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ABSTRACT: A new type of robust planar chiral phosphoric
acid bearing a [2.2]paracyclophane scaffold was synthesized
and shown to be an optimal catalyst in asymmetric aza-
Friedel−Crafts reactions for the first synthesis of enantioen-
riched styryl indolylmethanamine derivatives in good yields
with excellent enantioselectivities (93−>99% ee) under 0.5−1
mol % catalyst loading.

Asymmetric phosphoric acid catalysis represents a sub-
stantial scientific contribution and has enabled numerous

organic transformations in a highly enantioselective fashion
since Akiyama, Terada, and co-workers reported BINOL-based
chiral phosphoric acids in 2004.1 The backbone of the chiral
catalysts had a remarkable influence on their catalytic
performance in many cases. Alongside new catalytic reactions,
a variety of structurally diverse chiral phosphoric acids, mainly
derived from centrally chiral TADDOL and axially chiral diols
like H8−BINOL, VAPOL, SPINOL, and others, have been
developed (Figure 1, 1−4).2 Despite a growing focus toward
efforts on new asymmetric reactions and new catalytic
strategies, the development of chiral phosphoric acids bearing
novel frameworks with excellent catalytic activities is still highly
valuable and very challenging in a diverse range of asymmetric
transformations.

Planar chirality plays an important role in asymmetric
catalysis, especially disubstituted ferrocene or substituted
[2.2]paracyclophanes [PCPs].3 Recently, remarkable contri-
butions have been achieved in the development of planar chiral
phosphoric acids. Enders reported the first synthesis planar
chiral phosphoric acid derived from [2.2]paracyclophane
(Figure 1, 5).4 However, the new catalyst was evaluated in
enantioselective aza-Friedel−Crafts reactions and Mannich-
type reactions to give only ee values of up to 38%. Betzer and
Marinetti disclosed the first series of planar chiral phosphoric
acids with a paracyclophane backbone tethered by either a
1,1′-ferrocenediyl or a 1,8-biphenylenediyl unit (Figure 1, 6
and 7) giving promising levels of enantioselectivity in
organocatalytic asymmetric aza-Friedel−Crafts reaction and
H-transfer reduction.5 However, the synthetic approach to
access these enantiomerically enriched catalysts 6 and 7 must
utilize chiral HPLC preparative chromatography or diaster-
eomers separation. In addition, acid 6 displayed only moderate
thermal stability, giving partial decomposition at 60 °C.
Despite these notable advances, developing new planar chiral
phosphoric acids with excellent catalytic activities and readily
accessible architectures is still highly valuable and desirable.
Our group reported the first synthesis and application of

SPINOL-derived phosphoric acids (Figure 1, 4), denoted as
SPAs, which proved to be highly efficient in asymmetric
catalysis and received increasing attention.1l,2d,6 As a
continuation of our work on the design and application of
novel chiral catalysts,2d,7 herein we describe a new type of
robust planar chiral phosphoric acids bearing a [2.2]-
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paracyclophane scaffold (Figure 1, 8, denoted as PPAs),
starting from commercially available starting materials (Rp)-
4,12-dibromo[2.2]paracyclophane, and demonstrate that
planar chiral PPAs can serve as highly efficient enantioselective
strong Brønsted acid organocatalysts.
Six planar chiral phosphoric acids bearing a [2.2]-

paracyclophane scaffold 8a−f were prepared, and their
syntheses are outlined in Scheme 1. The synthetic procedure

starts with the Suzuki coupling reaction between (Rp)-4,12-
dibromo[2.2]paracyclophane (9) and the corresponding
arylboron reagents, which feature a Me-protected hydroxyl
function in their meta position and a G substituent in their
para position. The desired compound (Rp)-10b (R = Me) was
obtained in 75% yield and subsequently demethylated with
BBr3 in DCM to give the key [2.2]paracyclophane-based
bisphenol (Rp)-11b (R = Me) in quantitative yield. The
conversion of the bisphenol to the corresponding phosphoric
acid was first tested with the typical POCl3-based method.2d

However, no desired product of cyclization was obtained when
bisphenol (Rp)-11b was treated with POCl3 in the presence of
pyridine. The cyclization reaction of bisphenol (Rp)-11b with
phosphorodiamidite (i-Pr2N)2PO(CH2)2CN in the presence
of 1H-tetrazole,5a,8 followed by oxidation of the resulting
phosphite with tert-butyl hydroperoxide, afforded the corre-
sponding cyclic phosphate (Rp)-12b (R = Me) in 60% yield
over two steps. Removal of the cyanoethyl substituent of
phosphates (Rp)-12 under basic conditions (DBU) afforded
the desired planar chiral phosphoric acids 8a−f in good yields.
The X-ray crystal structure of (Rp)-12b is shown in Figure 2.
The dihedral angle between the two phenyl planes of bisphenol
in (Rp)-12b is 23.46°, and the distance between the two
oxygen atoms of bisphenol is 2.504 Å, indicating that the
corresponding phosphoric acid may have a unique chiral
cavity, which could be beneficial for certain asymmetric
transformations. The sample of (Rp)-8b was heated in toluene

under reflux for 12 h and did not show any decomposition and
epimerization, displaying good thermal stability.
The catalytic enantioselective aza-Friedel−Crafts reaction of

indoles with imines is the most versatile method to achieve the
synthesis of enantiopure 3-indolylmethanamine derivatives,
which are distributed in natural products having significant
biological activities.9 Therefore, extensive effort has been
devoted to this research field, and some excellent chiral
organocatalysts10 and chiral metal salt catalysts11 have been
developed over the past decade. Despite these notable
advances, to the best of our knowledge, cinnamaldehyde-
derived N-tosylimines have not been used in these catalytic
asymmeteric aza-Friedel−Crafts reactions. To evaluate the
effectiveness of planar chiral PPAs as enantioselective Brønsted
acid catalysts, we examined their performance in the first
asymmetric aza-Friedel−Crafts reaction for the efficient
synthesis of various enantioenriched styryl indolylmethan-
amine derivatives.
As shown in Table 1, we began with identification of the best

catalyst using cinnamaldehyde-derived N-tosylimine 13a as a
model substrate and indole 14a as a nucleophile in the
presence of a catalytic planar chiral phosphoric acid. We
observed that 1 mol % of (Rp)-8a catalyzed smoothly the
reaction in toluene in the presence of 4 Å MS at −40 °C in 2 h

Scheme 1. Synthesis of Planar Chiral Phosphoric Acidsa

aYields are given for G = CH3.

Figure 2. X-ray crystal structure of (Rp)-12b.

Table 1. Reaction Optimizationa

entry catalyst solvent temp (°C) yieldb (%) eec (%)

1 (Rp)-8a toluene −40 80 4
2 (Rp)-8b toluene −40 79 31
3 (Rp)-8c toluene −40 85 26
4 (Rp)-8d toluene −40 90 99
5 (Rp)-8e toluene −40 95 97
6 (Rp)-8f toluene −40 80 50
7d (Rp)-8d toluene −40 91 98
8e (Rp)-8d toluene −40 85 98
9 (Rp)-8d m-xylene −40 90 97
10 (Rp)-8d CH2Cl2 −40 89 95
11 (Rp)-8d THF −40 nr
12 (Rp)-8d toluene −20 92 99
13 (Rp)-8d toluene 0 55 97
14 (R)-1a toluene −20 89 81
15 (R)-1b toluene −20 86 69
16 (R)-1c toluene −20 trace
17 (R)-1d toluene −20 87 71
18 (S)-4a toluene −20 90 71
19 (S)-4b toluene −20 80 66

aReaction conditions: 13a (0.25 mmol), 14a (0.25 mmol), catalyst (1
mol %), and 4 Å MS (75 mg) in 2.5 mL of solvent under N2 for 2 h.
bIsolated yields. cDetermined by chiral HPLC analysis. dWithout the
use of 4 Å MS. eWith catalyst (0.5 mol %).
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to give the desired product 15aa in good yield but poor
enantioselecitvity (entry 1). In terms of further catalyst
screening, PPAs (Rp)-8d and (Rp)-8e were found to induce
excellent enantioselectivity in this reaction (entries 2−6). The
adduct 15aa could be obtained in 90% yield and 99%
enantiomeric excess (ee) in the case of using of 1 mol % of
(Rp)-8d as a catalyst at −40 °C (entry 4). Removal of 4 Å MS
or reducing the loading of catalyst (Rp)-8d to 0.5 mol % hardly
compromised enantioselectivity (98% ee, entries 7 and 8).
Furthermore, the reaction solvents and the temperature were
screened, and the optimal results (15aa in 92% yield and 99%
ee) could be delivered with 1 mol % of (Rp)-8d at −20 °C in
toluene (entry 12). As a comparison, we examined the known
privileged chiral phosphoric acid catalysts 1a−d and 4a,b in
the model reaction to show a dramatic decrease of the reaction
enantioselectivity (entries 14−19).
With the optimized reaction conditions in hand, we then

evaluated the substrate scope of the asymmetric aza-Friedel−
Crafts reaction between cinnamaldehyde-derived N-tosyli-
mines and indoles. The results are summarized in Scheme 2.

We first investigated the substituent effects of cinnamaldehyde-
derived N-tosylimines 13. As a result, the substituent and its
position of 13 had almost no effect on the enantioselectivity,
and the corresponding products were obtained in good yield
and with excellent enantioselectivity (15aa−ga, 60−95% yield,
93 to >99% ee). In addition, a substrate with a heteroaromatic
structure was also compatible under the same conditions, and
the corresponding products 15ia was obtained with high
enantioselectivity (97% ee). We next examined the scope of
indoles 14. In all cases, both electron-rich and electron-

deficient indoles gave high yields and excellent enantioselec-
tivities (15ab, 15ae−ag, and 15ai). Moreover, the absolute
configuration (S) of the stereogenic center in product 15 was
determined by X-ray crystallographic analysis of a single crystal
of 15ba.
To test the practicality of the current catalytic system, a

gram-scale reaction was achieved under the optimized reaction
conditions. As shown in Scheme 3, the reaction of 13f with

indole 14a in the presence of 1 mol % of PPA (Rp)-8d was
carried out on a 2.5 mmol scale of 13f. The desired product
15fa was obtained in 98% yield (1.181 g) with 96% ee.
Finally, we expanded the investigation of our new catalytic

system to the asymmetric aza-Friedel−Crafts reaction between
aromatic aldehyde-derived N-tosylimines and indoles. The
reaction of N-tosyl phenyl aldimine with indole was initially
examined, and a concise screening of PPAs and reaction
conditions was carried out again. Gratifyingly, the reaction
proceeded smoothly to give the desired product 17aa in 99%
yield with 96% ee using 2 mol % of (Rp)-8e as a catalyst in
toluene in the presence of 4 Å MS at −20 °C in 2 h, as shown
in Scheme 4. It is interesting to note that this result compares
quite favorably with BINOL-phosphoric acid catalyst, which at
10 mol % loading was reported to catalyze the same reaction in
toluene at −60 °C for 30 min to furnish 17aa in 83% yield and
98% ee,10c while SPINOL−phosphoric acid catalyst was
reported to catalyze the same reaction in toluene at −60 °C
for 36 h with 10 mol % loading to afford 17aa in 80% yield and
96% ee.2d Subsequently, diverse aromatic aldehyde-derived N-
tosylimines 16 and indoles 14 were evaluated to define the
reaction scope. We observed that the PPA (Rp)-8e catalyzed
aza-Friedel−Crafts reaction of N-tosyl aryl aldimines with
indole was found to be general with N-tosyl aryl aldimines
bearing different either electron-donating groups or electron-
withdrawing groups as substituents. In all cases, almost
quantitative yields and excellent enantioselectivities could be
achieved (17aa−ka, all 99% yields, 92−99% ee). We then
examined several substituted indoles and found that 2-
methylindole provided slightly lower enantioselectivity
(17db, 87% ee) compared to those bearing 4,7-substituted
indoles (17dc−de and 17ee−ek, 91−99% ee), probably
because of steric hindrance. In addition, we were pleased to
find that N-tosylaldimine-derived 2-naphthaldehyde and
heteroaryl 2-thiophenyl aldehyde could also be successfully
employed to afford the corresponding products in good yields
with excellent enantioselectivities (17la, 97% ee; 17ma, 94%
ee) under similar reaction conditions. In the case of an
aliphatic aldehyde derived imine, high yield but only moderate
enantioselectivity were obtained (17na, 95% yield, 77% ee).
In summary, we have developed a novel class of robust

planar chiral phosphoric acids bearing a [2.2]paracyclophane
scaffold which combines the features of easy accessibility,
conformational rigidity, good thermal stability, and fascinating
catalyst efficiency. Their advantageous catalytic performance

Scheme 2. Substrate Scope for Reaction of Indoles with N-
Tosylvinylaldiminesa

aReaction conditions: 13 (0.25 mmol), 14 (0.25 mmol), (Rp)-8d (1
mol %), and 4 Å MS (75 mg) in 2.5 mL of toluene under N2 at −20
°C for 2 h. bAt −40 °C for 12 h. cOne mol % of (Rp)-8e was used at
−40 °C for 12 h.

Scheme 3. Gram-Scale Experiment
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has been demonstrated to make them the optimal catalysts in
asymmetric aza-Friedel−Crafts reactions with the first syn-
thesis of enantioenriched styryl indolylmethanamine deriva-
tives in good yields with excellent enantioselectivities (93−
>99% ee) under 0.5−1 mol % catalyst loading. The new
catalytic system was also successfully expanded to aromatic
aldehyde-derived N-tosylimines, affording the corresponding
aryl indolylmethanamines with excellent enantioselectivities
(up to 99% ee). Further investigations for more effective planar
chiral phosphoric acids bearing a [2.2]paracyclophane scaffold
as well as expansion of their other challenging applications in
asymmetric catalysis are underway in our laboratory.
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