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ABSTRACT: We have developed new C1-symmetric, chiral bis-phosphoric acids with an 

electron-withdrawing group as one of the two substituents. This C1-symmetric, chiral 

bis-phosphoric acid with a pentafluorophenyl group performs exceptionally well in the 

asymmetric Diels–Alder reaction of acrolein, methacrolein, and α-haloacroleins with 

substituted amidodienes.  Control over the atropisomeric catalyst structure, enhancement of the 

catalytic activity, and differentiation of the asymmetric reaction space is possible by the remote 

control of the pentafluorophenyl group. Furthermore, we have conducted theoretical studies to 

clarify the roles of both intra- and intermolecular hydrogen bonds in the C1-symmetric chiral 

environment of chiral bis-phosphoric acid catalysts. The developed strategy, C1-symmetric 

catalyst design through hydrogen bonding, is potentially applicable to the development of other 

chiral Brønsted acid catalysts.  
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KEYWORDS: asymmetric catalysis, chiral Brønsted acid, cycloaddition, enantioselectivity, 

organocatalysis  

 

n INTRODUCTION	
  

Asymmetric catalysis has been an active field of research since the early 1980s,1 and 
the design of chiral ligands and chiral molecules has been recognized as one of the most 
valuable strategies. Therefore, a great deal of effort has been dedicated to this task.2 On 
the other hand, design strategies for chiral catalysts have not changed much over the 
past two decades. Typically, conformationally rigid and C2- or pseudo C2-symmetry are 
elements used in catalyst design; for example, the axially chiral binaphthyl frameworks, 
which is a representative source of chirality.3 Modification of this class of framework 
has proved fruitful and has greatly expanded the variety of catalytic asymmetric 
reactions that can be performed with a wide range of substrates and in a highly 
enantioselective fashion. 

We previously developed the 
(R)-3,3'-di(2-hydroxy-3-arylphenyl)binaphthol-derived C2-symmetric chiral 
bis-phosphoric acid (C2-BISPA) catalyst, 1a (Ar: 2,4,6-triisopropylphenyl (TRIP)), 

which efficiently catalyzes the enantioselective Diels–Alder reaction of α-H or 
α-alkylated acroleins with amidodienes (Eq 1, Figure 1).4,5 An inherently atropisomeric, 
conformationally flexible naphthyl—phenyl framework has been successfully used as a 
new chiral component in the design of a chiral Brønsted acid catalyst.6–9 X-ray 
diffraction analysis of C2-BISPA 1b, which possesses a phenyl group, indicates the 
existence of an intramolecular hydrogen bond between the two phosphoric acid moieties 
responsible for the creation of a C1-symmetric, chiral environment (Figure 1(b) and 
1(c)),4a in which high chiral efficiency and reasonable catalytic activity have been 
attained. Therefore, to establish strategies for the molecular design of chiral Brønsted 
acid catalysts with conformationally flexible frameworks, an understanding of how the 
hydrogen bond creates the C1-symmetric chiral environment and how this controls the 
asymmetric reactions is especially important.10 However, no detailed studies on either 
the intra- or intermolecular hydrogen bonding in these catalysts have been made. Herein, 
we describe our development of a new C1-symmetric, chiral bis-phosphoric acid 
(C1-BISPA), 2, that possesses an electron-withdrawing group at the CNaph(3')—CAr(3) 
position to clarify the role of both intra- and intermolecular hydrogen bonding in 
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 3 

catalysis (Figure 2).11 Moreover, the present study also establishes a new strategy to 
elaborate the asymmetric reaction space through hydrogen bonding directed by the 
remote control of the electron-withdrawing substituent. 

 
Figure 1. From a previous study on the C2-symmetric bis-phosphoric acid (C2-BISPA) 
1. (a) General chemical structure of C2-BISPA 1. (b) X-ray diffraction analysis of 
C2-BISPA 1b (Ar: Ph). Pink dashed line indicates the hydrogen bond. O(1)—O(2) = 
2.490 Å. (c) Schematic structure of C2-BISPA 1 indicating the hydrogen bond with red 
dashed line. 

Figure 2. From this study: C1-symmetric design of the chiral Brønsted acid, C1-BISPA 
2, catalyst.   
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n RESULTS	
  AND	
  DISCUSSION	
  

Structural Requirements for Design of C1-Symmetric Bis-Phosphoric Acid 
(C1-BISPA) 2. The hydrogen-bonding interaction was considered to play two roles in 
enantioselective Diels–Alder reaction of acroleins with amidodienes:4a controlling the 
atropo diastereomeric behavior derived from the naphthyl—phenyl axis, and activating 
an acrolein and a diene to facilitate enantioselective product formation. To apply the 
hydrogen-bonding interaction for C1-symmetric catalyst design, we initially attempted 
to clarify the requirements of each catalyst component in detail. 

We assembled C1-BISPA 2a and C1-symmetric mono-phosphoric acids 3a and 3b to 
evaluate the importance of two phosphoric acid moieties in the catalytic 

enantioselective Diels–Alder reactions of α-haloacroleins12 with N-Cbz amidodiene,13 
considering the synthetic versatility of the resulting adducts and, in addition, the 

advancement of this methodology (Table 1).14–16 Treatment of α-bromoacrolein (5a) 
(1.5 equiv) with N-Cbz amidodiene 4a (1.0 equiv) in toluene in the presence of 2.5 
mol% of 2a at –78 °C for 24 h resulted in the formation of 6aa in 29% yield with 71% 
ee (1S,6S) (entry 1). In sharp contrast, the enantioselectivities in the presence of 5 mol% 
of 3a or 3b dropped significantly (8% ee) under the same conditions (entries 2 and 3). 
To gain supportive evidence of the importance of the hydrogen bond to improve the 
chemical and optical yields, we prepared C1-BISPA 2b. This catalyst possesses a 
bis-trifluoromethylphenyl substituent as an electron-withdrawing group at the 
CNaph(3')—CAr(3) position. We found, as hoped, that the chemical yield and the 
enantioselectivity improved to 65% yield and 85% ee (1S,6S), respectively, in the 
reaction catalyzed by 2b (entry 4). 
 

Table 1. Enantioselective Diels–Alder Reaction of α-Bromoacrolein (5a) with N-Cbz 
Amidodiene 4a.a  
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 5 

 

entry catalyst (mol%) yield (%)b ee (%)c 

1 2a (2.5) 29 71 (1S,6S) 
2 3a (5.0) 51 8 (1R,6R) 
3 3b (5.0) 50 8 (1S,6S) 
4 2b (2.5) 65 85 (1S,6S) 

a Reactions were conducted with 1.0 equiv of 4a and 1.5 equiv of 5a in the presence of 2.5 mol% 2 or 5.0 

mol% 3 in toluene at –78 °C. b Isolated yield. c Determined by chiral HPLC. 
 

To give further insight into the structural differences and the enantioselectivities, we 
attempted to obtain crystal structures to verify their 3D structures. X-ray diffraction 
analysis revealed a diastereomeric mixture of 3b. No obvious intra- or intermolecular 
hydrogen bonds were found, based on the distance between the oxygen atoms in the 
phosphoryl and methoxy groups.17 In contrast, a single atropo diastereomer (S,R,S) of 
C1-BISPA 2b was obtained among the four possible atropo diastereomers: (S,R,S), 
(S,R,R), (R,R,R), and (R,R,S) (Figure 3).18 Notably, although the atropo diastereomer 
(S,R,S) of 2b is the same as those of C2-BISPA catalysts 1a and 1b, two kinds of 
intramolecular hydrogen bonds were inferred based on the distance of the two oxygen 
atoms: -O(3)H—O(2)=P: 2.467 Å and -O(2')H—O(3')=P: 2.464 Å, indicating that both 
phosphoric acids, O(2)=P-O(1)H and O(3')=P-O(4')H, may function as activation units 
for the acroleins and amidodienes in C1-BISPA 2. 
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 6 

Figure 3. X-ray diffraction analysis of 2b. Intramolecular distance between the two 
oxygen atoms (O(2)—O(3) = 2.467 Å, O(2')—O(3') = 2.464 Å, intramolecular 
hydrogen bonds are indicated by dashed pink line.) and intermolecular distance of two 
oxygen atoms (O(4)—O(4') = 2.494 Å, intermolecualar hydrogen bond is indicated by 
dashed light blue line.). 
 

Combining the results of initial experiments and X-ray diffraction analyses, we 
inferred that the two phosphoric acid moieties and the presence of hydrogen bonding are 
primarily responsible for asymmetric induction, i.e., controlling the atropisomerism of 
the naphthyl—phenyl framework and transferring the axial chirality of binaphthyl to 
produce the enantiomerically enriched product. On the other hand, to be highly 
enantioselective, the reaction should proceed at the side of the sterically bulky TRIP 
substituent in C1-BISPA 2 (Figure 4). 

Figure 4. Two possible intramolecular hydrogen bondings and reaction spaces in 
C1-BISPA 2. 
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 7 

atropisomeric naphthyl—phenyl axes can be controlled by intramolecular hydrogen 
bond between the two phosphoric acids, (ii) they have the requisite catalytic activity by 
using the influence of the electron-withdrawing group, while keeping the sterically 
demanding TRIP group fixed as one of two substituents, and, (iii) of the two 
asymmetric reaction spaces, the asymmetric reaction take place on the side of the 
sterically demanding TRIP substituent at the CNaph(3)—CAr(3) position by the 
electron-withdrawing group. To further develop this strategy, we studied the details of 
the molecular design of C1-BISPA modified with an electron-withdrawing group. 
 
Development of C1-BISPA 2-catalyzed Enantioselective Diels–Alder Reaction of 
Substituted Acroleins 5 with N-Cbz Amidodienes 4. The ability of C1-BISPA 2b was 

initially evaluated for a variety of α-haloacroleins 5 in the catalytic enantioselective 
Diels–Alder reaction with N-Cbz amidodiene 4a. The preliminary experiments showed 

that C1-BISPA 2b can be used for the Diels–Alder reactions of α-chloroacrolein 
(5b) and α-iodoacrolein (5c).19  For instance, in the case of α-chloroacrolein (5b), 
while the yield was not sufficient, the enantioselectivity of the Diels–Alder adduct 6ab 
was high (38% yield, 90% ee after 24 h and 45% yield, 90% ee after 48 h).  Therefore, 
we next focused on exploring the use of an electron-withdrawing group at the 
CNaph(3')—CAr(3) position to improve the product yield (Table 2). The reaction of 5b 
with 4a catalyzed by C1-BISPA 2c, which has a 3,4,5-trifluorophenyl group, produced a 
higher yield than that of C1-BISPA 2b (entries 1 and 2). We also confirmed that the 
pentafluorophenyl substitution of C1-BISPA catalysts 2d and 2e improved not only the 
product yields but also the enantioselectivities (entries 3 and 4). For this reaction, the 
optimal quantities were found to be 1 equiv of 5b with 2 equiv of 4a, yielding the endo 
adduct 6ab in the highest yield with higher enantioselectivity (entry 5). 

We postulated that the acidity of one phosphoric acid proton near the TRIP 
substituent at the CNaph(3)—CAr(3) position is enhanced, and, at the same time, the 
asymmetric reaction space is controlled by the electron-withdrawing substituent at the 
CNaph(3')—CAr(3) and CNaph(3')—CAr(5) positions through intramolecular hydrogen 
bonding between the phosphoric acid proton and phosphoryl oxygen 
(-OHEWG···O=PTRIP).20 Consequently, the improved catalytic activity and the strongly 
directed hydrogen bond would improve the chemical and optical yields. 

Finally, the corresponding reactions catalyzed by C2-BISPA catalysts 1a, 1c, and 1d 
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 8 

were conducted to assess the roles of both the steric- and electronic substituents (entries 
6–8). C2-BISPA 1a produced a comparable yield and enantioselectivity to C1-BISPA 2d 
(entry 3 vs. 6). In sharp contrast, C2-BISPA catalysts 1c and 1d were inferior to that of 
C1-BISPA 2d (entry 3 vs. 7 and 8), demonstrating the importance of the C1-symmetric 
design and the steric- and electronic substituents.  Moreover, these results suggested 
that the highly enantioselective reaction catalyzed by C1-BISPA 2d occurred around the 
asymmetric reaction space near the TRIP group, not near the electron-withdrawing 
group. 
 
Table 2. Effect of the Electron-withdrawing Group of C1-BISPA 2, and a Comparison 

of 2 with C2-BISPA 1 in the Enantioselective Diels–Alder Reaction of α-Chloroacrolein 
(5b) with N-Cbz Amidodiene 4a.a 

  

entry catalyst yield (%)b ee (%)c 

1 2b 38 90 (1S,6S) 
2 2c 47 92 (1S,6S) 
3 2d 67 98 (1S,6S) 
4 2e 74 97 (1S,6S) 

+
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 9 

5d 2d 98 97 (1S,6S) 

6 1a 61 93 (1S,6S) 
7 1c 30 5 (1S,6S) 
8 1d 25 14 (1R,6R) 
a Reactions were conducted with 1.0 equiv of 4a and 1.5 equiv of 5b in the presence of 2.5 mol% catalyst 

in toluene at –60 °C. b Isolated yield. c Determined by chiral HPLC. d Reactions were conducted with 2.0 

equiv of 4a and 1.0 equiv of 5b. 

 
With the rationally designed C1-BISPA 2d in hand, we turned our attention to 

testing its performance for substrate generality in the catalytic enantioselective Diels–
Alder reaction of acroleins 5 with substituted amidodienes 4. As can be seen in Table 3, 
the reactions were highly enantioselective for a range of acroleins and substituted 

amidodienes. The reactions to produce the corresponding cyclohexyl β-amino 
aldehydes (6) with high enantiofacial control proceeded smoothly for α-bromoacrolein 
(5a), α-chloroacrolein (5b), α-iodoacrolein (5c), acrolein (5d), and methacrolein (5e) 
(entries 2–5). Use of 3- or 3,4-disubstituted amidodienes 4 allows facile 

enantioselective access to substituted cyclohexyl β-amino aldehydes 6 (entries 6–16). In 
particular, 3,4-disubstituted amidodienes 4e–4i substrates can be used (entries 11–16). 
Moreover, the first example of the catalytic enantioselective elaboration of 
6-formyl-cyclo-2-hexcene-5-methyl (6af), which is a key intermediate in the synthesis 
of pumiliotoxin C reported by Overman,21 can be carried out using the present method; 
however, the yield was low (entry 17). 
 
Table 3. Enantioselective Diels–Alder Reaction of Acroleins 5 with Substituted 
Amidodienes 4a 
 
 

 

+

NHCbz
CHO

NHCbz

X CHO
X

2d (2.5 mol%)

toluene

54 6

endo : exo = >15 : 1
R1

R2
R3 R1
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R3
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 10 

entry 6 yield (%)b ee (%)c 

1 

 

X = Br (6aa) 95 97 
2 X = Cl (6ab) 98 97 
3d X = I (6ac) 90 96 
4e X = H (6ad) 67 98 
5 X = Me (6ae) 99 96 

6d 
 

R1 = Me, X = Br (6ba) 98 96 
7d R1 = Me, X = Cl (6bb) 85 95 
8d R1 = Me, X = I (6bc) 98 97 
9d R1 = Et, X = Br (6ca) 98 96 
10d R1 = Bn, X = Br (6da) 77 88 

11d 

 

(6ea) 83 93 

12f,g  n = 1, X = Br (6fa) 91 80 
13 f n = 2, X = Br (6ga) 98 91 
14 n = 2, X = Cl (6gb) 76 90 
15d,g n = 3, X = Br (6ha) 85 79 

16f 

 

(6ia) 76 87 

17h,i  X = H (6af) 34 88 

18h X = Br (6ag) <1 — 
aReactions were conducted with 2.0 equiv of 4 and 1.0 equiv of 5 in the presence of 2.5 mol% 2d in 

toluene at –60 °C. bIsolated yield, see Supporting Information. cDetermined by chiral HPLC, see 

Supporting Information. dReactions were conducted with 3.0 equiv of 4 and 1.0 equiv of 5 in the presence 

of 2.5 mol% 2d in toluene. eReaction was conducted with 1.0 equiv of 4 and 1.5 equiv of 5e in the 

presence of 2.5 mol% 2d and MS4Å in toluene at –80 °C.  fReactions were conducted at –50 °C.  
gendo : exo = ~5 : 1. hReactions were conducted with 1.0 equiv of 4a and 12 equiv of 5 in the presence of 

5.0 mol% 2d in toluene. iendo:exo = ~7:1. 
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Computational Study by Density Functional Theory (DFT) Calculations for the 
C2-BISPA 1a-catalyzed Enantioselective Diels–Alder Reaction of Acrolein with 
N-Cbz Amidodiene. The intriguing behavior of C2- and C1-BISPA catalysts motivated 
us to study the reaction mechanism in detail. Computational studies were carried out in 
the following order: (i) the structure of C2-BISPA 1a was optimized; (ii) the 
conformations of the amidodienes were optimized, and diastereofacial selection and a 
simplified transition state (TS) model without any catalyst were investigated; and (iii) a 
realistic TS model for the C2-BISPA 1a-catalyzed enantioselective Diels–Alder reaction 
based on studies (i) and (ii) was explored.22 All calculations were performed with the 
Gaussian 09 package.23 Geometries were fully optimized at the B3LYP/6-31G* level 

and with ONIOM (B3LYP/6-31G*:HF/3-21G) calculations24 and characterized by 

frequency calculations. To evaluate the dispersion interactions such as π-π and CH-π 
interactions of the Ar groups, single-point energy calculations of the realistic TS models 
were conducted at the B3LYP-D3/6-31+G** level.25 

DFT calculations of 1a showed that the atropo diastereomer (S,R,S) is 
conformationally more stable than either the (R,R,S) or (R,R,R) diastereomers by 4.2 
and 6.7 kcal/mol, respectively. This stability is due to the hydrogen bond between two 
phosphoric acids (Figure 5). In particular, the hydrogen bond to the phosphoryl oxygen 
(-O(2)H···O(1)=P) is more stabilizing toward the atropo diastereomeric structure than 
that toward the ester oxygen (-O(2)H···O(3)-P). This atropo diastereomer (S,R,S) of 1a 
is consistent with the X-ray diffraction analysis of C2-BISPA 1b, which possesses a 
phenyl group. 
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 12 

Figure 5. Conformational stability of three atropo diastereomers in C2-BISPA 1a. 
Hydrogen bonds are indicated by dashed lines. Relative energies (kcal/mol) were 
calculated based on single-point energy calculation at the B3LYP/6-31G* level. 
 

Based on the optimized catalyst structure of 1a and the simplified TS model without 
catalyst, the identified TS models are summarized in Figure 6.26 To reveal the factors 
contributing to asymmetric induction, the structural differences between the 
energetically lowest TS11s6r and TS11r6s structures were investigated. In contrast to the 
well-established C2-symmetric chiral environment by the mono-phosphoric acid,27,28 
C2-BISPA 1a provides a distinctive chiral environment due to the presence of a 
hydrogen-bonding network. In TS1, one of the phosphoric acid group acts as a 
bifunctional catalyst, where the OH group (proton) activates the acrolein and the P=O 
group accepts the amidodiene with the intervention of hydrogen bonds. A distorted 
chiral space is formed by one of the phosphoric acid groups activating both the acrolein 
and the amidodiene.  The binaphthyl skeleton of 1a acts as a linker to position the 
TRIP group in distorted C2-symmetric fashion. The inter- and intramolecular 
hydrogen-bonding networks are similar in both TS11s6r and TS11r6s. The origin of the 
energy difference is due to differences in steric repulsion. The benzyl group of the 
amidodiene is located far from the TRIP group of 1a, and, thus, there is no unfavorable 
steric interaction in TS11s6r. In contrast, the serious repulsive steric interaction (pink 
curve in Figure 6) between the benzyl group of amidodiene and the TRIP group of 1a is 
responsible for the destabilization of TS11r6s.29 
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Figure 6. 3D structures, schematic representation models, and relative energies 
(kcal/mol) of TS11s6r and TS11r6s. Bond lengths are shown in Å. 
 

DFT Calculations of C1-BISPA 2d-catalyzed Enantioselective Diels–Alder Reaction 
of Acrolein 5d with N-Cbz Amidodiene 4a.  To reveal the influence of the 
electron-withdrawing groups in the C1-symmetric design in more detail, theoretical 
investigations of the TS models were conducted for the C1-BISPA 2d-catalyzed reaction 
of acrolein 5d with amidodiene 4a (Table 3, entry 4: 98% ee) based on the DFT 
calculations for C2-BISPA 1a. There are two possible coordination sites on the 
phosphoric acid units, one close to the TRIP group (TS2a) and the other close to the 
C6F5 group (TS2b). The different chiral spaces are modified both sterically and 
electronically, allowing fine tuning of chiral spaces in C1-BISPA 2d. The chiral spaces 

lead to major and minor enantiomers via transition states TS21s6r and TS21r6s.  
Therefore, four diastereomeric TS2 models were compared to establish the optimal 
C1-symmetric catalyst design (Figure 7).30 
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Figure 7. Two possible coordination sites, and the relative energies (kcal/mol) of four 
diastereomeric TS2 models. 
 

Each favorable TS model that we identified for both major and minor enantiomers is 
summarized in Figure 8. The chiral space in TS2a1s6r is smaller than that in TS2b1r6s, 
and the intramolecular hydrogen bond between the two phosphoric acid units becomes 
shorter in TS2a1s6r (1.587 Å) than in TS2b1r6s (1.632 Å) due to the increased acidity of 
the bridged phosphoric acid close to the C6F5 group. A comparison of the favorable TS 
models for major and minor enantiomers shows that TS2a1s6r is more stable than 
TS2b1r6s by 0.8 kcal/mol. We believe that the energy differences arise from the inherent 
conformational stability of the catalyst structure and from the steric repulsion between 
the benzyl group of amidodiene 5a and the C6F5 group of 2d. In fact, as we reported 
previously, 99% ee was obtained in the reaction catalyzed by the C2-BISPA catalyst 1a 
that has a TRIP substituent. In contrast, the enantioselectivity dropped in the reaction 
catalyzed by C2-BISPA 1d, which has C6F5 substituents (60% ee), corroborating our 
hypothesis that the highly enantioselective reaction by C1-BISPA 2d (98% ee) 
preferentially occurs on the side of the catalyst nearest the TRIP substituent and 
between the two asymmetric reaction spaces in C1-BISPA 2d. This differentiation of the 
asymmetric reaction space created by the electronic effects is an important feature of 
our catalyst design. 
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Figure 8. 3D structures, schematic representations, and relative energies (kcal/mol) in 
TS2.  Bond lengths are shown in Å. 
 
n CONCLUSION 

In summary, we have successfully developed the C1-BISPA 2d catalyst that 
possesses both TRIP and C6F5 groups, which efficiently catalyzed the highly diastereo- 
and enantioselective Diels–Alder reactions of acrolein, methacrolein, and 

α-haloacroleins with amidodienes. Furthermore, we have conducted DFT calculations 
for TS models of the C2-BISPA 1a and C1-BISPA 2d-catalyzed enantioselective Diels–
Alder reaction of acrolein with amidodiene. We have confirmed that intramolecular 
hydrogen bonding between the phosphoric acid proton and phosphoryl oxygen 
(-OHC6F5···O=PTRIP) plays an important role in creating the C1-symmetric chiral 
environment, in which high enantioselectivities and yields were realized. The 
asymmetric reaction space could be elaborated by the electronic and steric effects of the 
naphthyl—ortho-biphenyl framework at the side of the CNaph(1')—CNaph(3')-CAr(3) 
position. The catalytic activity was adequately provided by the electron-withdrawing 
C6F5 group to improve the chemical yields of the Diels–Alder products. This design 
concept based on a C1-symmetric framework has great potential and is broadly 
applicable to the development of other chiral Brønsted acid catalysts. Further studies on 
this are underway in our laboratories and will be reported in due course. 
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(29) Although the benzyl group is freely rotating, there is still significant steric 
repulsion caused by two TRIP groups.  The other TS model obtained by rotation of the 
benzyl group toward the opposite side of the TRIP group is 2.7 kcal/mol less stable than 
TS11r6s. 
 
(30) Details were shown in Supporting Information. 
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