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Secondary Stereocontrolling Interactions in Chiral 
Brønsted Acid Catalysis: Study of a Petasis-Ferrier-
Type Rearrangement Catalyzed by Chiral Phosphoric 
Acids 

Kyohei Kanomata,a Yasunori Toda,a Yukihiro Shibata,b Masahiro Yamanaka,b 
Seiji Tsuzuki,c Ilya D. Gridneva and Masahiro Terada*a,d 

Chiral phosphoric acids have emerged as promising asymmetric Brønsted acid catalysts that 
harness hydrogen bonding interactions as key stereocontrolling elements.  A new approach to 
chiral phosphoric acid catalysis through ion-paring interactions between the anionic conjugate 
base of the catalyst and a cationic electrophile has recently received attention.  However, the 
mechanism of stereocontrol through ion-pairing interactions is still elusive.  As a probe 
reaction for studying the stereocontrolling element involved in such catalytic reactions, we 
investigated the Petasis-Ferrier-type rearrangement of a 7-membered cyclic vinyl acetal 
catalyzed by chiral phosphoric acids.  DFT calculations suggested that non-classical C-H···O 
hydrogen bonds between the catalyst and the substrate play an important role in determining 
the stereoselectivity.  In addition, π-π stacking interactions were found to be a key factor for 
stereocontrol when using a 9-anthryl group-bearing catalyst. 

 

 

 

Introduction 

Chiral Brønsted acid catalysis has emerged as a rapidly 
growing area of research in recent years.1  A variety of acid 
functionalities have been utilized in this context in combination 
with appropriate chiral sources.  Among them, BINOL-derived 
axially chiral phosphoric acid catalysts 1 represent a highly 
efficient and widely applicable class of catalysts that enable a 
variety of organic transformations in a highly enantioselective 
fashion.2  In chiral phosphoric acid-catalyzed reactions, 
hydrogen-bonding (or ion-pairing) interactions play a key role 
in controlling the stereochemical outcomes, and these reactions 
take place in the chiral environment created by the catalyst.  
Several computational studies of the reaction mechanisms and 
transition structures for chiral phosphoric acid catalyzed 
reactions have suggested that two-point hydrogen-bonding 
interactions are crucial for achieving high stereoselectivities; 
the acidic proton (P-OH) and the phosphoryl oxygen (P=O) of 
the catalyst simultaneously form X-H···A-type (X, A = 
heteroatom) hydrogen bonds that direct the orientations of the 
electrophile and nucleophile, respectively (Fig. 1a, I).3-9 
 

 
 

Fig. 1  Asymmetric activation mode of chiral phosphoric acid 

catalysis.  (a) A neutral electrophile forms a hydrogen bond with 

a catalyst.  (b) A cationic electrophile lacking a Brønsted basic 

site forms an ion-pair with anionic conjugate base of a catalyst.  

X = NR, O, etc.  R3, R ≠ H. 

 
In recently reported protocols of chiral phosphoric acid catalysis, 

a high degree of enantioselectivity was attained through an ion-pair 
of positively charged electrophile and a negatively charged 
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conjugate base of the catalyst (Fig. 1b, II).10-11  In these 
transformations, the electrophilic species lack acceptor sites for X-
H···A-type hydrogen bond formation, which is considered essential 
for directing the electrophilic species.  As a result, the 
stereocontrolling element in the ion-pair II is elusive.12  A detailed 
understanding of the stereocontrolling elements in these catalytic 
reactions should not only shed light on the origin of stereoselectivity, 
but also enable the rational design of new catalysts and 
transformations.13 

Oxocarbenium ions, which are thought to be involved in a 
wide range of fundamental transformations, are representative 
of cationic electrophilic species that lack X-H···A-type 
hydrogen bonding sites.  In this context, we focused on the 
Petasis-Ferrier-type rearrangement14,15 as an ideal probe for 
elucidating the stereocontrolling elements in the interaction 
between a positively charged electrophile and the negatively 
charged conjugate base of a chiral phosphoric acid catalyst 
(Scheme 1), because this rearrangement is proposed to proceed 
via a cationic oxocarbenium intermediate in the presence of an 
acid catalyst.  The 7-membered cyclic vinyl acetal 2 was 
chosen as the substrate16 based on the following considerations: 
(i) the stereochemical relationship between the starting material 
2 and the product 3 has been well established, i.e., the reaction 
generally proceeds with retention of chirality17 and (ii) substrate 
2 has limited conformational flexibility because the 
nucleophilic and the electrophilic moieties are tethered with 
each other.  Both of these features were expected to simplify 
the transition-structure analysis with respect to the 
oxocarbenium intermediate.  Herein, we report the results of 
experimental and computational studies of the chiral 
phosphoric acid-catalyzed Petasis-Ferrier-type rearrangement 
of 2.  Guided by computational studies, the existence of non-
classical C-H···O hydrogen bonds between the catalyst and the 
substrate is disclosed.  The contribution of π-π stacking 
interactions in stabilizing a transition state is also proposed 
when using a 9-anthryl group-bearing catalyst. 
 

 
 
Scheme 1  Petasis-Ferrier-type rearrangement of cyclic vinyl 

acetals catalyzed by a chiral phosphoric acid. 

 

Results and Discussion 

� Development of a Stereoselective Petasis-Ferrier-
Type Rearrangement Catalyzed by Chiral Phosphoric 
Acids 
To establish the reaction conditions for the mechanistic study, 
we began by exploring the Petasis-Ferrier-type rearrangement 
of enantiomerically pure 7-membered cyclic vinyl acetal (R)-2a 
(R = Ph). The initial reaction was performed with (R)-2a and 5 
mol% chiral phosphoric acid catalyst (R)-1a (G = SiPh3) in 
dichloromethane at 25 °C.  The resulting aldehyde 3a was 
reduced to the corresponding alcohol 4a by treatment with 
sodium borohydride in one-pot in order to determine the yield, 
the diastereoselectivity, and the enantiomeric purity.  The 
reaction proceeded smoothly, affording the desired product 4a 
in moderate yield with high anti-selectivity (Table 1, entry 1).  
As expected, the chirality of the acetal carbon of the starting 
material (R)-2a was retained in the major diastereomer (anti-
4a), albeit with a slight loss of enantiomeric purity.18  Further 
screening of the substituent (G) of catalyst (R)-1 revealed that 
the substituents significantly influenced the yield, the 
diastereoselectivity, and the degree of chirality transfer in the 
reaction (Table 1, entries 2 and 3).  Catalyst (R)-1b (G = 2,4,6-
(i-Pr)3C6H2) and (R)-1c (G = 9-anthryl) decreased both the 
diastereoselectivity and the degree of chirality transfer 
compared to those of catalyst (R)-1a (Table1, entries 2 and 3 
vs. entry 1), although both the major anti- and minor syn-
diastereomers exhibited retention of chirality.  Changing the 
solvent from dichloromethane to toluene further improved both 
the yield and diastereoselectivity using (R)-1a, although a 
longer reaction time was required to complete the reaction 
(Table 1, entry 1 vs. entry 4).19  It should be noted that 
introduction of the substituent (G) at the 3,3’-position of the 
catalyst’s binaphthyl backbone led to the formation of anti-4a 
as the major product in all cases examined (Table 1, entries 1-
4).  In contrast, the use of catalyst (R)-1d (G = H) with no 
substituent at the 3,3’-position resulted in almost no 
diastereoselectivity, along with a considerable decrease in the 
enantiomeric purity during the course of the reaction (Table 1, 
entry 5).20  These results clearly suggest that the substituent (G) 
of the catalyst (R)-1 plays a significant role in not only 
determining the diastereoselectivity, but also enabling retention 
of enantiomeric purity throughout the reaction. 
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Table 1  Petasis-Ferrier-type rearrangement of (R)-2a catalyzed 

by (R)-1a 

 

 
 

Entry (R)-1 Solvent t (h) Yield 

(%)c 

anti-4a/ 

syn-4ad 

ee (%) for 

anti-4ad 

1 1a CH2Cl2 5 77 96:4 92 

2 1b CH2Cl2 1 76 88:12 79 

3 1c CH2Cl2 1 92 74:26 89 

4 1a toluene 12 95 99:1 95 

5 1d CH2Cl2 1 99 52:48 86 
a All reactions were carried out with 0.005 mmol (R)-1 (5 mol%) and 

0.1 mmol (R)-2a (>99% ee) in solvent (0.5 mL) at 25 °C for the 

indicated time.  b See ESI† for determination of the absolute 

configurations.  c Combined yield of anti/syn-4a.  d The diastereomeric 

ratio and enantiomeric excess were determined by chiral stationary 

phase HPLC analysis. 

 
Next, the reaction of (S)-2a was conducted using conditions 

identical to those used for Table 1, entry 1.  The reaction proceeded 
in good yield to provide the desired product 4a after reduction with 
sodium borohydride (Table 2, entry 1).19  As with (R)-2a, the 
reaction of (S)-2a in the presence of catalyst (R)-1a proceeded with 
anti-selectivity and retention of the chirality, albeit with considerable 
loss of enantiomeric purity for the major anti-4a product (from 
>99% ee to 72% ee) and only a slight loss of enantiomeric purity for 
the minor syn-4a (from >99% ee to 95% ee).  Employment of 
catalyst (R)-1b led to a considerable reduction in the 
diastereoselectivity despite a high degree of chirality transfer (Table 
2, entry 2).  Interestingly, the reaction catalyzed by (R)-1c afforded 
syn-4a as the major product in moderate yield (Table 2, entry 3) with 
near-perfect retention of chirality on the acetal carbon of the starting 
material (S)-2a.18  Changing the solvent from dichloromethane to 
toluene further improved both the syn-selectivity and the yield 
(Table 2, entry 3 vs. entry 4).21  The particular syn-selectivity with 
catalyst (R)-1c strongly suggests that some unique stereocontrolling 
elements are involved in the present catalytic reaction.  Furthermore, 
as observed for the reaction of (R)-2a catalyzed by (R)-1d (G = H) 
(Table 1, entry 5), the reaction of (S)-2a using (R)-1d also displayed 
almost no diastereoselectivity and considerable loss of enantiomeric 
purity during the course of the reaction (Table 2, entry 5).   
 

Table 2  Petasis-Ferrier-type rearrangement of (S)-2a catalyzed 

by (R)-1a 
 

 
 

Entry (R)-1 Solvent t (h) Yield 

(%)c 

anti-4a/ 

syn-4ad 

ee (%) for 

syn-4ad 

1 1a CH2Cl2 5 86 89:11e 95 

2 1b CH2Cl2 1 75 47:53 97 

3 1c CH2Cl2 1 75 16:84 98 

4 1c toluene 0.2 90 7:93 98 

5 1d CH2Cl2 1 98 49:51 76 
a All reactions were carried out with 0.005 mmol (R)-1 (5 mol%) and 

0.1 mmol (S)-2a (>99% ee) in solvent (0.5 mL) at 25 °C for the 

indicated time.  b See ESI† for determination of the absolute 

configurations.  c Combined yield of anti/syn-4a.  d The diastereomeric 

ratio and enantiomeric excess were determined by chiral stationary 

phase HPLC analysis.  e 72% ee for anti-4a. 

 
Briefly summarizing the experimental results, the reaction 

of (R)-2a in the presence of catalyst (R)-1a afforded anti-4a as 
the major product (Table 1, entry 4), while the reaction of (S)-
2a in the presence of (R)-1c afforded syn-4a as the major 
product (Table 2, entry 4).  In addition, both reactions 
proceeded with high chirality transfer in a retentive manner. 
 
� Chemical Models and Computational Methods for the 
Investigation of the Reaction Mechanism: DFT Study 
In the reaction pathway for the present Petasis-Ferrier-type 
rearrangement as shown in Scheme 1, protonation of the oxygen 
atom of the vinyl ether moiety by catalyst (R)-1 initiates C-O bond 
cleavage, affording the oxocarbenium intermediate A (R = Ph).  
Subsequent C-C bond formation furnishes the rearranged products 
anti- and syn-3a.  Thus, anti- and syn-reaction pathways are 
accessible after the C-O bond cleavage step.  Calculations were 
carried out for complexes of (R)-2a with (R)-1a and those of (S)-2a 
with (R)-1c.  Each transition structure for the C-O bond cleavage and 
C-C bond formation steps were located individually.  All of the 
atoms in the catalysts and the substrates were considered in the 
calculations without any simplification of the structures. 

All calculations were performed with the Gaussian 09 
package (Revision C.01).22  The geometries were fully 
optimized and characterized using frequency calculations at the 
BHandHLYP/6-31G* level.23  The solution-phase energies 
were evaluated using single-point energy calculations at the 
B3LYP-D/6-311+G** level24 according to the polarized 
continuum model (CPCM, toluene, ε = 2.379)25 for the 
optimized structures. 
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� Analysis of the Anti-selective Reaction of (R)-2a 
Catalyzed by (R)-1a 

First, the mechanism of the anti-selective reaction of (R)-2a 
catalyzed by (R)-1a was investigated.  The energy profile of the 
reaction is shown in Fig. 2.  The highest energy barrier in the energy 
profile is that of the C-O bond cleavage step (TSrco), indicating that 
this step is the rate-determining step.  The subsequent rotation of 
enol moiety primarily around the C5-C6 bond (see Fig. 3) through 
TSr-int led to intermediate INTr2, which is the precursor of the C-C 
bond formation.26  Focusing on the stereodetermining C-C bond 
forming step, TSrcc-anti, which affords anti-3a, is more stable than 
TSrcc-syn, which affords syn-3a, by 1.4 kcal mol-1.27  Therefore, the 
anti-selective pathway is the more energetically favored pathway in 
Petasis-Ferrier-type rearrangement of (R)-2a catalyzed by (R)-1a, 
which is in agreement with the experimental results. 
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Fig. 2  Energy profile for the reaction of (R)-2a catalyzed by (R)-1a.  

The potential energy of the sum of (R)-1a and (R)-2a was set to zero.  

The energies for single-point calculations in the solution phase are 

shown.  The energies for frequency calculations with the 

BHandHLYP/6-31G* level are indicated in parentheses. 

 

Fig. 3 shows the 3D structures and schematic representation 
models of C-O bond cleavage and C-C bond forming steps.  In each 
of the three transition structures, two P-O bonds of the phosphoric 
acid moiety are nearly the same length (1.48 - 1.50 Å).  This results 
suggests that, rather than the phosphoric acid moiety consisting of a 
P-OH single bond and a P=O double bond, the phosphoric acid 
releases a proton as an anionic conjugate base, and the resultant 
negative charge is delocalized over the phosphoric acid moiety.3  
Therefore, the transition states can be regarded as a complex 
between the negatively charged conjugate base of the catalyst and 
the positively charged (protonated) substrate, which is stabilized by 
O-H···O hydrogen-bonding interactions between the enol moiety of 
the substrate and the phosphate moiety of the catalyst. 

Detailed analysis of the transition structures revealed that the 
distances between the phosphoryl oxygen of the catalyst and the 
neighboring hydrogen atoms of the substrate are considerably shorter 
than the sum of the van der Waals radii of H and O atoms (ca. 2.7 
Å), indicating the involvement of a non-classical C-H···O hydrogen 
bonding interaction.12,28-31  Furthermore, two distinct types of C-
H···O hydrogen bonds were identified in the transition structures. 

One is the hydrogen bond between the C-H bond of the 
oxocarbenium moiety and the oxygen atom of the catalyst (C-
HC=O···O in TSrco and TSrcc-anti).  The other is the bond between 
the C-H bond in the ortho-position of the phenyl ring and the oxygen 
atom of the catalyst (C-HPh···O in TSrco, TSrcc-anti, and TSrcc-syn).  
The substrate is uniquely directed at the catalyst by the cooperative 
effect of the O-H···O and non-classical C-H···O hydrogen bonds. 

To explain the origin of the anti-selectivity, the structures of 
TSrcc-anti and TSrcc-syn were compared.  As indicated in Fig. 
2, the energetically favored TSrcc-anti, which affords anti-3a, 
is stabilized by one O-H···O and two C-H···O hydrogen bonds 
(i.e., C-HC=O···O and C-HPh···O).  In contrast, the energetically 
disfavored TSrcc-syn, which affords syn-3a, is stabilized by 
only one O-H···O and one C-HPh···O bond, and lacks the C-
HC=O···O hydrogen bond.  In TSrcc-syn, the C-H bond of the 
oxocarbenium moiety is oriented away from the catalyst and 
unable to form the C-H···O hydrogen bond.  Presumably, other 
possible reaction pathways affording syn-3a are prevented due 
to the bulky substituents at the 3,3’-position of the catalyst. 
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Fig. 3  3D structures and schematic representation models of TSrco, TSrcc-anti, and TSrcc-syn.  Bond lengths are indicated in Å.  C-

H···O hydrogen bonds are highlighted in red.  The energies for single-point calculations in the solution phase are shown.  The 

energies for frequency calculations with the BHandHLYP/6-31G* level are indicated in parentheses. 

 

� Analysis of the Syn-selective Reaction of (S)-2a 
Catalyzed by (R)-1c 

Next, the mechanism of the syn-selective reaction of (S)-2a 
catalyzed by (R)-1c was investigated.  The energy profile of the 
present reaction was similar to that illustrated in Fig. 2.32  As is 
the case for the anti-selective reaction of (R)-2a, the highest 
energy barrier in the energy profile was that of the C-O bond 
cleavage step, indicating that this step is the rate-determining 
step.  Focusing on the stereodetermining C-C bond forming 
step, it was found that TSscc-syn is more stable than TSscc-anti 
by 1.6 kcal mol-1.  Therefore, the syn-selective pathway is the 
more energetically favored pathway in the Petasis-Ferrier-type 
rearrangement of (S)-2a catalyzed by (R)-1c, which is in 
agreement with the experimental results. 

Fig. 4 shows the 3D structures and schematic representation 
models of C-O bond cleavage and C-C bond forming steps.  As 
shown in Fig. 4, the substrate structures for TSscc-anti and TSscc-syn 
are the mirror images of those for TSrcc-anti and TSrcc-syn, 
respectively.33  On the other hand, the structure for TSsco is in sharp 
contrast to that of TSrco.  In TSsco, the vinyl moiety, rather than the 

formyl moiety, of the substrate forms a C-H···O hydrogen bond with 
the phosphoryl oxygen of the catalyst.  In addition, the C-H bond of 
ortho-position of the phenyl ring forms a C-H···O hydrogen bond 
with an ethereal oxygen of the phosphoric acid moiety. 

To explain the origin of syn-selectivity, the structures of 
TSscc-syn and TSscc-anti were compared.  The energetically 
disfavored TSscc-anti features one O-H···O and two C-H···O 
hydrogen bonds (i.e., C-HC=O···O and C-HPh···O hydrogen 
bonds).  However, the phenyl ring of the substrate and the 9-
anthryl group of the catalyst are located close to one another, 
leading to steric congestion that may destabilize the transition 
state.  On the other hand, TSscc-syn, which is stabilized by only 
one O-H···O and one C-H···O hydrogen bond, is energetically 
favored compared to TSscc-anti, despite the fact that the 
number of non-classical hydrogen bonding interactions is 
reduced.  In TSscc-syn, however, further stabilization can be 
expected due to π-π stacking interactions enabled by the 
parallel orientation of the phenyl group of the substrate and the 
9-anthryl group of the catalyst at a distance of 3.5 Å.34,35 
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Fig. 4  3D structures and schematic representation models of TSsco, TSscc-anti, and TSscc-syn.  Bond lengths are indicated in Å.  C-

H···O hydrogen bonds are highlighted in red.  The energies for single-point calculations in the solution phase are shown.  The 

energies for frequency calculations with the BHandHLYP/6-31G* level are indicated in parentheses. 

 

To confirm the stabilizing effect of this π-π stacking interaction 
in TSscc-syn, a further analysis to evaluate the energy of interaction 
between the catalyst and the substrate was carried out.36  Thus, a 
complex is divided into two fragments in order to evaluate the 
energy of interaction (Eint) between them.  TSscc-syn was divided 
into the protonated substrate and deprotonated catalyst, and Eint 

between them was calculated using the following equation: 
 
Eint = E(TSscc-syn) – {E(substrate + H+) + E(catalyst – H+)} 

 
where E(TSscc-syn) is the total energy of TSscc-syn, E(substrate 
+ H+) is the energy of the protonated substrate, and E(catalyst – 
H+) is the energy of the deprotonated catalyst.  Eint was also 
calculated for F1 and F2, which were generated by replacing 
one of the 9-anthryl groups (Ar1, Ar2) of TSscc-syn with a 
hydrogen atom, respectively.37  Eint of F1 and F2 were 
compared to that of TSscc-syn (Table 3, shown in parentheses).  
The absolute value of Eint decreased by 8.3 kcal mol-1 in F1 and 
by 2.0 kcal mol-1 in F2 compared to that of TSscc-syn for 
calculations at the B3LYP-D level (Table 3, entries 2 and 3).  
The dramatic change in Eint for F1 can be attributed to the 
absence of the 9-anthryl group, which is thought to participate 
in a π-π stacking interaction with the substrate, as described 
above. 
 
 

Table 3  Evaluation of the energy of interaction in TSscc-syn 

 

 
 

Entry  Ar1 Ar2 Eint (kcal mol-1)a 

    B3LYP-Db BHandHLYPc 

1 TSscc-syn 9-anthryl 9-anthryl -69.5 (0.0) -110.7 (0.0) 

2 F1 9-anthryl H -61.2 (+8.3) -107.8 (+2.9) 

3 F2 H 9-anthryl -67.5 (+2.0) -110.9 (-0.2) 
a The relative values of Eint with respect to that of TSscc-syn are 

indicated in parentheses.  b CPCM(toluene)/B3LYP-D/6-311+G**.   
c BHandHLYP/6-31G*.   

 
Notably, the change of Eint for F1 calculated at the 

BHandHLYP level is much smaller than that calculated at the 
B3LYP-D level (Table 3, entry 2).  In general, the 
BHandHLYP method does not correctly evaluate the dispersion 
interactions, which is the origin of π-π stacking structure.38  It 
should also be noted that the transition energies calculated at 
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the BHandHLYP level did not predict the experimental results 
correctly (Fig. 3, in parentheses. TSscc-syn is 5.5 kcal mol-1 less 
stable than TSscc-anti for the BHandHLYP calculation).39  The 
inaccurate evaluation of the transition energy at the 
BHandHLYP level, combined with the results shown in Table 
3, strongly suggest the involvement of the dispersion 
interaction as a stabilizing factor in the present catalytic 
reaction.34,35,38,39  The syn-selectivity observed when using (R)-
1c with (S)-2a can be rationalized as the result of a π-π stacking 
interaction between the substrate and the anthryl group of the 
catalyst. 
 
CONCLUSION 

The Petasis-Ferrier-type rearrangement of cyclic vinyl acetal 2a 
catalyzed by (R)-1 was investigated as a model reaction for 
clarifying the stereocontrolling element in reactions catalyzed 
by chiral phosphoric acid catalysts that proceed without the 
formation of X-H···A-type hydrogen bonds to electrophilic 
species.  The reaction of (R)-2a catalyzed by (R)-1a selectively 
afforded anti-4a, while the reaction of (S)-2a catalyzed by (R)-
1c selectively afforded syn-4a.  Both reactions proceeded with 
high chirality transfer in a retentive manner.  DFT studies of the 
present catalytic reaction revealed that non-classical C-H···O 
hydrogen bonds are crucial in achieving high stereocontrol.  In 
other words, C-H···O hydrogen bonds play an alternative to X-
H···A-type hydrogen bonds as a stereocontrolling element in 
ion-pairing interactions.31  It was also revealed that the 9-
anthryl group at the 3,3’-position of the catalyst stabilized the 
transition state through π-π stacking interactions.  Such an 
attractive interaction between a catalyst substituent and the 
substrate is in sharp contrast to well-understood repulsive 
interactions induced by steric bulkiness.  Development of novel 
catalytic asymmetric reactions that harnesse these newly 
revealed stereocontrolling elements is now under way in our 
laboratory. 
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