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Abstract 

          Computational study based on density functional theory (DFT) establishes the mechanisms 

for synergistic Au/Ga catalyzed addition of unactivated terminal alkynes to dicarbonyls, the 

Nakamura reaction. The role played by each of the metal catalysts and the counterion in the 

reaction has been elucidated. It has been shown that the triazole (TA) ligand could specifically 

activate the formation of a particular regioisomer through strong non-covalent interactions. 

Calculated regioselectivities and activation free energies are in excellent agreement with the 

experimental results. Observed regioselectivities were rationalized employing a distortion 

interaction analysis which suggests that the interaction between metal activated reactant 

fragments in the transition state geometries is a major factor that contributes to the overall barrier 

heights and selectivity. Such enhanced preference for the reaction at the alkyl/aryl substituted 

carbon of alkynes was strongly influenced by the additional non-covalent interactions exerted by 

the TA ligand. Excellent agreement between the calculations using homogeneous gold complex 

as the catalyst and experimentally observed kinetics and selectivity negates the role of in situ 

formed gold clusters in Nakamura reaction. 

 

Keywords: Nakamura reaction; Au(I) catalysis; DFT calculation; role of counterions; 

distortion – interaction model; qualitative molecular orbital theory (QMOT). 
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Introduction 

               It is now rather well understood that the gold complexes being soft Lewis acids, can 

very efficiently catalyze a variety of C-C and C-X (X = N, O, S, and halides) coupling reactions 

through the π-philic activation of alkynes and olefins.1 Plethora of reports have manifested their 

utility in the synthesis of natural products and other industrially important molecules with very 

good atom economy, while employing mild reaction conditions.2 Recently, the synchronized use 

of gold complexes with other organic or organometallic catalysts has turned into a prominent 

synthetic strategy to achieve the desired selectivity and yield which was unattainable when any 

of these co-catalysts acted alone. For example, in the C-C cross coupling reactions, an external 

oxidative agent such as selectfluor is used to oxidize the Au(I) species to an Au(III) intermediate 

in the oxidative addition step.3 Similarly, a meticulously chosen combination of a chiral Brønsted 

acid catalyst, an amine base, and a gold complex has been beneficial in enantioselective 

cooperative catalysis.4  

              Alternatively, one could think of a synergistic catalysis in which gold and a different 

metal/non-metal additive would simultaneously activate the nucleophile and electrophile 

respectively, in different catalytic cycles to realize one specific reaction.5 In this context, a recent 

report by Shi and co-workers on the addition of 1,3-dicarbonyl compounds to unactivated 

terminal alkynes (also known as Nakamura reaction) catalyzed by the bimetallic synergistic 

catalysis of XPhosAu(TA)OTf and Ga(OTf)3 complexes is particularly noteworthy.6 The 

reaction occurred  even with a very small quantity of gold catalysts (~500 ppm) at low 

temperature (45 °C) and it was proposed that Au(I) would activate the alkyne via a π-philic 

interaction whereas Ga(III) being a hard σ – Lewis acid, would enhance the acidity of 1,3-

dicarbonyl compound via an oxophilic binding. It is interesting to note that all previously 
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reported mono-metallic catalysts based on In, Zn, Re, Ru, and Ir have required higher reaction 

temperatures to activate the Nakamura reaction.7 Additionally, a number of other Au complexes 

and metal additives tested were found to be insufficient for this transformation.6 

          The present study was designed to gain insights into the following mechanistic aspects of 

this reaction; (a) The factors that control a delicate balance between XPhosAu(TA)OTf and 

Ga(OTf)3 to form the best combination for the activation of Nakamura reaction. (b) Whether the 

Au(I) complex can activate the reaction or the in situ formed gold clusters which has been 

previously reported to occur in the C-I bond activation step in gold catalyzed Sonogashira 

reaction, drives the reaction.8 (c) Role of ligands, as they are known to play pivotal roles in the 

realm of gold catalysis.9 Recently developed triazole (TA) ligands with much improved thermal 

stability have been remarkable in activating a number of potential reactions.10 However, to our 

knowledge, no experimental or computational studies have demonstrated the transition state (TS) 

models to depict the superior activity of TA ligands compared to other traditional ligands. (d) It 

is also intriguing to understand the significance of the counterion, OTf ‾ in the reaction 

mechanism especially because many recent computational studies have revealed the non-

innocent roles of counterions in both reducing the activation barriers and deciding 

regioselectivity in multicomponent catalysis.11 While there is a steady growth in the number of 

reports on cooperative gold catalyzed reactions, underpinning the mechanisms either by 

experiments or by theory have remained scarce.12,13 Hence, a critical understanding of the 

pathways and the individual role of metal catalysts and ligands used in this novel and pertinent 

Au(I)/Ga(III) synergistic catalysis is important both in terms of fundamental chemistry involved 

and for further developments in the designing of potential catalysts for more complex reactions.   
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            Here, our calculations based on DFT methods and TS modeling unravel the mechanisms 

for the Au/Ga catalyzed Nakamura reactions between dicarbonyls and terminal alkynes. The 

combined activation by Au/Ga catalysts is shown to create better frontier molecular orbital 

(FMO) energy matching between both reactants to promote the most plausible C-C bond forming 

path. The counterion OTf ‾ was found to play crucial roles in both proton abstraction and proto-

demetalation steps. Excellent agreement was obtained between the experimentally observed 

regioselectivity and computationally predicted preferences in all cases. The observed trends in 

activation energies and selectivities could be rationalized based on distortion interaction model 14 

and analysis of atomic charges of reactants.  

Computational Methods and Models 

             DFT calculations were performed employing the hybrid M06-2X15 functional using 

Gaussian 09.16 This meta GGA functional incorporates medium range dispersion corrections and 

has been shown to be accurate for the calculation of thermochemistry and kinetics for organic 

and organometallic reactions and in the quantitative prediction of non covalent interactions.17 All 

geometries were optimized using the standard 6-31G(d)18 basis sets for the non-metal elements 

and LANL2DZ19 basis sets consisting of a relativistic effective core (RECP) potential for the 

metals Au and Ga. This method has been represented as M06-2X/BS1 in the following sections 

for simplicity. At the same level of theory, harmonic vibrational frequencies were calculated to 

confirm whether the optimized structure is a ground state or a transition state geometry. The 

modes that correspond to unique imaginary frequency of each transition state were carefully 

verified and then intrinsic reaction coordinate (IRC)20 calculations were carried out to ensure that 

the located TS do connect the correct reactants and products. Further, single point energies were 

computed at M06-2X/TZVP21, LANL2TZ(f)22 (for Au) level of theory which we represent as 
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M06-2X/BS2. Unless specified otherwise, all energies discussed were obtained at M06-

2X/BS2//M06-2X/BS1 level incorporating zero point energy corrections calculated at M06-

2X/BS1 level at 298.15 K.  The significance of solvent effects were tested using an implicit 

polarizable continuum model (PCM) for chloroform (ε = 4.71) at IEFPCM23/M06-

2X/BS2//M06-2X/BS1 level. To reduce the computational cost, calculation on the Au catalyst, 

[XPhosAu(TA)]+ was performed by using a model system in which bulky cyclohexyl and 

isopropyl groups were replaced by CH3 and H, respectively (see Scheme 1).24 The effectiveness 

of such a model system on the energetics and regioselectivity was ascertained by the calculations 

performed with the actual catalyst.  

Results and Discussion 

Scheme 1: The Au/Ga catalyzed Nakamura reactions between terminal alkynes (1) and 
acetylacetone (2), and different Au(I) catalyst models used in the present study are  shown.             

         

  The terminal alkynes (1), acetylacetone (2) as the 1,3-dicarbonyl coupling partner, and the 

Au/Ga metal catalysts modeled to study the Nakamura reactions are depicted in Scheme 1. The 
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formation of a carbanion nucleophile from 1,3-dicarbonyl compound (2) is thermodynamically 

unfavorable in the absence of a Lewis acid because it is a strong base due to excess of negative 

charge building up at the carbon and oxygen sites. Along with this, the presence of a high-lying 

LUMO in 1 compared to the HOMO of 2 would make this reaction unviable. Calculations 

predict a LUMO energy of -0.21 eV for 1a and HOMO energy of -8.9 eV for 2 leading to a large 

HOMO (2) – LUMO (1a) energy difference of 8.7 eV, which clearly explains the need of a 

catalyst to activate the reaction. Next, we studied the effect of Au/Ga catalysts in activating the 

FMO of 1a and 1b. Au catalyst (4b) would bind to the π – bond of 1b in an unsymmetrical 

fashion with the Au – C bond distances of 2.49 and 2.33 Å (9, Figure 1). Upon binding with Au, 

the LUMO of 1a gains significant stabilization as its energy changes from -0.2 eV in 1a to -3.6 

eV in 9. Similarly, the activation of Ga with 2 through a Ga cycle (see Figure1) would generate 

its carbanion with a much higher HOMO level.  
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Figure 1. (A) Gibb’s free energy profiles computed for the Ga cycle depicting the mechanisms 
for the activation of 2 by Ga with the assistance of counterions. (B) The energetics for the 
formation of reactive intermediate complex (10) from the Ga activated dicarbonyl carbanion (8) 
and Au…alkyne piphilic complex (9). The free energy changes (in kcal/mol) obtained from both 
the gas phase (ΔG) and condensed phase (ΔGsolv) calculations and important bond distances (in 
Å) are given. Only selected H atoms are shown for better clarity.  

 

            The feasibility of key steps involved in the Ga cycle could be envisioned from the 

computed free energy profile presented in Figure 1. In the initial step, the oxygen atoms in 1a 

would coordinate with Ga(OTf)3 to form the oxophilic complex 5, which is stabilized by a BSSE 

corrected binding energy of -23.1 kcal/mol. Subsequently, 5 can undergo a deprotonation 

assisted by the counterion (OTf ‾) either via an intramolecular or via an intermolecular pathway 

to generate the reactive carbanion nucleophile. For the energetically more favorable 
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intermolecular mechanism, a counterion from the solution would abstract the proton through the 

low energy transition state, TS1 (ΔG‡ = 3.3 kcal/mol) and large exergonicity (ΔG = -15.7 

kcal/mol). From such favorable energetics (both low activation free energy and large 

exergonicity values), the formation of this enolate complex is predicted to be highly plausible. 

The alternate intramolecular proton abstraction mechanism by an OTf‾ ion from Ga(OTf)3 is 

unfavorable due to much higher activation free energy (19.1 kcal/mol) found for TS2. The 

intermediate 8 would then react with the Au…alkyne complex 9 to form the Au/Ga stabilized 

reactive intermediate 10 with the release of a molecule of HOTf. This reaction was identified to 

be energetically favorable by ΔG = -38.8 kcal/mol. 10 is stabilized due to two major non 

covalent interactions namely anion – π interactions between the π – bond of alkyne with the 

negatively charged carbanion (C…C distances of 3.42 Å and 3.66 Å) and an N-H…O hydrogen 

bond (of 2.35 Å) between the TA ligand and OTf ligand. Even though the incorporation of 

solvent effects leads to a smaller binding energy for 10, it does not qualitatively change the 

proposed low energy pathways or any conclusions drawn from the gas phase calculations. 

Interestingly, the HOMO level in 8' (8 without the HOTf molecule) is substantially lifted to -6.0 

eV from -8.9 eV calculated for 2. As a result, a much smaller HOMO – LUMO gap (2.4 eV) was 

obtained between 8' and 9 (see Figure 2). This FMO energy level matching could be a factor that 

promotes a low energy barrier for the C-C coupling in the presence of Au/Ga catalysts.       
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Figure 2: Synergistic activation of FMO by Au/Ga/OTf ‾ catalysts. Binding with Au stabilizes the 
LUMO level of 1a (in complex 9) whereas the HUMO level for the Ga stabilized carbanion 
(complex 8') is higher than 2. Corresponding FMO plots are also shown. 

           

            The free energy profile calculated for the C-C coupling steps starting from 10 is shown in 

the Figure 3. This ‘Au cycle’ would be initiated by the nucleophilic attack of dicarbonyl anion to 

the Au …alkyne moiety in an anti fashion to either of C1 (-Ph substituted C) or C2 (H substituted 

C) atoms. The possibility for the syn addition was excluded since the approach of the nucleophile 

in this fashion was blocked due to the steric hindrance by bulky ligands at Au center.  

Nevertheless, the preference for the anti addition of nucleophiles to Au…alkyne complexes to 

form a vinyl gold species is well documented in the literature except in some specific cases of 

norboranes(25). The activation free energy calculated for the addition of dicarbonyl anion to C1 to 

form the vinyl gold intermediate 11 is only 16.0 kcal/mol (for TS3). This reaction is slightly 

endergonic by 0.1 kcal/mol. The formation of this vinyl gold intermediate leads to the 

experimentally observed coupling product. Another possible reaction from the addition of the 

nucleophile at the C2 position of the alkyne was ruled out due to a large barrier in TS4 (ΔG‡ = 
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20.9 kcal/mol). These results are in excellent agreement with the experimentally observed 

regioselectivity. Subsequently, the gold vinyl intermediate 11 would interact with an OTf ‾ 

counterion from the solvent to form the weakly bound complex 13. Proto-demetalation step from 

13 could regenerate the Au catalyst through a low energy barrier TS5 (ΔG‡ = 8.1 kcal/mol). 

Followed by this, the regeneration of Ga catalyst and the enolization of the coupling product 

would complete the catalytic cycle. Wang et, al. have shown that, for reactions in which 

protodeauration is the rate determining step, H-bonding interaction with the ligands like TA 

could be decisive.12d But, in the present work, such effects should be minimal as the 

regioselectivity determining step is the C-C bond formation step through the crossing of barrier, 

TS3. In the alternate pathway considered, the Ga catalyst would be regenerated from 11 before 

the proto-deauration step. However, this route was found to be higher in energy compared to the 

previous mechanism. In both cases, regeneration of the Ga catalyst was proposed to be occurring 

with the simultaneous activation of a new molecule of dicarbonyl reactant (2).  
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Figure 3. Gibb’s free energy profiles computed for the key steps involved in the Au cycle. The 
free energy changes (in kcal/mol) obtained from both the gas phase (ΔG) and condensed phase 
(ΔGsolv) calculations and important bond distances (in Å) are given. 

 

              As it is evident from Figure 4, in the C-C coupling transition state (TS3), the 

predominant bonding interaction between TA ligand and Au is a weak metal…aromatic π type 

interaction (3.33 Å) whereas TA ligand forms a strong NH…O hydrogen bond (1.97 Å) with 

Ga(OTf)3 moiety. Even though such Au…π(arene) interactions are not ubiquitous, they are 

known in the literature and have been recently reviewed by Caracelli and coworkers.12d 

Nevertheless, we have independently confirmed the presence of Au…π interactions instead of 
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Au…N interactions between Au and TA in TS3 by performing relaxed IRC calculations between 

10 and 11. Additional calculations performed for the C-C bond forming step (10 to 11) using the 

model catalyst excluding TA from [XPhos(TA)Au]+ predicted much higher activation energy of 

21.1 kcal/mol. Importantly, the barrier for the attack at the less substituted C (C2) was found to 

be similar for the calculations with or without the presence of TA ligand (20.5 kcal/mol for TS8 

in absence of  TA compared to 20.9 kcal/mol for TS4). This shows that the TA ligand could 

stabilize one specific TS and thereby promoting a selective reaction compared to other possible 

reactions. Therefore, in addition to the enhanced thermal stability of Au(TA) complexes, the TA 

ligand could reduce the activation energy of the rate determining step and can control 

regeoselectivity through strong non-covalent interactions owing to its flexibility within the 

complex. In order to understand whether the involvement of Ga in the C-C bond making TS has 

any influence in the activation energy, this reaction was studied in the absence of Ga catalyst 

also. A very high activation energy was found for this TS in the absence of Ga catalyst (ΔΔG‡ = 

103.5 kcal/mol). Based on our findings, the most plausible mechanisms for the synergistic Au/Ga 

catalyzed addition of 1a to 2 could be envisioned as shown in Scheme 2. 
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Scheme 2. Complete mechanism for the synergistic Au/Ga catalyzed C-C coupling between 

terminal alkynes and dicarbonyls. 
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Figure 4. The geometries of C-C coupling transition states involved in the Au cycle optimized 
with and without TA ligand. Selected bond distances (in Å) and activation free energy (in 
kcal/mol) are shown. Only relevant H atoms are shown for improved clarity. 

 

            In order to gain a critical understanding on the regioselectivity of the reaction, we 

investigated the rate determining C-C coupling step for the Au/Ga catalyzed addition of 2 to a 

variety of terminal alkynes (1a - 1f, Table1). In all cases the nucleophilic addition to the more 

substituted end of the alkyne was found to be energetically favorable in agreement with that 

observed from the experimental studies. Significantly lower activation energies were found for 

the aryl substituted alkynes compared to the alkyl substituted ones. An analysis of the atomic 

Page 15 of 26 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



charges revealed that the hydrogen substituted carbon (C2) is more negatively charged compared 

to C1 and hence C1 is more susceptible for the nucleophilic attack (See the Supporting 

Information file for the atomic charges from NBO calculations). The factors that contribute to 

the TS energy were quantified by employing a distortion – interaction model as shown in Figure 

5 which is somewhat similar to the activation strain analysis proposed by Morokoma and 

suitably modified by Houk, Bickelhaupt, and coworkers for a variety of reactions(14). 

Qualitatively, the distortion energies for π-philic Au complex of alkyne A or oxophilic Ga 

complex of dicarbonyl B (Edist (A) or Edist (B), respectively) in the TS are the energy required for 

A or B to distort from the respective ground state geometry to the TS geometry. Distortion 

energies were calculated as Edist (A) = EA
‡ - EA and Edist (B) = EB

‡ - EB where EA (or EB) and EA
‡ 

(or EB
‡) are the energies of A (or B) in ground state and transition state geometries, respectively. 

The interaction energies between A and B in the TS were also calculated by Eint = ΔE‡ - Edist - 

BE (AB) where Edist = Edist (A) + Edist (B), BE(AB) is the binding energy between A and B in the 

initial complex AB, and ΔE‡ is the activation energy for the C-C coupling reaction. When 

considering the reactant complex AB as the reference, the activation energy could be written as 

ΔE‡ = Edist (eff) + Eint where Edist (eff) = Edist - BE (AB) is the effective distortion energy. The 

distortion – interaction analysis relying on single point calculations at TS geometries were 

verified from additional calculations along the reaction coordinates also (see Supporting 

Information file).14e  

              As it is evident from the Table 1, the distortion energy corresponding to the Au-alkyne 

species (Edist (A)) is substantially larger (21.8 - 28.1 kcal/mol) than the respective Ga-dicarbonyl 

species (Edist (B), 5.9-7.3 kcal/mol), which is expected from the linear to angular structural 

transition of alkyne as going from the reactant to TS geometry. The magnitude of total distortion 
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energy (Edist (eff)) strongly relates with the strength of the forming C-C bond in the transition 

state with a larger Edist (eff) leads to short C-C bond and hence a later TS is predicted. Therefore, 

the Edist (eff) for the coupling at C1 was found to be larger compared to the coupling at C2 (7.6 

kcal/mol for 1a). However, the most important contribution to the ΔE‡ that decide the 

regioselectivity was found to be the interaction energy Eint between A and B in the TS. 

Therefore, 1a (R = Ph) with a large difference in Eint for the coupling at C1 compared to C2 (ΔEint 

= 13.3 kcal/mol) has clear preference for reaction at C1 (ΔΔE‡ = 5.7 kcal/mol). At the same time 

for 1d (R = CH3), Eint calculated for both TS corresponding to reaction at C1 and C2 were very 

similar (ΔΔEint = 0.4 kcal/mol) and hence no selectivity was observed (ΔΔE‡ = 0.1 kcal/mol). A 

linear relationship was obtained for a plot of ΔΔEint against ΔΔE‡ (see the Supporting 

Information). 
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Figure 5. The scheme used to calculate the distortion and interaction energies between the Au-
alkyne (A) and Ga-dicarbonyl (B) species.  
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Table 1. The distortion and interaction energies calculated for the coupling of 2 with the alkynes 

1a – 1f, 1a', and 1f'. 

 

          The mode of action by which TA ligand selectively activate the C-C coupling at C1 could 

be rationalized from a comparison of interaction energy (Eint) calculated for 1a in the presence of 

Au catalyst with and without the TA ligand (1a and 1a' in Table 1). In the absence of TA, Eint is 

significantly reduced for the coupling at C1 (from -89.1 kcal/mol in 1a to -76.6 kcal/mol in 1a') 

thereby leading to a large activation energy in the absence of TA. However, the absence of TA 

does not destabilize the TS for the coupling at C2 of alkyne. These results further support the fact 

that TA reduces the activation energy through the noncovalent interactions in a specific TS. 

Alkyne 
coupling 
partner 

Regio-
selectivity 

(C1/C2) 

ΔE‡ 

(kcal/
mol) 

ΔG‡ 
(kcal/
mol) 

BE of AB 
reactant 
complex 

(kcal/mol) 

Distortion energy in TS (Edist) 
(kcal/mol) Interaction energy in 

TS  
 (Eint =  ΔE‡ -  Edist (eff) 

(kcal/mol) Edist (A) Edist (B) 
Edist = Edist 

(A) +  Edist 

(B) 

Edist (eff) =  
Edist - BE (AB) 

(kcal/mol) 
1a 

(R = C6H5) 
C1 13.5 16.0 

-67.2 
28.1 7.3 35.4 102.6 -89.1 

C2 19.2 20.9 21.8 5.9 27.8 95.0 -75.8 
1b 

(R = 4-F-C6H4) 
C1 12.7 16.4 

-67.7 
27.7 7.5 35.2 102.9 -90.1 

C2 19.3 18.4 22.5 5.9 28.4 96.1 -76.8 
1c 

(R = 4-OMe-
C6H4) 

C1 12.6 15.1 
-65.7 

26.6 7.4 34.0 99.7 -87.1 

C2 19.7  20.6 22.9 6.0 28.9 94.6 -74.9 

1d 
(R = CH3) 

C1 25.3 25.4 
-70.9 

22.2 6.4 28.6 99.5 -74.2 
C2 25.0 24.5 22.3 6.4 28.7 99.6 -74.6 

1e 
(R = C2H5) 

C1 17.5 18.3 
-71.4 

25.2 6.4 31.6 103.0 -85.5 
C2 25.5 24.6 21.9 6.5 28.4 99.8 -74.3 

1f 
(R = CH(CH3)2 

C1 19.5 21.5 
-71.3 

27.2 7.3 34.5 105.8 -86.3 
C2 25.5 25.2 22.1 6.2 28.3 99.6 -74.5 

1a' 
(R = C6H5, Au 

catalyst 
without TA 

ligand) 

C1 21.3 21.1 
-72.4 

18.6 6.90 25.5 97.9 -76.6 

C2 20.5 20.5 24.9 7.0 31.9 104.3 -83.8 

1f' 
(R = 

CH(CH3)2, Au 
catalyst 

without TA 
ligand) 

C1 30.2 28.9 

-68.1 

19.0 6.6 25.6 93.7 -73.1 

C2 27.8 28.6 24.4 7.7 32.1 100.2 -82.0 
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Similarly, calculations to assess the role of TA were also performed for the reaction of an 

isopropyl  substituted alkyne (1f and 1f', Table 1) and same conclusions were drawn. 

Conclusions 

           In conclusion, mechanisms for the synergistic Au/Ga catalyzed addition of unactivated 

terminal alkynes to dicarbonyls were elucidated through DFT calculations. It has been shown 

that the simultaneous activation by metal catalysts would furnish FMO level matching between 

the two reactants to undergo an energetically favorable C-C bond forming reaction. The non-

innocent role of counterions as a co-catalyst for both the proton abstraction and the 

protodemetalation steps were rationalized. While the present study establishes the role of OTf‾ as 

crucial for this reaction, it would be interesting to study the role of other common counter anions 

such as F‾, Cl‾, Br‾, BF4‾, OTs‾, TFA‾, and OAc‾ instead OTf‾ to gain a better understanding on 

the action of counter ion in the mechanism.11 Calculations predict that apart from inducing 

enhanced thermal stability to the gold complexes, TA ligand could also significantly reduce the 

activation barrier for the reaction through strong non-covalent interaction and can control the 

regioselectivity of the reaction. The suggested mechanisms clearly demonstrate that the 

homogeneous gold complex used could efficiently activate the reaction and hence, the possibility 

of in situ gold cluster playing a role in the reaction is rather unlikely. 

            Computed regioselectivities for the Au/Ga catalyzed Nakamura reaction employing 

differently substituted terminal alkynes show very good agreement with the experimentally 

observed preference for the reaction. The origin for such selective C-C coupling reactions was 

unraveled by using a distortion – interaction model. In all cases, the calculated interaction 

energies between the metal activated reactants in the TS geometries were found to be a crucial 
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factor that controls the regioselectivity and overall activation energy of the reaction. The TA 

ligand could significantly increase the interaction energy of a specific TS structure thereby 

furnishing the regioselectivity of the reaction. 
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