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ABSTRACT: The first catalytic enantioselective pinacol rearrangement was reported by Antilla and co-workers in 2010. The 

reaction was catalyzed by a chiral phosphoric acid and resulted in high levels of enantioselectivity (up to 96% ee). The present 

study uses Density Functional Theory to investigate the mechanism and origins of stereoselectivity of this important reaction and to 

explain the difference in selectivity between different catalysts. An OH···O hydrogen bond between the intermediate indolyl 

alcohol and the phosphate group from the catalyst together with a CH···O hydrogen bond between the indole and the phosphate 

group were observed in the preferred activation mode for the stereodetermining [1,2]-aryl shift. A stronger CH···O interaction in 

the major transition state was found to contribute to the high levels of enantioselectivity. A more bulky catalyst (TRIP) was found 

to impede the formation of the key CH···O interaction, leading to lower levels of enantioselectivity.

INTRODUCTION 

The pinacol rearrangement1 is a Brønsted acid-catalyzed 

process which involves  the dehydration of a vicinal diol 

followed by a [1,2]-alkyl, [1,2]-aryl or hydride shift. 

Although this reaction has been known for over a century, its 

use has been limited2 due to issues with regioselectivity 

arising from the possible formation of multiple carbocations. 

Instead, most applications have exploited the related 

semipinacol rearrangement, which leads to the generation of 

more predictable carbocations.3 A recent advance in the 

development of the pinacol rearrangement came from Antilla 

and co-workers,4 who reported the first catalytic 

enantioselective variant (Figure 1). The reaction catalyzed 

by chiral phosphoric acid (R)-4 proceeds with high yield (83-

99%) and enantioselectivity (91-96%) on indolyl substrates. 

This methodology has been exploited in the key step towards 

the total synthesis of Hopeanol and Hopeahainol A.5 

In this study, we have utilized computational methods to 

provide a detailed mechanistic insight into this important 

reaction. The origins of the enantioselectivity and the 

performance of different catalysts were explored. We have 

used previous computational studies on the mechanism of 

the uncatalyzed pinacol rearrangement to guide our search 

for transition states (TSs).6 Other computational studies 

which have analyzed key interactions in TSs of similar 

reactions catalyzed by chiral phosphoric acids guided our 

search for likely activation modes.7–10 

 

Reported substituents: 

R1 = Me, Bn, Allyl 

R2 = Ph, 4-FC6H4, 4-ClC6H4, 4-MeC6H4, 4-MeOC6H4,  

3,5-Me2C6H3, 2-naphthyl 

R3 = H, F, Cl, Br, Me, MeO 

Key Conditions (R1 = Me, R2 = Ph, R3 = H): 

Catalyst (x mol %) Solvent Yield (%) ee (%) 

(R)-3 (10) toluene 93 70 

(R)-4 (10) toluene 93 93 

(R)-4 (2.5) benzene 94 96 

Figure 1. Reaction scope and key conditions in the asymmetric 

pinacol rearrangement reported by Antilla and co-workers.4  



 

COMPUTATIONAL METHODS 

We have performed DFT calculations with Gaussian 0911 

using the B3LYP and M06-2X12 functionals. An ultrafine 

integration grid was used for all calculations. Single point 

energies13 were obtained for the optimized structures using 

the M06-2X functional with the polarized, triple-zeta valence 

quality def2-TZVPP basis set14 and the SMD15 solvent 

model. Since a large number of total conformations were 

explored (87 structures), we have reduced the 

conformational flexibility of the system by utilizing a model 

catalyst for (R)-4 with the cyclohexyl rings removed, in 

order to reduce the computational cost. In a previous study,16 

the removal of similar external rings was shown to yield 

valid results. The validity of this approximation was 

confirmed by comparing the results of the optimizations 

including and excluding this ring. Details in the 

Supplementary Information. 

The following strategy was taken to explore the 

conformations of the competing TSs and to explain the 

origin of the selectivity. First, all different conformations of 

the substrate in the TS (labeled TS-A, TS-B, TS-C and 

TS-D) were considered (Figure 3). The optimizations were 

performed in the following manner: (i) all structures were 

optimized with B3LYP/6-31G*, followed by single point 

energy calculations with M06-2X/def2-TZVPP in solvent 

(SMD), (ii) then the lowest energy TS structure for the minor 

and major pathways of each substrate conformation (8 

conformations in total) was re-optimized with M06-2X/6-

31G*, followed by single point energy calculations with 

M06-2X/def2-TZVPP in solvent (SMD). Once conformation 

TS-A was established as the lowest in energy, we re-

optimized all structures TS-A with M06-2X/6-31G*, 

followed by single point energy calculations with M06-

2X/def2-TZVPP in solvent (SMD). The use of several Pople-

type basis sets and the effect of solvent were explored, 

confirming the validity of the results obtained with 6-31G* 

in the gas phase. Details in the Supplementary Information. 

An extensive conformational search was carried out to 

find all relevant TS conformations. 4 ns Molecular Dynamics 

(MD) simulations at 500 K were performed with the sander 

module of AmberTools,17 using gasteiger18 charges and 

GAFF.19 This temperature was used to facilitate the crossing 

of rotational barriers. The three reacting carbon atoms were 

fixed in the TS geometry previously determined with DFT. 

All different 1-naphthyl arrangements were considered. The 

H-bond between the OH group of the substrate and the 

phosphate group of the catalyst was restrained at 1.79 Å to 

avoid the dissociation of the catalytic complex. The resulting 

200 MD frames were minimized with sander and then 

clustered using the hieragglo algorithm as implemented in 

the cpptraj module of AmberTools, with a minimum 

distance between clusters of 2.0 Å. Independent 

conformational searches were carried out for each substrate 

conformation TS-A, TS-B, TS-C and TS-D. 

RESULTS AND DISCUSSION 

The proposed mechanism4 of the reaction proceeds via an 

initial dehydration of the indolyl alcohol 1 followed by the 

pinacol rearrangement of intermediate B (Figure 2). As a 

first step towards gaining insight into the mechanism of the 

reaction, different activation modes and substrate geometries 

for the reaction of intermediate B were considered. 

 

Figure 2. Proposed mechanism of the asymmetric pinacol 

rearrangement.4 

Four different substrate geometries TS-A, TS-B, TS-C 

and TS-D were investigated, with different relative 

orientations of the H1 and H2 atoms and of the H2 atom and 

the OH group, and are shown in Figure 3 in order of 

increasing energy. Conformation TS-A corresponds to the 

lowest energy pathway, and 27 TS structures were located. 

The lowest energy structures leading to the major and minor 

products show the formation of an OH···OP hydrogen bond 

between the OH of the substrate and the phosphate, and a 

CH···OP hydrogen bond between the indole hydrogen H1 

and the phosphate. Conformation TS-B (15 TS structures 

located) was found to be 3.1 kcal mol-1 higher in energy for 

the major pathway, and 3.0 kcal mol-1 for the minor pathway. 

These structures do not show an H-bond between hydrogen 

H1 and the phosphate but they do show an H-bond between 

hydrogen H2 and the phosphate. Conformation TS-C (22 TS 

structures located) was found to be 6.2 kcal mol-1 higher in 

energy for the major pathway, and 3.1 kcal mol-1 for the 

minor pathway. These structures show the formation of H-

bonds between hydrogen H1 and the phosphate and between 

hydrogen H2 and the phosphate, although with longer bond 

distances. Conformation TS-D (23 TS structures located) 

was found to be 7.4 kcal mol-1 above the lowest energy 

conformation for the major pathway, and 4.7 kcal mol-1 for 

the minor pathway. This more hindered conformation 

prevents the formation of the secondary H-bonds between 

the phosphate and hydrogens H1 and H2. H-bond distances 

and angles are summarized in Table 1. A clear trend is 

observed: the primary OH···OP H-bond becomes longer 

moving from conformation TS-A to TS-B and to TS-C; and 

although this primary H-bond is of similar length in 

conformations TS-A and TS-D, this latter conformation 

impedes the formation of the secondary H-bond interactions. 

As these alternative conformations TS-B, TS-C and TS-D 

are at least 3.0 kcal mol-1 in energy above the lowest energy 

conformation TS-A, they are not expected to be significant 

in terms of the reaction mechanism. 

 



 

Figure 3. TS structures for the different conformations TS-A, 

TS-B, TS-C and TS-D considered for the substrate in the major 

pathway with catalyst (R)-4, M06-2X/def2-TZVPP-

SMD(benzene)//M06-2X/6-31G*. Key hydrogen bonding 

interactions are shown, with their corresponding bond distances 

in Å. Noncritical hydrogen atoms omitted for clarity.  

Once conformation TS-A was established as the lowest in 

energy, we sought to explain the origins of the 

enantioselectivity. All TS-A structures were re-optimized 

with M06-2X/6-31G*. The lowest energy structures show 

the formation of the key OH···OP and CH1···OP hydrogen 

bonding interactions between the substrate and the catalyst, 

with the major TS favored over the minor TS by 

1.2 kcal mol-1 (Figure 4). The C-C breaking bond (1.71 Å in 

TS-1-major and 1.73 Å in TS-1-minor) is slightly shorter 

than the C-C forming bond (1.84 Å for TS-1-major and 

1.83 Å for TS-1-minor). Overall, 6 TSs were found for the 

major pathway and 10 for the minor one. The OH···OP 

interaction is present in all TSs while the CH1···OP one is 

important for the stabilization of the TSs: conformations 

without the latter interaction were found to be 3.1 kcal mol-1 

above the lowest energy conformation for the major 

pathway, and 1.8 kcal mol-1 for the minor pathway. 

 

 

OH···OP CH1···OP CH2···OP ΔΔG‡ 

 (Å) (°) (Å) (°) (Å) (°)  

TS-A-major 1.46 166 2.09 142   0.0 

TS-A-minor 1.34 172 2.04 148   2.0 

TS-B-major 1.53 176   2.06 160 3.1 

TS-B-minor 1.51 172   2.00 170 5.0 

TS-C-major 1.61 175 2.17 139 2.08 154 6.2 

TS-C-minor 1.66 169 2.09 147 2.26 154 5.1 

TS-D-major 1.48 171     7.4 

TS-D-minor 1.52 169     6.7 

Table 1. H-bond distances (in Å) and angles (in °), and TS 

energies (in kcal mol-1) observed in the different conformations 

TS-A, TS-B, TS-C and TS-D for the major and minor TS 

structures, M06-2X/def2-TZVPP-SMD(benzene)//M06-2X/6-

31G*. 

Figure 4. Lowest energy TS structures leading to the major 

and minor products with catalyst (R)-4, M06-2X/def2-

TZVPP-SMD(benzene)//M06-2X/6-31G*. Bond lengths are 

shown for the key hydrogen bond interactions between the 

reacting species and the catalyst. Noncritical hydrogen atoms 

omitted for clarity. 

As no obvious steric interactions are present in the major 

or the minor TSs, a Natural Bond Orbital analysis was 

carried out to account for the greater stabilization of TS-1-

major relative to TS-1-minor (Figure 5). It was found that a 



 

stronger H-bond is formed between the C-H1 and O-P 

groups, as this interaction accounts for 5.9 kcal mol-1 in TS-

1-major vs. 4.0 kcal mol-1 in TS-1-minor. The largest orbital 

interaction occurs between the C-H1 antibonding orbital from 

the indole ring and the O-P oxygen lone pair, representing 

2.7 kcal mol-1 in the major TS but only 1.5 kcal mol-1 in the 

minor TS. 

 

 

Figure 5. Natural Bond Orbital analysis showing the key 

secondary orbital interactions for the TS-1-major (left) and TS-

1-minor (right) lowest energy TSs with catalyst (R)-4, M06-

2X/def2-TZVPP//M06-2X/6-31G*. See Figure 4 for the 

interactions shown using chemical drawings. Noncritical 

hydrogen atoms omitted for clarity. 

The experimental results showed that catalyst (R)-3 

achieved a lower ee than catalyst (R)-4 (70% vs 93% in 

toluene, Figure 1). This is somewhat surprising since 

catalyst (R)-3 usually achieves greater selectivities given the 

larger steric demands of the 3 and 3’ substituents.20–23 To 

rationalize this result, TSs were located for catalyst (R)-3 

with M06-2X/6-31G* followed by M06-2X/def2-TZVPP 

single point energies calculated in toluene (SMD solvent 

model) and were compared with those obtained for (R)-4.  

Two TSs were found for the major and minor pathways each. 

The lowest energy TSs (Figure 6) were found to be close in 

energy, therefore explaining the lower selectivity of the 

reaction with this catalyst (the TS leading to the major 

product was found to be 0.3 kcal mol-1 lower in energy than 

the minor one). The orientation of the substrate with respect 

to the catalyst in the TSs are different: in the reaction 

catalyzed by (R)-4 the migrating phenyl ring points towards 

the catalyst (Figure 4), whereas in the reaction catalyzed by 

(R)-3 it points away from the catalyst given the greater steric 

size of the substituents. This new conformation impedes the 

formation of the secondary interactions that accounted for 

the difference in energies in the major and minor catalysts 

for (R)-4, i.e. the CH1···O hydrogen bonding interaction 

between the indole ring and the phosphate group. This 

secondary interaction was not present in any of the TSs 

found for (R)-3. 

Figure 6. Lowest energy TS structures leading to the major and 

minor products with catalyst (R)-3, M06-2X/def2-TZVPP-

SMD(toluene)//M06-2X/6-31G*.  iPr groups and noncritical 

hydrogen atoms omitted for clarity. 

CONCLUSIONS 

In conclusion, DFT calculations were performed on the 

chiral phosphoric acid-catalyzed asymmetric pinacol 

rearrangement. Different conformations of the substrate were 

evaluated and conformation TS-A (Figure 3) led to the 

lowest energy TS since it allows for the formation of the 

shortest OH···OP H-bond and the formation of a secondary 

H-bond between the indole hydrogen CH1 and the phosphate. 

The origins of the enantioselectivity were investigated for 

conformation TS-A and the results suggest that there are two 

key interactions involved in the TS: an H-bond between the 

alcohol and the phosphate group and a CH1···OP interaction 

between the indole and the phosphate group. The difference 

in strength of the CH1···OP interaction accounts for the 

differences in energies for the pathways leading to the major 

and minor products, with TS-1-major being 1.2 kcal mol−1 

lower than TS-1-minor. A Natural Bond Orbital Analysis 

was carried out and it provided a detailed quantitative 

explanation for the differences in energies between the major 

and minor TSs. In the reaction catalyzed by the more bulky 

catalyst (R)-3, the substrate adopts a different orientation in 

the TS, with the migrating phenyl ring pointing away from 

the catalyst, therefore impeding the formation of the 

CH1···OP interaction and leading to lower levels of 

enantioselectivity. These results provide valuable insight into 

the mechanism of this reaction and can be used in the design 

of more selective catalysts for this and related 

transformations. 
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