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Abstract  

To elucidate the reaction mechanism and the origin of the enantioselectivity of the asymmetric dehydrative 

cyclization of allyl alcohol to cyclic ether catalyzed by a Cp-ruthenium complex and a chiral 

pyridinecarboxylic acid, (R)-X-Naph-PyCOOH, denisity functional theory (DFT) calculations were 

performed. According to the DFT calculations, the rate-determining step is the dehydrative σ-allyl 

formation with ∆G‡ = 18.1 kcal mol−1 at 80 °C. This agrees well with the experimental data (∆G‡ = 19.01 

kcal mol−1 at 80 °C). The DFT result showed that both hydrogen and halogen bonds play a key role in the 

high enantioselectivity by facilitating the major R,SRu-catalyzed reaction pathway via a σ-allyl Ru 

intermediate to generate the major (S)-product. In contrast, the reaction is sluggish in the presence of the 

diastereomeric R,RRu catalyst with an apparent activation energy of 33.1 kcal mol−1; the minor (R)-product 

is formed via a typical π-allyl Ru intermediate and via a minor pathway for the cyclization step. In addition, 

the calculated activation Gibbs free energies, 14.4 kcal mol−1 for I < 16.8 kcal mol−1 for Br < 18.1 kcal 

mol−1 for Cl, reproduced the observed halogen dependent reactivity with the (R)-X-Naph-PyCOOH ligands. 

The origin of the halogen trend was clarified by a structural decomposition analysis. 
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1. Introduction 

Asymmetric Tsuji–Trost allylation reaction is one of the key catalytic reactions for the synthesis of chiral 

compounds.1 Among the transition metal catalysts for asymmetric allylation reactions,2-9 Palladium is the 

most commonly used transition metal for the activation of allylic alcohols toward nucleophilic attack.10 

Tsuji reported the first palladium-catalyzed allylic substitution reactions of allylic alcohols were reported 

in 1964.11 Allylic alcohols are a substantially less expensive substrates and were found to be the most 

reactive species compared to their activated counterparts. Sundararaju et al.12 have described the transition 

metal-catalyzed nucleophilic allylic substitution of allylic alcohols via π-allylic species in detail. Direct 

activation of allylic alcohols in the presence of transition metal catalysts produces electrophilic π-allyl metal 

intermediates. 

Many studies13-19 have been conducted to discover novel catalysts for asymmetric allylations. A major 

challenge has been elucidation of the reaction mechanism and the origin of the enantioselectivity of the 

allylation reactions for both experimental and theoretical chemists. So far, the reaction mechanism 

commonly involves π-allylic intermediate. For instance, Piechaczyk et al.20 reported a DFT study of 

palladium-catalyzed allylation of primary amines. They reported two potential mechanisms. The first 

mechanism is based on the formation of a cationic Pd hydride species whereas the second mechanism is 

based on the decomplexation of the coordinated allylammonium ligand. The second mechanism was 

consistent with the results of the theoretical and experimental studies on the electronic influence of ligands. 

Zhang et al.21 used DFT calculations to investigate the mechanism of allylic alkylation of simple ketones 

and allylic alcohols. According to their calculations, methanol is required for the C-O bond cleavage via 

hydrogen bond activation. Moreover, solvents were found to play an important role in the formation of the 

π-allylpalladium complex and could be reduced the energy barrier. McPherson et al.22 used DFT 

calculations to investigate the mechanistic of an enantioselective Tsuji−Trost allylation reaction of allyl 

enol carbonate. As the key species in the plausible reaction pathways, they suggested a square-planar 

palladium allyl enolate intermediate. Additionally, their results revealed that water is crucial in the 
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preferential stabilization of a keto-coordinated adduct of the Pd(II)-η1-allyl complex. In the last decade, 

ruthenium catalysts have been used more frequently than palladium catalysts for the direct substitution of 

allylic alcohols.23-25 The Ru-catalyzed allylic alkylation reaction has attracted significant interest because 

of its regioselectivity for branched allylic products. The first reported ruthenium pre-catalyst, 

[RuCl2(PPh3)3], was used to form allylic ethers from homoallylic alcohols and glycols.23 Mechanistic 

studies for the Ru catalyst also introduced π-allylic intermediate species. Hermatschweiler et al.,24 for 

example, reported a combined experimental and DFT study for the explanation of regioselectivity for the 

Ru-catalyzed allylic alkylation reaction.  

Kitamura group25 recently reported an allylation reaction in which a key role of a σ-allyl Ru intermediate 

was pointed out for the first time in this class of reactions. For catalytic asymmetric reactions, a 

Ru(II)/Ru(IV) redox allylation system with chirality-modified picolinic acid (pyCOOH) ligands was used. 

They developed the (R)-Cl-Naph-PyCOOH ligand (Naph: naphthalene, Py: pyridine) for a Trost-type CpRu 

complex, which enabled the intramolecular dehydrative cyclization of ω-hydroxy allyl alcohols to give 

alkenyl cyclic ethers with high enantioselectivity.26-27 The advantage of the direct Ru–Allyl formation using 

the protic nucleophiles (NuH) and allylic alcohols (AllOH) is that the by-product is only H2O, thus making 

their process environmentally benign and very atom- and step-economical.  

As shown in Figure 1, the chiral Brønsted acid/CpRu(II) combined catalyst 1 exists as an equilibrium 

mixture of two diastereomers, (R,RRu)-1 (AR) and (R,SRu)-1 (AS), which originate due to the ligand chirality 

and the Ru stereogenic center.  
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Figure 1. Chiral Brønsted acid/CpRu(II) combined catalyst (1) with (R)-Cl-Naph-PyCOOH ligand.                       

Two diastereomers, (R,RRu)-1 (AR, left) and (R,SRu)-1 (AS, right), were identified. 

 

In the previous report,25 an experimental study was conducted for clarifying mechanism of conversion 

from (E)-hept-2-ene-1,7-diol (2) to (S)-2-vinyltetrahydro-2H-pyran ((S)-3) and (R)-2-vinyltetrahydro-2H-

pyran ((R)-3) in an S/R enantiomeric ratio (er) of 97:3 er, as shown in Figure 2. NMR measurements 

suggested that the reaction proceeded via σ-allyl mechanism as a major pathway and π-allyl mechanism as 

a minor pathway. This is the first report of the σ-allyl pathway for the Ru-catalyzed allylation reactions.25 

However, no theoretical evidence was so far obtained.  
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Figure 2. Conversion of (E)-hept-2-ene-1,7-diol (2) to (S)-2-vinyltetrahydro-2H-pyran ((S)-3) and (R)-2-

vinyltetrahydro-2H-pyran ((R)-3) products. 

 
 
 
 Based on our previous experimental results,25 we performed DFT calculations to clarify the mechanistic 

details and elucidated the origin of the enantioselectivity of the asymmetric dehydrative cyclization of 
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allylic alcohol to cyclic ether catalyzed by a CpRu/Brønsted acid combined with chiral (R)-Cl-Naph-

PyCOOH ligand. Moreover, we examined the halogen effect in the rate determining step (RDS) of the 

major σ-allyl mechanism on the reactivity. This paper shows a theoretical insight into the catalytic 

mechanism of the asymmetric dehydrative allylation involving an σ-allyl Ru intermediate which provides 

a substantially lower energy reaction pathway than π-allyl intermediate. The results of this study are 

consistent with our earlier experimental data25 and can explain the origin of the strong enantioselectivity 

with chiral Brønsted acid/CpRu(II) hybrid catalysts. 

 

2. Presently Proposed Mechanism and Notations 

Here, our notations used in this paper are explained. In Scheme 1, the catalyst/substrate complex “BS-

saSi” denotes that C(3) substituent is syn to C(2)H and anti to the Ru carboxylato moiety, and the Si face 

of C(3) is directed to the Ru side; therefore, this is abbreviated as “syn,anti,Si” or “saSi” hereafter. In the 

catalyst/substrate complex “BS-ssSi”, the C(3) substituent is syn to C(2)H and syn to the Ru carboxylato 

moiety and the Si face of C(3) is directed to the Ru side; therefore, this is abbreviated as “syn,syn,Si” or 

“ssSi” hereafter. Two modes of hydration have been revealed:  H2O liberation to the Ru side or “inside” 

(H2Oin) and H2O liberation from the Ru side or “outside” (H2Oout). Moreover, there are two modes of the 

nucleophilic attacks in the intramolecular reductive nucleophilic attack of C(7)OH on the allyl C(3) carbon:  

“inside” attack (OHin) and “outside” attack (OHout). 

As shown in Scheme 1, there are “AS,in,in” and “AR,out,out” cycles. The former means that the reaction cycle 

produces (S)-product via H2Oin and OHin processes, while the later means that (R)-product is formed via 

H2Oout and OHout processes. In the AS,in,in cycle (red), the major (S)-3 product is generated from a σ-allyl 

intermediate involving a halogen bond. In the reactant state, AS captures substrate 2 using two weak 

interactions hydrogen and halogen bonding to stabilize the catalyst/substrate complex SRu-R (BS-saSi). The 

Ru catalyst performs as a redox-involved donor–acceptor bifunctional catalyst and facilitates the 

dehydrative σ-allyl formation of the intramolecularly activated 2 to Ru(II) via TS1 in an H2Oin manner (SRu-
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TS1-H2Oin), resulting in the formation of the σ-allyl intermediate SRu-I1 (σ-CS-saSi). The two attractive 

interactions, hydrogen and halogen bonds, are kept and promote the formation of the σ-allyl complex. Then, 

the σ-allyl intermediate SRu-I1 changes conformation to the more stable σ-allyl intermediate SRu-I2 via the 

C-C bond rotation (SRu-TS2). The SRu-I2-OHin state enables the nucleophilic OHin “inside” attack to 

generate the major (S)-product through SRu-TS3-OHin. Another possible pathway is shown in the pink path. 

The OH nucleophile can attack the C3 of the allyl alcohol substrate from outside (SRu-I2-OHout) via TS3 

(SRu-TS3-OHout) to generate a minor (R)-product complex.  

In the AR,out,out cycle (black), the minor (R)-3 product is generated via a conventional π-allyl mechanism. 

In contrast to AS, the generation of RRu-R (BR-ssSi) from AR is energetically unfavorable due to both the 

lack of the σ-hole assistance by the Cl-O bond and the hydrogen bond. As a result, the AR cycle slowly 

forms a conventional π-allyl intermediate RRu-I1 (CR-ssSi) through the H2Oout mechanism via TS1 (RRu-

TS1-H2Oout), followed by nucleophilic attack of the OH group through the OHout mechanism via TS2 (RRu-

TS2-OHout), to yield the minor (R)-3 product. The blue path represents another possible route. The OH 

nucleophile can attack the C3 of the allyl alcohol substrate from the inside (RRu-I2-OHin) via TS2 (RRu-TS2-

OHin), to generate a major (S)-product complex.  
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Scheme 1. A proposed mechanism for the CpRu-catalyzed asymmetric dehydrative intramolecular                           

O-allylation of allyl alcohol 2 to cyclic ether 3 using (R)-Cl-Naph-PyCOOH ligand via major σ-allyl 

pathway (red), minor π-allyl mechanism (black) and possible routes OHout, R-product (pink) with OHin, S-

product (blue).  

 

3. Computational Details 

All the DFT calculations were performed using the Gaussian 09 (Rev. E.01) program.28 For the 

optimization of all structures, a range-separated hybrid functional with damped atom-atom dispersion 

(ωB97XD)29 functionals with the 6-31G(d,p) basis set, and the effective core potential SDD30 basis set for 

Ru and I atoms were employed. In order to obtain accurate potential energies, the single-point calculations 

were computed at the ωB97XD/6-311+G(2d,p), SDD for Ru and I atoms. Effect of the basis sets extension 

was given in Table S5 of the supporting information. The solvation effect of N,N-dimethylacetamide 
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(DMA) was evaluated by single-point calculations using the PCM model (ε = 37.7810 for DMA). To check 

whether an optimized structure is an energy minimum or a transition state, vibrational frequency 

calculations were performed on the optimized structures at the same level of theory. The Gibbs free energies 

were calculated at 298.15 K and 1 atmospheric pressure. The free energy barrier was calculated at the RDS 

and at 353K (80 °C) for comparison with experimental result. Chemcraft version 1.8 program was used to 

generate all the 3D images of the optimized structures.31  

 
 
4. Results and Discussion 

4.1. Relative Stability of AR and AS 

Initially, the relative stabilities of the two diastereomers of the chiral Brønsted acid/CpRu(II) combined 

catalyst 1 were compared. A penta-coordinated Ru complex with the (R)-Cl-Naph-PyCOOH ligand 

coordinated at the OH group25 is the computational model for 1. Figure 3 depicts the optimized structures 

of R,RRu (AR, left) and R,SRu (AS, right). The followings are the definitions of potential energy, ∆E, and 

Gibbs energy, ∆G, relative to the optimized structures of R,RRu. 

∆E = E(SRu) − E(RRu) 

∆G = G(SRu) − G(RRu) 

A positive / negative ∆E and ∆G value means that RRu / SRu is stable in energy. 
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Figure 3. Optimized structures of the two diastereomers: R,RRu (AR, left) and R,SRu (AS, right). Potential 

energy and Gibbs energy relative to R,RRu. 

 

Figure 3 shows that both ∆E (−0.4 kcal mol−1) and ∆G (−0.2 kcal mol−1) are negative, suggesting that SRu 

and RRu populate with a Boltzmann ratio of 56.4 : 43.6 at 353K based on the ∆G values. This result is 

qualitatively consistent with our experimental results showing that monocationic R, RRu, and R, SRu are 

swiftly converted to one other with K ≈ 1.25  

 

4.2. Major σ-allyl and Minor π-allyl Mechanisms 

In this section, we discuss major σ-allyl mechanism (pathway shown in red) and minor π-allyl 

mechanism (pathway shown in black) for the CpRu-catalyzed asymmetric dehydrative intramolecular O-

allylation of alcohol to cyclic ether using the (R)-Cl-Naph-PyCOOH ligand (Scheme 1). The detailed 

potential energy profiles for the (R)-Cl-Naph-PyCOOH–CpRu-catalyzed intramolecular O-allylation are 

shown in Figure 4.  
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Figure 4. Potential energy profiles for (R)-Cl-Naph-PyCOOH–CpRu catalyzed intramolecular O-allylation 

via major σ-allyl mechanism (red), minor π-allyl mechanism (black) and possible routes OHout, R-product 

(pink) with OHin, S-product (blue). Gibbs free energies (298.15 K) are shown in parenthesis. 
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4.2.1 Major σ-Allyl Mechanisms (Pathways shown in red and pink) 

 As shown in Figure 5, the major σ-allyl mechanism (red) relies on both hydrogen bond (1.661 Å) 

and halogen bond (2.988 Å) to stabilize the catalyst-substrate R complex (SRu-R). This enables the 

H2Oin pathway via TS1 (SRu-TS1-H2Oin), with Ea1in = 18.2 kcal mol−1 (∆G⧧ = 17.9 kcal mol−1), to give 

the σ-allyl intermediate I1 (SRu-I1-H2Oin). The calculated activation energy is in reasonable agreement 

with the experimentally determined activation energy (19.01 kcal mol−1 from the Eyring plot at 353 

K38 and 23.5 kcal mol−1 from the Freedman plot).25 We distinguished between σ-allyl and π-allyl 

characters by considering 5 keys bond distances (C1-C2, C2-C3, Ru-C1, Ru-C2, and Ru-C3). Thus, the 

distances C1-C2 = 1.417 Å, C2-C3 = 1.367 Å of allyl alcohol substrate and Ru-C1 = 2.108 Å, Ru-C2 = 

2.217 Å, Ru-C3 = 2.457 Å indicate that the σ-allyl character is prevalent in the I1 intermediate. The 

double attractive interactions through hydrogen and halogen bonds also aid in the formation of the σ-

allyl complex. We note that alternative possibility of oxidative addition was ruled out due to 

unfavorable energetics as shown in Figure S4 in SI. Then, the σ-allyl intermediate I1 (∆E = −8.5 kcal 

mol−1, ∆G = −10.0 kcal mol−1) changed its conformation to the σ-allyl intermediate I2 (∆E = −7.9 kcal 

mol−1, ∆G = −8.7 kcal mol−1) via the C−C bond rotation (SRu-TS2) with a small barrier (Ea2 = 3.3 kcal 

mol−1 (∆G⧧ = 3.9 kcal mol−1). The nucleophilic OHin pathway via TS3 (SRu-TS3-OHin), with Ea3in = 

10.6 kcal mol−1 (∆G⧧ = 10.3 kcal mol−1) is then used to generate the P1 major (S)-product complex 

(∆E = −9.3 kcal mol−1, ∆G = −11.4 kcal mol−1). Finally, we identified the most stable P2 (SRu-P2-

OHin-S-prod) major (S)-product complex (∆E = −16.5 kcal mol−1, ∆G = −16.5 kcal mol−1), where H2O 

could stabilize both the catalyst and the product. This result indicated that the process is exothermic. 

The pink path depicts another possible pathway (see the details of structures in Figure S2). The 

OH nucleophile can attack the C3 of the allyl alcohol substrate from the outside (SRu-I2-OHout) via TS3 
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(SRu-TS3-OHout) with Ea3out = 12.1 kcal mol−1 (∆G⧧ = 11.5 kcal mol−1) to generate the P1 minor (R)-

product complex (∆E = −0.2 kcal mol−1, ∆G = 0.6 kcal mol−1). However, a proton from the OH group 

remain bonded in the P1 structure. A positional reorganization of H2O would be required to return the 

proton back to the catalyst. Finally, the most stable P2 (SRu-P2-OHout-R-prod) with (R)-product 

complex was identified, and the catalyst could be regenerated through an exothermic process with ∆E 

= −16.9 kcal mol−1 (∆G = −16.7 kcal mol−1). As a result, red pathway is the most favorable route for 

the dehydrative O−allylation reaction. According to the potential energy profile shown in Figure 4, 

the RDS for this reaction is dehydrative σ-allyl formation whereas the stereodetermining step in the 

AS,in,in catalytic cycle is the TS3 for nucleophilic attack.  
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Figure 5. Optimized structures of intermediates and transition states for the CpRu−catalyzed 

asymmetric dehydrative O−allylation of the (R)−Cl−Naph−PyCOOH ligand via the major σ−allyl 

mechanism (red). Hydrogen bond and halogen bond distances are displayed in blue color. Bond 

distances are given in Å. The positions of C1, C2, C3, Ru atoms are given in all structures. 
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4.2.2 Minor π−Allyl Mechanisms (Pathways shown in black and blue)   

As for the minor π−allyl mechanism (black), the distances of C1−C2, C2−C3, Ru−C1, Ru−C2, and 

Ru−C3 of all intermediates and transition states as presented in Figure 6. The reactant complex (RRu-

R), which lacks both hydrogen and halogen bonds (Figure 6), is formed through the H2Oout pathway 

via TS1 (RRu-TS1-H2Oout), with Ea1out = 30.7 kcal mol−1 ∆G⧧ = 29.8 kcal mol−1), to give the stable 

π−allyl intermediate I1 (RRu-I1-H2Oout; ∆E = −13.1 kcal mol−1, ∆G = −15.8 kcal mol−1).  Unlike the 

red pathway, the C1−C2 and C2−C3 distances in the black pathway are 1.417 Å and 1.402 Å, 

respectively, and the Ru−C1, Ru−C2, and Ru−C3 distances are 2.171 Å, 2.180 Å, and 2.328 Å, 

respectively. Those bond distances suggest that the π−allyl Ru intermediate takes place. Then, both 

the catalyst and substrate are stabilized by two hydrogen bonds with H2O to generate the more stable 

π−allyl intermediate I2 (RRu-I2-H2Oout; (∆E = −17.7 kcal mol−1, ∆G = −17.2 kcal mol−1). Next, the 

OHout pathway follows via TS2 (RRu-TS2-OHout), with Ea2out = 14.0 kcal mol−1 (∆G⧧ = 12.6 kcal mol−1), 

to generate the P1 minor (R)−product complex (∆E = −12.0 kcal mol−1, ∆G = −10.2 kcal mol−1).  In 

this structure, a proton from the OH group is still attached. A positional reorganization of H2O would 

be necessary to return the proton back to the catalyst. Finally, we identified the most stable P2 minor 

(R)−product complex, and the catalyst could be regenerated through an exothermic process with ∆E = 

−16.9 kcal mol−1 (∆G = −16.7 kcal mol−1).  

The blue path represents another possible pathway (see the details of structures in Figure S3). 

The OH nucleophile can attack the C3 of the allyl alcohol substrate from inside (RRu-I2-OHin) via TS2 

(RRu-TS2-OHin), with Ea2in = 19.8 kcal mol−1 (∆G⧧ = 19.3 kcal mol−1), to generate the P1 major (S)-

product complex (∆E = −12.6 kcal mol−1, ∆G = −14.3 kcal mol−1). However, in P1 structure, the H2O 

can only stabilize catalyst, requiring a positional reorganization of H2O. Finally, we identified the most 
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stable P2 (RRu-P2-OHin-S-prod) with (S)-product complex with ∆E = −16.9 kcal mol−1 (∆G = −16.7 

kcal mol−1). 
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Figure 6. Optimized structures of intermediates and transition states for the CpRu−catalyzed 

asymmetric dehydrative O−allylation of the (R)−Cl−Naph−PyCOOH ligand via the minor π−allyl 

mechanism (black). Hydrogen bond and halogen bond distances are displayed in blue color. Bond 

distances are given in Å. The positions of C1, C2, C3, Ru atoms are given in all structures. 
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In addition, the natural bond orbital (NBO) bond order analysis was performed for σ-Ru allyl 

complex using SRu-I1-H2Oin (red path) and π-Ru allyl complex using RRu-I1-H2Oout (black path) 

structures as given in Table S3 of the supporting information (SI). For the σ-Ru allyl intermediate (red 

path), the bond order for the C1-C2 and C2-C3 was calculated to be 0.97 and 1.65, respectively, 

indicating the property of single and double bonds for the C1-C2 and C2-C3 bond. For the π-Ru allyl 

intermediate (black path), the result for the C1-C2 and C2-C3 bond was both 0.97, indicating the 

characteristic of the π-allyl species. 

In summary, the DFT calculations supported the mechanism of our earlier experimental study.25 It 

was revealed that hydrogen and halogen bonds were crucial in facilitating the R,SRu−catalyzed reaction 

pathway via a σ−allyl intermediate to give the major (S)−product. The minor (R)−enantiomer is slowly 

generated either via a π−allyl intermediate (black pathway) or via the SRu-TS3-OHout state (pink 

pathway). The results of these DFT calculations could explain the origin of the high enantioselectivity 

for (R)−Cl−Naph−PyCOOH−CpRu−catalyzed intramolecular O−allylation. 

 

4.3  Halogen Bond Effect on the Reactivity 

Besides hydrogen bonding,32 halogen bonds33−37 are classified into non−covalent interactions and 

have attracted attention because their bonding property are similar to those of hydrogen bonds. Based 

on our earlier experimental results,25 the ligand structure/reactivity/selectivity relationship was 

investigated. The results showed that the replacement of the ligand’s Cl atom with bromine or iodine 

atoms increased the initial rate as the strength of the halogen bond increased from Cl to Br to I atoms. 

The reactivity of the allylic alcohol substrate 2 improved in the order Cl (23%–30% conversion 

(convn)), Br (51%–58% convn), and I (34%–71% convn) in the X−Naph−PyCOOH ligands. Recently, 

we also explored the halogen effect on the reactivity with pyrroles substrate using the same catalysts. 
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The reactivity also increased from X = Cl (9% convn) to Br (65% convn), and I (>99% convn) in the 

same ligands.39 

Figure 7 depicts optimized structures involved in RDS, SRu-R, SRu-TS1-H2Oin, and SRu-I1-H2Oin 

states, for X = Cl, Br, and I in the σ−allyl case. In the R state, the O−I bond was the shortest (2.638 

Å), followed by the O−Br bond (2.828 Å), and then the O−Cl bond (2.998 Å). These bond lengths 

were nearly constant during the RDS. The strength of the σ−hole interaction can be explained by the 

second−order perturbation theory analysis in the NBO calculations. For the Cl, Br, and I chiral ligands, 

the orbital interaction between the lone pair of oxygen and σ*(C−X) of the σ−allyl intermediate I1 are 

1.7 kcal mol−1, 5.0 kcal mol−1, 15.0 kcal mol−1, respectively (see Table S1 in the SI). 

The most plausible SRu pathway (red path) proceeds via H2O liberation (H2Oin), the RDS of this 

reaction. The Gibbs free energy barrier (∆G‡) of RDS in the major σ−allyl mechanism at 353 K (80°C) 

was calculated and compared as shown in Table 1. The lowest activation energy was obtained for 

I−Naph−PyCOOH ligand (Ea
RDS = 15.3 kcal mol−1, ∆G‡ = 14.4 kcal mol−1), followed by the 

Br−Naph−PyCOOH ligand (Ea
RDS = 17.1 kcal mol−1, ∆G‡ = 16.8 kcal mol−1) and Cl−Naph−PyCOOH 

ligand (Ea
RDS = 18.2 kcal mol−1, ∆G‡ = 18.1 kcal mol−1); this is in line with the conversion in our 

previous experiment.25  
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Figure 7. Optimized structures of reactant (SRu-R), transition state (SRu-TS1-H2Oin), and the σ−allyl 

intermediate SRu-I1-H2Oin of the RDS from the major σ−allyl mechanism (red pathway) using a) 

(R)−Cl−Naph−PyCOOH ligand, b) (R)−Br−Naph−PyCOOH ligand, and c) (R)−I−Naph−PyCOOH 
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ligand. Bond distances are given in Å. Hydrogen bond and halogen bond distances are displayed in 

blue color. The positions of C1, C2, C3, Ru atoms are given in all structures. 

 

Table 1. Comparison of the experimental results and values obtained from the DFT calculations of 

three chiral (R)−X−Naph−PyCOOH ligands (X = Cl, Br, I). Units for energies are in kcal/mol. 

 
X 

ligand 

Exptla  DFT calculations results for RDS (TS1 H2Oin)e 
∆G‡ convn  Ea

RDS ∆G‡ 
 

∆Er
RDS 
 

∆Gr 
 

Halogen 
bondf 

Hydrogen 
bondg 

 

Cl 19.01b,23.5c  23–30, 9d  18.2 18.1 −8.5 −10.3 2.998 1.661  

Br  51–58, 65d  17.1 16.8 −10.7 −12.4 2.828 1.808  

I  34–71, 99d  15.3 14.4 −13.2 −15.8 2.638 1.516  

a “convn” denotes conversion in %. 
b Experimental ∆G‡ at 353K obtained by the Eyring method.38  
c Experimental Ea. See reference 25.  
d For pyrrole N-tethered allylic alcohol.39 
e “Ea

RDS” and “∆Er
RDS” denote activation energy and reaction energy, respectively, at potential energy 

level. “∆G‡” and “∆Gr” denote activation free energy and reaction free energy, respectively, calculated 
as relative Gibbs energy. 
f “Halogen bond” is the O−X distance (Å) of the catalyst−substrate R complex (BS−saSi). 
g “Hydrogen bond” is the H−O distance (Å) of the catalyst−substrate R complex (BS−saSi). 
 
 

To clarify the origin of the observed halogen trend in activation energy, a structural decomposition 

analysis was conducted as shown in Figure 8. Starting with the original structure, the computational 

model was modified step−by−step to qualitatively evaluate the intramolecular interactions; (1) to 

evaluate the direct contribution of the halogen bond energy to the activation energy, the OH group at 

C7 in the substrate was substituted by H atom, “w/o OH group (fixed)”. This step is aimed at clarifying 

the contribution from halogen-substrate interaction via σ–hole. The “original” model’s atomic 

coordinates are fixed. The interaction by the newly added H atom does not affect conclusion of the 

analysis as described in section S8 of supporting information. (2) All the atomic coordinates in (1) 
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were relaxed “w/o OH group (optimized)”.  (3) To turn off the halogen-substrate interaction, the 

halogen atom was substituted by a H atom, “w/o halogen (fixed)”, and the structure was kept to the 

same as “original” one. Combining the result of step (1), this step can clarify the effect of the halogen-

substrate interaction that does not involve σ–hole. Because the atomic coordinates are fixed, the direct 

contribution from the halogen-substrate interaction is distinguished from the contribution of the 

substrate strain. (4) In the final step, the halogenated naphthyl group was substituted by H atom, “w/o 

halogenated naphthyl group (fixed)”. The role of the naphthyl-substrate interaction is clarified with 

this step. These structural changes were made to R and TS1, and the changes in activation energy were 

evaluated. 

 

  

Figure 8. A structural decomposition analysis for the activation energy of RDS. The computational 

structures were modified step by step as shown in the structure drawings. The “original” denotes the 

optimized structures of the full model as shown in Figure 5. The “w/o OH group”, “w/o halogen”, and 

“w/o halogenated naphthyl group” denote that the OH group of the substrate, the halogen atom, and 
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the halogenated naphthyl group were replaced by a H atom, respectively. The position of the H atom 

was optimized. The “(fixed)” indicates that the structure was fixed to the original one, while the 

“(optimized)” denotes the structures were fully optimized. 

 

   With the result of the structural decomposition analysis, the origin of the halogen trend in the 

activation energy (Ea
RDS), Cl > Br > I, was interpreted. In the step (1), the halogen trend remains, 

showing that halogen bond energy has no direct energetic contribution to the halogen trend. The effect 

of the newly attached H atom was evaluated as shown in Table S6 of supporting information. The 

corrected “w/o OH group (fixed)” results for the Cl, Br, and I cases are 18.4 kcal/mol, 17.4 kcal/mol, 

and 16.3 kcal/mol, respectively, indicating the H substitution does not affect the present conclusion.  

Because the distance between H and halogen atoms during the reaction step are nearly constant, about 

3.1 Å, 2.9 Å, and 2.8 Å for X = Cl, Br, and I, respectively, the interaction itself is small.   

In the step (2) where the structure was optimized, the trend disappears. The Ea
RDS for the I (iodide) 

case showed the largest increase by 3.0 kcal/mol, followed by the Br case by 1.7 kcal/mol. In Table 

S4 of supporting information, the structural relaxation energy due to the optimization was compared 

between the reactant and transition states. The result shows that the reactant state is more intensely 

relaxed than the transition state, and the magnitude of the relaxation is greater in the order I > Br > Cl. 

As a result, the activation energy of the I case increased most significantly after the optimization, that 

of the Br case follows, and that of the Cl case was the least susceptible to optimization. Table S4 also 

shows the halogen bond distances in the reactant and transition states. Only minor changes (−0.007 Å 

in Cl, −0.017 Å in Br, −0.018 Å in I) were observed in the halogen bond length. These results indicate 

that the halogen bond keeps the coordination structure of the substrate against the repulsive interaction 

between the halogen atom and the substrate. 
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   In the third step, the halogen atom was deleted, “w/o halogen (fixed)”.  This step switches off all the 

interactions between the halogen atom and substrate. This step can also clarify whether the origin of 

the halogen trend is caused by the structural strain energy of the substrate or by the interaction energy 

between the halogen atom and the substrate. As a result, the halogen trend disappeared almost 

completely even though the structure was fixed. Together with the result of the “w/o OH group (fixed)” 

model, the origin of the halogen trend is in the halogen-substrate interactions that do not involve σ–

hole. To be sure, we also replaced the naphthyl group entirely, “w/o halogenated naphthyl group 

(fixed)”. The result was the same as that obtained with the “w/o halogen (fixed)” model, showing that 

the essential part of the origin was already removed at the “w/o halogen (fixed)” level. 

     The result would provide a following qualitative summary of the origin of the halogen trend 

emerges: the halogen bond energy does not directly contribute to the magnitude of the activation 

energy. However, the halogen bond, particularly for Br and I, is strong enough to maintain the 

substrate’s conformation in the presence of repulsive interactions between the halogen atom and the 

substrate. As shown in Table S1, the result of the NBO second-order perturbation theory analysis 

shows that these halogen bond interaction energies were 15.0 kcal/mol for I, and 5.0 kcal/mol for Br 

cases, indicating these attractive interactions would be strong enough to support the structure against 

the repulsive part of the halogen-substrate interaction. This repulsive interaction contributes directly 

to the halogen trend in the barrier height. 

 

5 Conclusion 

As the ruthenium−catalyzed asymmetric dehydrative cyclization of alcohol to cyclic ether has 

gained considerable attention, understanding its catalytic mechanism is vital. In the present study, we 

employed the DFT calculations to clarify the mechanism of the 
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(R)−Cl−Naph−PyCOOH−CpRu−catalyzed intramolecular O−allylation reaction. The calculation 

results indicated that the RDS is the dehydrative σ-allyl formation step, with Ea
RDS = 18.2 kcal mol−1 

and ∆G‡ = 18.1 kcal mol−1 at 80°C; this is in good agreement with the result of experimental kinetics 

analysis (Ea=23.5 kcal mol−1 and ∆G‡=19.01 kcal mol−1 at 80°C). The origin of the enantioselectivity 

was elucidated using the catalyst/substrate complex (SRu and RRu). It is concluded that the hydrogen 

and halogen bonds play a crucial role in facilitating the major R,SRu−catalyzed reaction pathway via a 

σ−allyl Ru intermediate to give the major S−product. In particular, the COOH group in the ligands 

participated in both dehydration and O−allylation steps which not only reduced activation energy but 

also controlled the sterically favorable route to determine enantioselectivity. The minor R-product is 

formed via a conventional π-allyl Ru intermediate and via a minor cyclization pathway.  Furthermore, 

the DFT calculations revealed that the order of reactivity of the (R)−X−Naph−PyCOOH ligands at 

353K (∆G‡ of I (14.4 kcal mol−1) < Br (16.8 kcal mol−1) < Cl (18.1 kcal mol−1) depends on the halogen 

bond effect which was clarified by a structural decomposition analysis. This DFT calculation results 

are consistent with our previous experimental studies.25 
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