
was synthesized from commercially available bisphenol A in 12
steps with 22−25% total yields, which features a more rigid and
stable backbone and smaller dihedral angles and can be easily
modified. These catalysts show high catalytic performance in the
asymmetric alkylation of tert-butyl glycinate Schiff base at only 2
mol % catalyst loading, giving the target products with up to 92%
yield and 98% ee.

Since the Merck research group reported the first highly
efficient asymmetric alkylation reaction using cinchona

alkaloid-derived quaternary ammonium salt as a phase-transfer
catalyst (PTC),1 asymmetric phase-transfer catalysis has been
developed rapidly over the past three decades due to its simple
experimental procedures, mild reaction conditions, and large-
scale production.2 Inspired by this pioneering work, several
similar cinchona alkaloid-derived phase-transfer catalysts
(PTCs) had also been reported for the alkylation of glycinate
Schiff bases.3 However, the major drawback of these PTCs is the
difficulty in structural modification for further improving the
enantioselectivity and reactivity in other reactions. To address
these issue, Maruoka,4 Nagasawa,5 Shibasaki,6 Ooi,7 Tan,8 and
Zhao9 et al. designed a series of catalysts derived from different
chiral backbones and succeeded in alkylations, conjugate
additions, Mannich reactions, aldol reactions, and so on. Despite
great advances in this field, there still remain a few unresolved
challenges. In some important reactions, such as Neber
rearrangement,10 intramolecular conjugate addition of nitro-
alkanes,11 [3 + 2] cycloaddition of allylic sulfones,12

desymmetrization of meso-aziridines,13 and synthesis of planar
chiral cyclic amines,14 the observed enantioselectivities were
unsatisfactory using known PTCs. It is well-known that the
reaction enantioselectivies are highly substrate dependent.
Therefore, the development of new structurally well-designed
chiral PTCs is still highly desirable.
In the field of asymmetric metal catalysis, the C2-symmetric

BINAP has proven to be one of the prominent ligands.15 It
should also be noted that C2-symmetric chiral spiro diphosphine
ligand (SDP) based on the 1,1′-spirobiindane backbone was
viewed as a perfect complement and alternative to BINAP due to
its more rigid backbone and smaller dihedral angles (Figure

1a).16 Moreover, the C2-symmetric chiral spiroketal bisphos-
phine ligands (SKP) developed by the Ding group recently also
exhibit unique and outstanding performance in several types of
asymmetric transformations.17

Similarly, Maruoka PTCs with binaphthyl structure have
displayed outstanding performance in asymmetric phase-
transfer catalysis because they are easier to modify and diversify
for accommodating substrates (Figure 1b, left).4 To our
knowledge, C2-symmetric chiral quaternary ammonium salt
containing 1,1′-spirobiindane has not been reported to date,
although 1,1′-spirobiindane-based chiral ligands and phosphoric
acids are prevalent in asymmetric catalysis.18 We think that 1,1′-
spirobiindane-based chiral PTCs may also be complementary to
Maruoka PTCs. Herein, we report this novel class of C2-
symmetric chiral spirocyclic PTCs based on the tetramethyl-
1,1′-spirobiindane backbone (Figure 1b, right). It is noteworthy
that introducing four methyl groups into this type PTCs is
advantageous to their stability, especially under strongly basic
conditions in asymmetric phase-transfer catalysis, because the
benzyl positions of 1,1′-spirobiindane are completely protected.
The synthetic route to tetramethyl-1,1′-spirobiindane-based

PTCs are shown in Scheme 1. First, racemic 3,3,3′,3′-
tetramethyl-1,1′-spirobiindane-7,7′-diol ((±)-1) was synthe-
sized from low-cost, commercially available bisphenol A via acid-
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promoted cascade reactions with 91% yield. Subsequently, an
optical resolution was conducted using L-menthyl chloroformate
as a resolving agent, giving enantioenriched (R)-1with >99% ee.
After that, Friedel−Crafts reaction, Duff reaction, retro-
Friedel−Crafts reaction, and esterification were performed
sequentially with high to excellent yields, and the desired
bistriflate 6 was obtained successfully. The above-mentioned
reactions were run according to the reported procedures in the
literature19 with slight modifications. Then the Pd-catalyzed
Suzuki coupling of bistriflate 6 with several arylboronic acids
afforded compounds 7 with 92−99% yields. In this step, three
different methods were used to introduce nine aryl groups at the
6,6′-positions of intermediates 7. The 3,5-bis(trifluoromethyl)-
phenyl and 3,4,5-trifluorophenyl were installed using method A,
the phenyl, 2-naphthyl, 4-phenylphenyl, 3,5-diphenylphenyl,
and 4-(2-naphthyl)phenyl were installed using method B, and
the 3,5-di-tert-butylphenyl and 4-tert-butylphenyl were installed
using method C. The subsequent reduction of 7 with NaBH4
followed by bromination of the resulting alcohols gave bromides
8 in almost quantitative yields, respectively. It was found that
using either PBr3 or CBr4/PPh3 as bromination reagents gave
the brominated products in low yields only. Finally, the reactions
of bromides 8 with secondary amines, including di-n-butyl-
amine, morpholine, and tetrahydropyrrole, delivered the
corresponding spirocyclic quaternary ammonium salts 9 with
excellent yields. Notably, employing NaHCO3 as base is key to
this step, and when using either K2CO3 or Na2CO3 instead of
NaHCO3, the compounds 8 will be decomposed. Considering
the solubility of compounds 8, the mixed solvents were used in
some cases (method E for 9c and 9n). Thus, 16 new spirocyclic
PTCs 9a−9p were synthesized successfully in 12 steps from
bisphenol A with 22−25% total yields (Figure 2a), and every
step can be conducted on a multigram scale. The X-ray crystal
structures of 9c and 9n clearly indicate that the absolute
configuration of this type PTCs is R and their dihedral angles are
65.3° and 64.5°, respectively (Figure 2b), which are smaller than
that of Maruoka PTCs.20

In order to evaluate the catalytic performance of the newly
synthesized spirocyclic PTCs, we applied them to the
enantioselective alkylation of tert-butyl glycinate Schiff base
(10) with benzyl bromide (11a), which was an entry to optically

active unnatural α-amino acids21 and viewed as a benchmark
reaction in asymmetric phase-transfer catalysis.2e Initially, the
PTCs 9a−9i bearing two n-butyl groups attached to the N atom
were tested at 2 mol % catalyst loading in Et2O using 50% aq
KOH as base at 0 °C (Table 1, entries 1−9). To our
disappointment, the target product 12a was delivered with
moderate to high yields but in low enantioselectivities. Even
worse, the enantioselectivities seemed so elusive. Consequently,
it was imperative to adjust the PTCs’s alkyl substituents at N
atom. When the catalyst was changed to 9j derived from
morpholine, the enantioselectivity of 12a was elevated
dramatically from 4% ee to 60% ee (entry 8 vs entry 10).
Then the use of toluene as solvent instead of Et2O gave a slightly
increased ee value (entry 11). To our surprise, the
tetrahydropyrrole-derived catalyst 9k containing similar rigid
N-spirocycle was found to be invalid for enhancing the
stereoselectivity (entry 12). Next, the morpholine-derived
catalysts 9l−9p were screened (entries 13−17), and it was

Figure 1. Classic C2-symmetric chiral ligands and PTCs.

Scheme 1. Synthesis Route to Chiral PTCs 9a

aConditions: (a) CH3SO3H, rt, 91%; (b) Et3N, DMAP, L-menthyl
chloroformate, CH2Cl2, rt, 95%; (c) recrystallization for three times at
−18 °C, 56%; (d) KOH, EtOH, reflux, 99%; (e) tBuOH, CH3SO3H,
CH2Cl2, rt, 99%; (f) HMTA, TFA, AcOH, 4 M aq HCl, H2O, reflux,
71%; (g) AlCl3, CH3NO2, toluene, rt, 83%; (h) Tf2O, pyridine,
CH2Cl2, rt, 94%; (i) Method A: ArB(OH)2, Pd(PPh3)4, KBr, K3PO4·
3H2O, DME/H2O = 3/1, reflux, 92−95%; Method B: ArB(OH)2,
Pd(PPh3)4, K2CO3, DMF, 70 °C, 92−99%; Method C: ArB(OH)2,
Pd(PPh3)4, CH3OH/2 M aq K2CO3/THF = 1/2.5/25, reflux, 99%;
(j) NaBH4, THF/CH3OH = 1/1, 0 °C; (k) 33 wt % HBr in AcOH,
reflux; (l) Method D: R2NH, NaHCO3, CH3CN, 70 °C, 93−99%;
Method E: R2NH, NaHCO3, CH3CN/CHCl3 = 1/1, 70 °C, 92−98%.
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found that catalyst 9n delivered 12a in high yield and improved
enantioselectivity (82% yield, 72% ee; entry 15). It was puzzling
that the 3,5-bis(trifluoromethyl)phenyl substituted catalyst 9o
showed almost no catalytic activity (entry 16). To our delight,
when the temperature was lowered from 0 °C to−40 or−50 °C,
the reaction proceeded smoothly to afford the desired product
12a in comparable yields and with up to 92% ee (entries 18 and
19). Further decreasing the temperature to −60 °C resulted in
inactivity of this catalytic system (entry 20), but employing solid
CsOH·H2O as base instead of 50% aqKOH at−60 °Cproduced
12a with 84% yield and 98% ee (entry 21). Absolute
configuration of 12a was determined by comparison of the
HPLC retention time with the reported literature.4b

Under the optimized conditions, the asymmetric alkylations
of 10 with different alkyl halides were examined (Table 2). Both
aryl- and alkyl- as well as fluoro-substituted benzyl bromides
could be employed in the reaction to provide the products with
high yields and high to excellent enantioselectivities (entries 1−
5). The 3,5-bis(trifluoromethyl)benzyl bromide also underwent
smooth conversion to give 12f in high yield and moderate ee
value (entry 6). Remarkably, functionalized alkyl halides, such as
tert-butyl bromoacetate, allyl bromide, and propargyl bromide,
worked equally well and delivered the desired products in high
yields and enantioselectivities (entries 7−9). The less reactive
methyl iodide could also participate in the reaction to afford the
corresponding product 12j in moderate yield and ee (entry 10).
In order to accelerate the reaction rate, the temperature was
slightly elevated to −50 °C and/or the amounts of alkyl halides
were increased to 5 equiv in some cases. When the reaction was
scaled up 10 times and the catalyst loading was reduced to 1 mol
% simultaneously, the substrate underwent smooth conversion

to give 12a in 84% yield and 94% ee (entry 11). We also studied
the reactivity of α-methyl-substituted glycinate Schiff base
derived from benzophenone and found that it did not work

Figure 2. (a) Structure of PTCs 9a−9p; (b) X-ray crystal structures of
9c and 9n. (The ellipsoids are drawn at 30% probability; solvent and
hydrogen atoms were removed.)

Table 1. Optimization of Reaction Conditionsa

entry catalyst solvent time (h) yieldb (%) eec (%)

1 9a Et2O 8 42 12
2 9b Et2O 8 61 33
3 9c Et2O 5 70 −9
4 9d Et2O 4 81 −21
5 9e Et2O 1.5 90 −35
6 9f Et2O 4 83 −21
7 9g Et2O 5 91 −40
8 9h Et2O 8 79 4
9 9i Et2O 6 85 −31
10 9j Et2O 4 84 60
11 9j toluene 9 81 65
12 9k toluene 5 92 18
13 9l toluene 12 74 32
14 9m toluene 5.5 91 40
15 9n toluene 9 82 72
16 9o toluene 24 trace
17 9p toluene 8 71 32
18d 9n toluene 25 83 90
19e 9n toluene 41 81 92
20f 9n toluene 50 trace
21f,g 9n toluene 31 84 98

aUnless otherwise illustrated, the reactions were carried out with 0.17
mmol of 10, 0.20 mmol of 11a, 2.0 mol % of catalyst, and 50%
aqueous KOH (0.3 mL) in solvent (2.0 mL) at 0 °C. bIsolated yield.
cDetermined by chiral HPLC analysis. dAt −40 °C. eAt −50 °C. fAt
−60 °C. gUse of solid CsOH·H2O (5.0 equiv) as base.

Table 2. Substrate Scopea

entry RX (11) time (h) 12 yieldb (%) eec (%)

1 C6H5CH2Br 31 12a 84 98
2 p-Ph-C6H4CH2Br 14 12b 92 97
3 1-naphthyl-CH2Br 14 12c 87 96
4d 2,6-Me2C6H3CH2Br 19 12d 83 88
5 m-F-C6H4CH2Br 27 12e 84 90
6d 3,5-(CF3)2C6H3CH2Br 15 12f 91 63
7d BrCH2CO2

tBu 19 12g 77 97
8d CHCCH2Br 15 12h 81 79
9e CH2CHCH2Br 12 12i 92 85
10d,e CH3I 27 12j 74 71
11f C6H5CH2Br 30 12a 84 94

aUnless otherwise illustrated, the reactions were implemented with 10
(0.17 mmol), 11 (0.20 mmol), 9n (2.0 mol %), and CsOH·H2O (5.0
equiv) in toluene (2.0 mL) at −60 °C. bIsolated yield. cDetermined
by chiral HPLC analysis. dAt −50 °C. eUse of 5.0 equiv of alkyl
halide. fThe reaction was performed on 1.7 mmol scale at 1 mol %
catalyst loading.
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under standard conditions and underwent decomposition when
the temperature was elevated to −20 °C.
In conclusion, we have designed and synthesized a type of

structurally well-defined C2-symmetric spirocyclic quaternary
ammonium salts based on tetramethyl-1,1′-spirobiindane as
chiral PTCs, which possess more rigid and stable backbones and
smaller dihedral angles and can be modified easily. A total 16
new chiral PTCs were synthesized on multigram-scale in 12
steps with 22−25% total yields, and only four steps need
purification via column chromatography. Their catalytic
performance was examined in the benchmark reaction,
asymmetric alkylation of tert-butyl glycinate Schiff base, and
the morpholine-based catalyst 9n exhibited high reactivity (up
to 92% yield and 98% ee) at only 2 mol % catalyst loading. This
type of PTCs is expected to be a complement and alternative to
binaphthyl-based Maruoka PTCs. Studies on taming those
unsuccessful reactions10−14 in asymmetric phase-transfer
catalysis using new spirocyclic PTCs are in progress.
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