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Abstract 

Density functional theory (DFT) calculations were used to explore the 

Au(I)-catalyzed selective [4+1] annulations of cyclopropyl- and H-substituted 

1,4-diyn-3-ols with isoxazole. The results indicated that the N-nucleophilic attack of 

isoxazole favors the π-non-phenylalkyne position of 1,4-diyn-3-ols, which can be 

attributed to a smaller steric hindrance involved as compared to the attack at the 

phenylalkyne position. After the nucleophilic attack, instead of obtaining the α–hydroxy 

gold carbene intermediate proposed experimentally, a concerted three-step forward 

product by isoxazole O-N cleavage, 1,2-phenylalkyne shift and the hydroxyl H shift 

was identified as the key intermediate, for the reaction proceeding either via an 

Au-assisted C=C double-bond rotation to produce the Z-isomeric enone or via two 

different Au-assisted C=C rotations to furnish the E-configured enone depending on the 

substituents used. Further theoretical investigations indicated that the chemoselective 

step is the nucleophilic cyclization but not the C=C double-bond rotation. The 

chemoselective preference for the Z-configured product using the cyclopropyl 

substituent was attributed to two factors: i) the additional O…H—N hydrogen bonding 

interaction stabilizes the rate-determining cyclization TS leading to the Z-product, and ii) 

further Z-E product-isomerization is blocked due to significant structural deformation 

being involved. In contrast, using the H substituent results in a reversed 

chemoselectivity with exclusive formation of the E-configured enones, which is closely 

related to the smaller entropy effects involved.   

Keywords: Au(I)-catalysis, [4+1] annulation, 1,4-diyn-3-ols, selectivity, DFT 

 

 

 



1. Introduction 

Pyrrole frameworks are significant core structures for numerous bioactive and 

natural products [1-4], which has stimulated the development of new synthetic 

strategies for their formation. Gold-catalyzed annulations of unsaturated hydrocarbons 

with N, O-containing nucleophiles have emerged as powerful tools to access highly 

functionalized pyrrole heterocycles [5-11]. As a result, these reactions have attracted 

significant attention and have been extensively investigated. A series of gold-catalyzed 

[3+2]-annulations of isoxazoles or benzisoxazoles with ynamides have been evaluated 

by several research groups, including Ye [12-14] and Hashmi [15-16], etc. In addition, 

other N,O heterocyclic nucleophilies, such as 1,4,2-dioxazoles [17], 1,2,4-oxadiazoles 

[18] and 4,5-dihydro-1,2,4-oxadiazoles [19], have been shown to participate in these 

catalytic annulations with ynamides. Apart from electron-rich ynamides, the 

electron-deficient propiolates have been developed for the gold-catalyzed 

[4+1]-annulations of isoxazoles [20, 21]. However, in contrast to the annulations with 

reactive ynamides and propiolates, the corresponding reactions with unactivated alkynes 

are rarely investigated.  

Recently, Liu and co-workers successfully described the gold-catalyzed 

[4+1]-annulation of isoxazoles or benzisoxazoles [22], in which inactive 1,4-diyn-3-ols 

are employed as the electrophilic reactants. These operationally simple reactions feature 

broad substrate scope and exhibit extraordinary chemoselectivity and regioselectivity. 

Scheme 1 displays the representative gold (I)-catalyzed annulations developed by Liu’s 

group [22]. With LAuCl/AgOTf (10 mol %) (L= IPr) in hot dichloroethane (DCE) at 80 ̊ 

C, the cyclopropyl-substituted 1,4-diyn-3-ol (R = cyclopropyl), 1A, produces the 

Z-configured pyrrolyl N-enone ZPa in a high yield. However, under the identical 

catalytic conditions, replacing the cyclopropyl group in 1A by a hydrogen atom (the 



substrate is denoted as 2A) results in a different chemoselectivity: the final product 

being the E-configured enone EPb with an isolated yield of 64%.  

 

Scheme 1. Au(I)-catalyzed chemoselective [4+1] annulations of representative 

nonsymmetric 1,4-diyn-3-ols (A) with,isoxazole (B) reported by Liu and co-workers 

[22]. 

 

 

To account for these annulation reactions, plausible mechanistic pathways are 

proposed by Liu et al. [22] and shown in Scheme 2 with the representative substrates 

1A and 2A, respectively. For the reaction of 1A, the LAu+ π-coordinates regioselectivity 

with the phenylalkyne over the cyclopropylalkyne of 1A, followed by N-nucleophilic 

attack of the isoxazole B at C1, producing species 2. The isoxazole N-O cleavage of 2 

then occurs to afford α–hydroxy iminogold carbene intermediate 3. Subsequently, 

1,2-alkyne migration and protodeauration furnishes the Au-π-3-yn-1-imine adduct 5, 

from which zPa is ultimately produced with the dissociation of the active LAu+ catalyst. 

With the system starting with 2A, Liu and co-workers postulated that the reaction 

proceeds via a similar pathway, i.e., LAu+ π-coordination with the terminal alkyne, 

nucleophilic attack of B, isozaxole N-O cleavage, the 1,2-alkyne migration and 

protodeauration, resulting in the Z-configured enone 8. Liu postulates that the 

E-configured isomer EPb is then formed through a facile C=C double bond rotation.  

Scheme 2. Postulated pathways proposed by Liu’s group [22] for the Au(I)-catalyzed 



[4+1] annulations of cyclopropyl- and H-substituted 1,4-diyn-3-ols with,isoxazole B, 

respectively. 

     

    In this work, with the aid of density functional theory (DFT) calculations, we 

investigated these reactions in detail. For both reactions involving 1A or 2A, the 

experimentally proposed α-hydroxy iminogold carbenoid intermediate was not a local 

minimum. Instead, a concerted three-step forward product obtained by isoxazole O-N 

cleavage, 1,2-phenylalkyne shift and the hydroxyl H shift is identified as the key 

intermediate, from which either Au-assisted C1=C2 rotation provides zPa or Au-assisted 

double C=C double-bond rotation (C6=C7 and C1=C2 in order) furnishes EPb. Based on 

the mechanistic details, the inherent regioselectivity and chemoselectivity have been 

disentangled. We believed that these in-depth analyses will inspire the development of 

new gold-catalyzed annulation reaction protocols. 



2. Computational Details 

All DFT calculations were carried out with the Gaussian 09 version [23]. The 

geometries of all stationary points were fully optimized in the framework of density 

functional theory (DFT) at the B3LYP level [24-27], which has been shown to describe 

Au-catalyzed and other transition-metal-catalyzed organometallic systems reasonably 

well [28-33]. The SDD [34, 35] basis set was chosen for Au atom whereas the 6-31g (d) 

basis set was used for all other atoms, including C, H, O and N atoms. All optimized 

stationary points were confirmed as local minima (zero imaginary frequencies) or 

first-order saddle points (one imaginary frequency) by performing vibrational 

frequencies at the same level of theory and the free energies were provided at 298.15 K. 

IRC [36, 37] calculations from transition states were also conducted to ensure that such 

structures indeed connected two relevant minima. The energies in the DCE solvent were 

evaluated at the M06 [38, 39] level employing a larger basis set (6-311+g(d,p)) for the 

non-metallic atoms and SDD basis set for Au by single-point calculations using a 

self-consistent reaction field (SCRF) method [40] with the PCM model [41, 42]. In 

addition, no entropy correction [43] is added in this paper.  

3. Results and Discussion 

3.1 Reactions on Cyclopropyl-Substituted Substrate 1A  

3.1.1 Formation Mechanism of the N-O Cleavage Intermediate  

The calculated results are given in Fig. 1. Initial LAu+ coordination with 1A gives 

the π-cyclopropylalkyne coordinated adduct IM1, which is exergonic by 23.0 kcal/mol. 

From IM1, through TS1-2, the N nucleophilic attack of B surmounts an energy 

requirement of 21.2 kcal/mol to afford IM2. According to the proposal in Scheme 2, 

after the N-nucleophilic attack, the isoxazole ring-opening by N-O cleavage takes place 

to deliver the α-hydroxy iminogold carbenoid 3, which evolves into the final product 



ZPa. However, our calculated results indicate that the proposed species 3 is not a true 

local minimum on the potential energy profile, which is supported by the recent work of 

Ariafard and co-workers [44]. Upon optimization, it always collapses into IM3, the 

forward product of a concerted three-step process, involving isoxazole O-N cleavage, 

1,2-phenylalkyne shift and the hydroxyl H migration . The concerted step via TS2-3 has 

a barrier of 11.3 kcal/mol and is exergonic by 45.5 kcal/mol relative to IM2. Therefore, 

in the following transformation, IM3 was identified as the key intermediate to access 

ZPa. Note that, from IM2 to TS2-3, the N…O distance is elongated by 0.432 Å from 

1.396 Å to 1.828 Å, while both the (hydroxyl) O…H (from 0.973 Å to 0.971 Å) and 

C3…C4 distance (1.543 Å to 1.471 Å) vary insignificantly. These results imply that the 

N-O rupture might be the main driving force for the concerted three-step process.  

As indicated in Fig. 1, except for π-coordinating with the cyclopropylalkyne of 1A, 

LAu+ can π-interact with the phenylalkyne of 1A, leading to IM1’, which, through 

TS1-2’, can be easily transformed into IM1. Unfortunately, the transition structure for 

the subsequent N-nucleophilic attack from IM1’, TS1-2’, is found to be 3.0 kcal/mol 

higher than TS1-2 in free energy. The main reason lies in the steric repulsion between 

the cyclopropylalkyne moiety and the isoxazole ring in TS1-2’. The detailed discussions 

for the regioselectivity are collected into Supporting Information (Fig. S1).  



 

Fig. 1. Calculated free energy profiles in DCE solvent for forming the N-O cleavage intermediate IM3 from the 

cyclopropyl-substituted 1,4-diyn-3-ol 1A. The relative free energies and bond distances are given in kcal/mol and Å, 

respectively. L = IPr  



 

Fig. 2. Calculated free energy profile in DCE solvent for forming ZPa from the N-O cleavage intermediate IM3 established in the present 

work. The relative free energies and bond distances are given in kcal/mol and Å, respectively. L = IPr



3.1.2 ZPa Formation Mechanism Starting from IM3  

Fig. 2 illustrates the calculated potential energy profile for ZPa formation from IM3. 

The hydroxyl H atom in IM3 performs a migration to the N atom, affording more stable 

intermediate IM4. The process via TS3-4 is very facile with a barrier of 3.8 kcal/mol, 

which might be attributed to the O…H…N interaction in the transition state. In order to 

facilitate intramolecular N-nucleophilic attack to the C5 atom, the C1=C2 double-bond in 

IM4, with the assistance of LAu+, experiences a rotation to give the isomer IM5. The 

double-bond rotation is computed to have an unexpectedly low barrier of 11.7 kcal/mol, 

much lower than normal C=C rotation. It is seen in Fig. 2, that the C1=C2 double bond in 

IM4 has been switched to an approximately C1—C2 single bond in TS4-5 with a distance 

of 1.523 Å. Such an unexpected C=C double-bond rotation can be attributed to the 

presence of the LAu+ catalyst and sp2-N atom. For the process from IM4 to TS4-5, with 

the C1=C2 bond being switched to a single bond, the C1-N single bond is being switched to 

a double bond. Consequently, the N atom is positively charged and C2 negatively charged 

in TS4-5. The positive charge on the N atom can be effectively delocalized by the adjacent 

sp2-C1 atom and vinyl aldehyde group, and simultaneously, the negative charge on C2 can 

be stabilized by the LAu+ catalyst. As a result, TS4-5 is low in energy and enables the 

C1=C2 rotation to be readily accessible. A similar example of C=C double-bond rotation is 

also found in the following figures (IM14 → TS14-15 in Fig. 4, IM19 → TS19-20 in 

Fig. 5, IM21 → TS21-22 and IM23 → TS23-24 in Fig. 6), and other transition-metal 

catalyzed systems documented by several research groups [45-48] and our group [49]. 

From IM5, with LAu+ turning to π-coordinate towards the phenylalkyne moiety, the 

ring-closure process by the N-nucleophilic attack to the C5 atom occurs and provides the 

pyrrole cycle intermediate IM7. For the subsequent protodeauration, in light of the Lewis 

basicity of the isoxazole (B) N atom, we designed a stepwise isoxazole N-assisted 



protodeauration to give ZPa, which is shown in Fig. 2. The (N)H atom in IM7 is firstly 

trapped by the isoxazole N atom to give IM8. Then, the trapped H atom transfers to the 

C(AuL) atom via TS8-ZPa, affording the final product ZPa with the release of LAu+ and 

isoxazole B.  

 

Fig. 3. Calculated free energy profiles in DCE solvent for forming ZPa (black line) and EPa 

via ZPa (red line), respectively. The relative free energies are given in kcal/mol. L = IPr 

 

Once formed, ZPa, through a formal C6=C7 double bond rotation, possibly isomerizes 

into the E-configured enone EPa. Therefore, the catalytic cycle leading to EPa starting from 

ZPa should also be considered. Such an analogous isomerization has been previously 

reported by our group [50]. In this situation, it is believed that, after ZPa is obtained in the 

first catalytic cycle, the LAu+ catalyzed reaction would diverge into two competitive 

cycles (Fig. 3): either the annualation of 1A with B to furnish ZPa (black line) or the Z-E 

isomerization of ZPa to generate EPa (red line). It is seen from Fig. 3 that the highest 

stationary point resulting in EPa, C6=C7 rotation transition state TS9-10, is remarkably less 

stable than TS1-2 resulting in ZPa in free energy (-64.7 vs -73.8 kcal/mol). Furthermore, 

the energy demand via TS9-10 is as high as 30.1 kcal/mol. These observations indicate 



that, once formed, ZPa is very unlikely to transform into EPa even with 1A present. 

3.2 Reactions on H-Substituted Substrate 2A. 

As mentioned in the introduction, upon replacement of the cyclopropyl substituent by 

a hydrogen atom, the product-selectivity switches to produce the E-configured enone EPb 

as the sole product. Thus, further calculations are required to reveal the origin of the 

opposite chemoselectivity. 

For the system starting with 2A, we initially imitated the reaction from 1A to perform 

detailed calculations for the formation of the Z-configured enone ZPb and the E-configured 

enone EPb, which are given in Fig. 4 and 5. It was found that the reaction follows a similar 

mechanism to the 1A system discussed above. Interestingly, unlike the difficulty of ZPa→ 

EPa in Fig. 3, the transformation from ZPb to EPb is much easier with a barrier of 22.5 

kcal/mol (the difference between TS19-20 and IM19 in Fig. 5). In this case, once the 

substrate 2A is used up, ZPb would evolve into EPb due to the stability of TS11-12 

resulting in ZPb over TS19-20. In other words, the alternative pathway leading to EPb 

needs to go through ZPb. Besides, we also theoretically examined the speculation of Liu’s 

group in Scheme 2 [22], in which the reaction proceeds via the Au-π-3-yn-1-imine 

intermediate 8, followed by a quick C6=C7 rotation and subsequent nucleophilic 

cyclization, to give EPb. Unfortunately, the energy barrier for 8 formation, 36.3 kcal/mol 

(the difference between TS14’-8 and IM14 in Fig. S6 in the Supporting Information), is 

very high, which is inaccessible under the given conditions. Therefore, the pathway via 8 

is ruled out theoretically and subsequent evolvement into EPb from 8 was not evaluated 

further. 



 

Fig. 4. Calculated free energy profile in DCE solvent for forming ZPb from the H-substituted 1,4-diyn-3-ol 2A established in the present 

work. The relative free energies are given in kcal/mol. L = IPr 



Fig. 5. Calculated free energy profiles in DCE solvent for forming ZPb (black line) and 

EPb via ZPb (red line), respectively. The relative free energies are given in kcal/mol. L = 

IPr 

 

The mechanism in Fig. 5 indicates that the formation of EPb needs to go through 

ZPb. Alternatively, avoidance of the ZPb intermediate allows us to design a new 

mechanism leading to EPb, which also begins with IM14 and features a double 

carbon-carbon double-bond rotation assisted by LAu+. It can be seen in Fig. 6, with the 

coordination isomerization of IM14, the adduct IM21 is formed in which the C6=C7 

bond is activated by LAu+. The activated C6=C7 bond then undergoes a rotation via 

TS21-22, leading to the species IM22. Immediately, LAu+ turns to coordinate with the 

C1=C2 bond. The resultant isomer IM23, through TS23-24, performs the C1=C2 rotation 

to give IM24, which posseses the same E-configured enone moiety as EPb. It is 

noteworthy that the rotation step has an activation barrier of 18.0 kcal/mol and results in 

an overall barrier of 25.6 kcal/mol (difference between TS23-24 and IM22). In contrast, 

the barrier for the C7=C8 rotation via TS21-22 is 18.8 kcal/mol. Obviously, the 

instability of the precursor intermediate IM23 is of importance for the difficult C1=C2 



bond rotation via TS23-24. To be ready for the following nucleophilic attack, LAu+ 

is required to activate the alkynyl moiety. Thus, the coordination isomerization of 

IM24 occurs to afford IM25. Subsequently, similar to IM17 → ZPb in Fig. 4, the 

reaction proceeds via N-nucleophilic attack of the C5 atom followed by a 

B-assisted H-shift, eventually providing the product EPb with the dissociation of 

LAu+.  

From the potential energy profile shown in Fig. 6, we can clearly see that the 

highest stationary point leading to EPb corresponds to TS25-26, which is 2.7 

kcal/mol greater than TS16-17 leading to EPb via ZPb in Fig. 5. Using the Eyring 

equation, a 2.7 kcal/mol energy difference gives a ratio of 99/1, demonstrating the 

pathway with no involvement of ZPb to be a preferred mechanism for EPb 

formation.  

3.2 Origins of Substituent-Controlled Chemoselectivity 

In order to better understand the origins of the different chemoselectivities 

resulting from the cyclopropyl and H substituents, we performed the analyses of 

four selectivity-determining transition states: TS6-7 (leading to ZPa in Fig. 2) vs 

TS33-34 (leading to EPa in Fig. S3, similar to the formation of EPb in Fig. 6), and 

TS16-17 (leading to ZPb in Fig. 4) vs TS25-26 (leading to EPb in Fig. 6), which are 

re-optimized with M06 functional in DCE solvent to obtain more accurate results. 

All of the four stationary points are related to the five-membered ring closure. The 

calculated results are given in Fig. 7. 

  

 

 



 

Fig. 6. Calculated free energy profile in DCE solvent for forming EPb from the intermediate 14 established in the present work. The relative 

free energies are given in kcal/mol. L = IPr 



For the cyclopropyl-substituted system (left column), the free energy difference 

(ΔΔG) between TS33-34 and TS6-7 is 0.9 kcal/mol, corresponding to a ratio of 82:18 

for ZPa/EPa. Since the counterion as a formal spectator [52-54] is not considered 

theoretically, the result derived from our computations is in qualitative agreement with 

the experimental observations regarding the 10:1 ratio for IPrAuCl/AgOTf catalysis and 

4:1 for IPrAuCl/AgSbF6 catalysis shown in Scheme 1. To gain insight into the Z/E 

chemoselectivity, we compared the electronic energies (ΔE, in parentheses) and entropy 

effects (reflected by -T298kΔS, in brackets) of the two transition states. In comparison 

with the contribution of entropy effect (2.3 kcal/mol), TS33-34 is found to have 

appreciably higher electronic energy than TS6-7 (3.7 kcal/mol). Clearly, the structural 

stability of TS6-7 plays a pivotal role in the selectivity preference. Furthermore, we 

performed the noncovalent interactions (NCIs) analyses [54, 55] to confirm the 

structural discrepancy of the two transition states. One can identify in Fig. 7 that a 

significant O…H—N hydrogen bonding interaction is present in TS6-7, but minimal 

interaction is observed in TS33-34. In summary, the O…H—N hydrogen bonding 

interaction in TS6-7 creates an extra stabilization energy and thus results in TS6-7 

being appreciably lower in free energy than TS33-34.  

As far as the H-substituted system is concerned, as exhibited in the right column of 

Fig. 7, TS25-26 is 1.7 kcal/mol more stable than TS16-17 in free energy. The resulting 

1:94.6 ratio of the Z/E products is in rough accordance with the experimentally 

observed exclusively E-product [22]. We first compared the relative stability of 

TS25-26 and TS16-17 by looking at the electronic energies in parentheses. However, 

the given electronic energy change (2.0 kcal/mol) for the two transition states is 

inconsistent with the free energy difference (-1.7 kcal/mol), indicating that the structural 

stability is not a determining factor leading to the reversed chemoselectivity. Further 



comparative analysis shows that the value of –T298KΔS in TS25-26 is smaller than that 

in TS16-17 with a difference of -2.8 kcal/mol, which overrides the electronic energy 

difference of 2.0 kcal/mol. Therefore, it is believed that the larger entropy effect in 

TS25-26 leads to the overall preference to the free energy over TS16-17. In order to 

obtain additional support for this deduction, we analyzed the optimized geometric 

structures of TS25-26 and TS16-17. As highlighted with solid green oval, because of 

the O…H—N hydrogen bonding interaction, TS16-17 exhibits a more strained structure, 

thereby resulting in a smaller degree of disorder (ΔS). As a result, a larger value of 

–T298KΔS in TS16-17 is achieved when compared to TS25-26. From an entropy 

perspective, one can easily understand the lower free energy of TS25-26 relative to 

TS16-17. 

One the other hand, the chemoselectivity is closely related to the capability of the 

C6=C7 double-bond rotation, which has an energy demand of 30.1 kcal/mol with 

cyclopropyl substituent (IM9 → TS9-10 in Fig. 4) and 22.5 kcal/mol with H 

substituent (IM19 → TS19-20 in Fig. 6). That is, under the given conditions, with 

cyclopropyl substitution, the obtained Z-configured enone cannot isomerize further into 

the E-configured enone. In order to explain this fact, we compared the geometric 

parameters of four key stationary points, including IM9,TS9-10, IM19 and TS19-20. 

As seen in Table 1, the ∠C1-N-C6 changes from 120.4̊ in IM9 to 130.7̊ in TS9-10. By 

comparison, for IM19 to TS19-20, the corresponding bond angle varies insignificantly 

(128.5̊ vs 128.1̊). It is likely that, to ensure the C6=C7 bond rotation, the bulky 

cyclopropyl group has to undergo a large structural twisting, which, as a result, 

produces an additional energy penalty in TS9-10 and results in ZPa as the final product. 



 
Fig. 7. Noncovalent interactions analyses for the chemoselectivity-determining TSs with cyclopropyl substituent (left column), 

optimized geometries for the chemoselectivity-determining TSs with H substituent (right column), as well as the Gibbs free 

energies, electronic energies (ΔE) in parentheses and entropy effect (-T298kΔS) in square brackets in DCE solvent of the four TSs 

involved (marked with blue color). L = IPr



Table 1. Optimized geometrical parameters of IM9 and TS9-10 in Fig. 3, and IM19 and 

IM20 in Fig. 5. The bond distances and bond angles are given in Å and ̊, respectively. L 

= IPr 

IM9     →    TS9-10 IM19     →   TS19-20 

 

 

 

 

 

 

  

 
 

Overall, the substituent-induced divergent chemoselectivity originates from a 

combination of O…H—N hydrogen bonding interaction and ease of rotation of the 

C6=C7 double-bond. In the cyclopropyl system, the hydrogen bonding interaction 

enhances the stability of TS6-7 leading to Z-configured enone, which is the final 

product due to large structural distortion caused by the bulky cyclopropyl group. With 

the H substituent, the presence of the hydrogen bonding interaction forces the structure 

of TS16-17 to be strained, resulting in a decrease in order (ΔS). And ultimately, the 

E-configured enone is formed exclusively.  

According to the calculated results above, we schematically display the integral 

catalytic cycles for the formation of ZPa and EPb, respectively, in Scheme 3, which 

provides a consistent view of the mechanistic details for the annulation reactions with 

H- and cyclopropyl-substituents.  



 

Scheme 3. A sketch of the catalytic cycles for forming ZPa and EPb from the 

Au(I)-catalyzed annulations of cyclopropyl- and H-substituted 1,4-diyn-3-ols with  

isoxazole B, respectively, based on the present calculations. L = IPr 

 

4. Conclusions 

The Au(I)-catalyzed [4+1] annulations of isoxazole (B) with cyclopropyl- and 

H-substituted 1,4-diyn-3-ols (i.e., 1A and 2A), respectively, have been computationally 

evaluated. Both reactions are initiated by LAu+ π-coordination to facilitate the 

N-nucleophilic attack of isoxazole B. A theoretical study indicates that the preferred 

nucleophilic position at non-phenylalkyne moiety over phenylalkyne moiety can be 

inherently attributed to the larger steric crowding involved in the N attack towards the 

phenylalkyne site.  

After the nucleophilic attack, a concerted three-step forward product, obtained by 



simultaneous isoxazole O-N cleavage, 1,2-phenylalkyne shift and the hydroxyl H shift 

was identified as a key intermediate, rather than the experimentally proposed iminogold 

carbene species. With the hydroxyl H migration to the N atom, the resultant 

nitrogen-hydride species favorably evolves either into ZPa for the 1A system via C1=C2 

rotation → nucleophilic cyclization → B-assisted protodeauration or into EPb for the 

2A reaction via two C=C rotations →  nucleophilic cyclization →  B-assisted 

protodeauration. Further theoretical investigations indicate that the chemoselective step 

is the nucleophilic cyclization but not the C=C double-bond rotation. The 

chemoselectivity for formation of ZPa can be explained as follows: (i) the additional 

O…H—N hydrogen bonding interaction helps to stabilize the cyclization transition 

state TS6-7 leading to ZPa and (ii) a big structural deformation generated in the ZPa → 

EPa isomerization significantly increases the distortion penalty and thus leads to ZPa as 

the sole final product. In contrast, for the 2A reaction, the chemoselectivity is reversed 

to provide the E-configured enone EPb. It was found that the strained structure in the 

selective-controlled TS16-17 leading to ZPb orders the system, which enables TS25-26 

to be lower in free energy than TS16-17 and consequently results in the exclusive 

formation of EPb. 

The present theoretical results provide in-depth insights into the mechanisms and 

origins of regioselectivity and chemoselectivity of the title reactions and rationalizes the 

experimental observations.  
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