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Abstract – This paper describes the mechanistic aspects of nickel(II)-catalyzed 

direct alcoholysis of 8-aminoquinoline amides. Kinetic experiments suggested  

that the nickel(II) catalyst existed in an oligomeric form in the resting state, and     

the 8-aminoquinoline generated after cleavage coordinated to the nickel(II)  

catalyst to decelerate the reaction. In addition, density functional theory 

calculations revealed that the reactions proceeded via the intermediate with 

N,N,O-tridentate coordination of 8-aminoquinoline amides to the nickel(II) metal 

center, and that the alcoholysis reaction did not involve deprotonation of the N–H 

bond of 8-aminoquinoline amides, in contrast to the proposed mechanism for C–H 

bond functionalization reactions of 8-aminoquinoline amides. 

INTRODUCTION 

Catalytic alcoholysis of amides is an efficient method for directly transforming amides into more useful 

esters. The development of such reactions remains a formidable challenge, however, due to the low 

reactivity of amides and alcohols1 as well as the thermodynamic stability of the amides relative to the 

esters, and only a handful of reactions have been reported in the literature.2–4 In addition, to the best of 

our knowledge, chemoselective alcoholysis of the directing group amides used in C–H functionalization 

reactions has not been reported, although it could enhance the transformation of directing-group amides.5 

To this end, and consistent with our ongoing interests in amide chemistry,6 we previously reported 

nickel(II)-catalyzed direct chemoselective alcoholysis of 8-aminoquinoline amides (Scheme 1).7 This 

reaction allowed for chemoselective cleavage of 8-aminoquinoline amides in the presence of a range of 

functional groups including related amide moieties, and the reaction was applied to a range of actual 

products of C–H functionalization reactions.8 
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Scheme 1. Nickel(II)-Catalyzed Direct Chemoselective Alcoholysis of 8-Aminoquinoline Amides 

 

Although the reaction development was successful, questions remained in our previous report. In 

particular, the reaction mechanism was unclear and only a speculative mechanistic picture was provided 

with limited experimental information (Scheme 2). In addition, the proposed mechanism was inconsistent 

with the experimental result that N-Me-substituted 8-aminoquinoline amide also reacted under the 

reaction conditions to give esters,7 while deprotonation of the N–H moiety was involved in our previously 

proposed catalytic cycle such as intermediates A and B. 

 

 

Scheme 2. Previously Proposed Mechanism 

 

To better understand the reaction mechanism of the nickel(II)-catalyzed alcoholysis, we performed 

additional experimental and computational studies. First, kinetic experiments were performed to clarify 

the nature of the catalytic cycle. Second, a computational study was implemented to elucidate the detailed 

information of the reaction mechanism. Below, we describe these results and propose a revised reaction 

mechanism. 
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RESULTS AND DISCUSSIONS 

1. Kinetic Experiments. First, we performed kinetic experiments to experimentally clarify the reaction 

mechanism. Using 8-aminoquinoline amide 1a and methanol (2a) as the model substrate, loading of the 

optimal nickel(II) catalyst Ni(tmhd)2 was increased from 2.5 mol% to 10 mol% (Table 1). As 1 h after 

starting the reaction, the reaction had a positive order in [Ni(tmhd)2]0, but the order was less than unity 

because the concentration of 3a did not double with a doubling of catalyst loadings. 

 

Table 1. Kinetics of the Alcoholysis of Amide 1a with Different Concentrations of Ni(tmhd)2
a 

 

Ni(tmhd)2 (mol%) 2.5 5.0 10 

[Ni(thmd)2]0 (M) 0.00625 0.0125 0.025 

[1a]0 (M) 0.25 0.25 0.25 

time (h) [3a] (M)b [3a] (M)b [3a] (M)b 

0.33 0.018 – 0.036 

0.5 – 0.037 – 

1 0.042 0.053 0.067 

3 0.086 0.103 0.116 

9 0.149 0.175 0.178 

24 0.196 0.217 0.223 

72 0.218 0.233 0.224 
aThe reaction was performed at 0.25 mmol scale of 1a in MeOH (0.25 M). bConcentration of 3a was 

determined by 1H NMR analysis of the crude mixture. 

 

To clarify the rate dependency for Ni(tmhd)2, we utilized a graphical method to determine the order in the 

catalyst (Figure 1).9 On the basis of graphs with different values of the catalyst order n, the data points of 

each run overlapped most effectively when n = 0.5 was applied, while the curves did not overlap when n 

= 0 or 1 was used. These results indicated that the order in Ni(tmhd)2 was approximately 0.5th, suggesting 

that the higher order nickel complex is present as an off-cycle species in the reaction mixture.9 
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Figure 1. Graphical analysis of the order in the catalyst Ni(tmhd)2. n = 0 (top), 0.5 (middle), and 1 

(bottom) was applied with t[Ni(tmhd)2]T
n as X-axis and [3a] as Y-axis, where t is time (h) and n is the 

order of Ni(tmhd)2. 

 

Next, the concentration dependency of 8-aminoquinoline amide 1a was evaluated (Table 2). At 1 h, the 

initial reaction rate exhibited no significant dependency on [1a]0, suggesting that the Ni(II) catalyst was 

saturated with 1a at the initial stage of the reaction. In addition, analysis of the reaction progress under the 

pseudo-same [e] conditions10 with appropriate time-scale adjustments11 suggested that the reaction 

decelerated as the reaction proceeded, because the curves with different concentration of [1a]0 did not 

overlap and a faster reaction rate was observed at the initial stage of the reaction for the time-adjusted 

data points (Figure 2). These findings suggested that the 8-aminoquinoline that was generated as the 

reaction progressed had detrimental effects on the reactivity. 
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Table 2. Kinetics of the Alcoholysis of Amide 1a with Different Initial Concentrations of 1aa 

 

[Ni(tmhd)2]0 (M) 0.0125 0.0125 0.0125 

[1a]0 (M) 0.125 0.25 0.5 

time (h) [3a] (M) [3a] (M) [3a] (M) 

0.33 0.019 – 0.027 

0.5 – 0.037 – 

1 0.040 0.053 0.049 

3 0.072 0.103 0.109 

9 0.101 0.175 0.197 

24 0.115 0.217 0.301 

72 0.119 0.233 0.374 
aThe reaction was performed at 0.125/0.25/0.50 mmol scale of 1a in MeOH (1 mL). bConcentration of 3a 

was determined by 1H NMR analysis of the crude mixture. 

 

 

Figure 2. Reaction progress analysis under pseudo-same [e] conditions with time (h) as X-axis and [1a] 

as Y-axis. Time-scale adjustment of +14 (h) and +18 (h) was applied for the data points of [1a]0 = 0.25 

(M) and [1a]0 = 0.125 (M), respectively. 

 

To clarify the effects of the generated 8-aminoquinoline, we next investigated the concentration 

dependency of the 8-aminoquinoline (QuinNH2) (Table 3). Kinetic experiments revealed that the added 

8-aminoquinoline negatively affected the reactivity, and –0.9th order in [QuinNH2] was obtained from the 

initial rates. The result was consistent with our previous experimental results, in which the addition of 1 

equivalent of 8-aminoquinoline retarded the reaction in the presence of 20 mol% of Ni(acac)2 as a catalyst, 

as well as with our previously proposed mechanism that 8-aminoquinoline reversibly coordinated to the 

nickel catalyst.7 
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Table 3. Kinetics of the Alcoholysis of Amide 1a with Different Initial Concentrations of 

8-Aminoquinoline (QuinNH2)
a 

 

[Ni(tmhd)2]0 (M) 0.0125 0.0125 0.0125 

[1a]0 (M) 0.25 0.25 0.25 

[QuinNH2]0 (M) 0.0625 0.125 0.25 

time (h) [3a] (M) [3a] (M) [3a] (M) 

0.33 0.0041 0.0011 0.0010 

1 0.0104 0.0044 0.0016 

3 0.0229 0.0171 0.0060 

9 0.0675 0.0362 0.0178 

24 0.1164 0.0771 0.0417 

72 0.1780 0.1245 0.0733 

d[3a]/dt (M/h) 0.00688 0.00607 0.00197 

ln[QuinNH2]0 –2.77 –2.08 –1.39 

ln(d[3a]/dt) –4.98 –5.10 –6.23 
aThe reaction was performed at 0.25 mmol scale of 1a in MeOH (0.25 M). bYield of 3a was determined 

by 1H NMR analysis of the crude mixture. 

 

2. Computational Investigation. With the above experimental results in hand, we next implemented a 

computational study to clarify the details of the reaction mechanism. We performed density functional 

theory calculations using Gaussian 16 revision A03;12 the geometry optimized using B3LYP functional13 

with a 6-31G(d) basis set for all the atoms, and the Ni complexes were treated as a triplet spin state for 

one Ni atom and a quintet spin state for two Ni atoms. After optimizing the structures, frequency 

calculations were performed at the same level of theory to confirm that the obtained structures were at 

either a stationary point (no imaginary frequencies) or a transition state (one imaginary frequency). 

Intrinsic reaction coordinate calculations were performed for each transition state structure to confirm that 

the transition state connected the reaction pathway between the starting materials and the products or 

intermediates. Thermal corrections to the Gibbs energy at 298.15 K were computed by frequency 

calculations at the level of geometry optimization, and the concentration was adjusted from 1 atm to 1 M 

(24.465 atm) with a correction factor RTln(0.08206T) for each structure, where R is the gas constant 

(1.987 x 10–3 kcal mol–1 K–1) and T is temperature (298.15 K).14 In addition, the concentration effects of 

MeOH (24.72 M) were taken into account with a correction factor RTln([MeOH]) for an explicit MeOH 

molecule.15 Single point energy calculations for the optimized geometry were performed using M06 

functional16 with 6-311+G(d,p) basis set for all the atoms using an SMD solvation model (MeOH).17 
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To explain the observed experimental results, we computationally evaluated the thermodynamics of three 

reactions using 8-aminoquinoline amide 1b, MeOH (2a), and Ni(tmhd)2 (Scheme 3). First, the 

thermodynamics of the alcoholysis reaction were evaluated without considering the concentration effects 

of MeOH mentioned above, and the Gibbs energy (∆G° = +0.26 kcal mol–1) was obtained (equation 1). 

Although the Gibbs energy of the reaction was slightly uphill, the equilibrium under the standard reaction 

conditions could reach 99% conversion of 1b when excess amounts of MeOH were present as solvent 

(24.72 M), consistent with the experimental observations. Second, the thermodynamic preference of the 

formation of dimeric nickel complexes was evaluated to account for the observed rate dependency for 

Ni(tmhd)2 (equation 2). As a result, formation of the dimeric nickel complex 

[Ni(tmhd-O,O)(µ-OMe)(MeOH)2]2 (I) was thermodynamically more favorable than the starting 

materials (∆G° = –5.1 kcal mol–1), consistent with the observed 0.5th order of the nickel catalyst if a 

monomeric nickel catalyst was the active species.9 Third, complexation of the 8-aminoquinoline amide 1b 

to the nickel catalyst was evaluated (equation 3), and formation of the complex 

[Ni(tmhd-O,O’)(1b-N,N’)(MeOH)2] (II) was energetically favored (∆G° = –2.2 kcal mol–1), consistent 

with the negligible initial rate dependency for the concentration of 8-aminoquinoline amide 1a observed 

during the experimental kinetic study because the nickel metal was saturated with the coordinated 

8-aminoquinoline amide at the initial stage of the reaction. Although many more possible complexes 

should be considered to understand the entire reaction space,18 these results suggest that the present 

computational method is appropriate for evaluating the thermodynamics of nickel-catalyzed alcoholysis 

reactions. 

 

 

Scheme 3. Evaluation of the Reaction Thermodynamics by DFT Calculation 
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With the above computational results in hand, we next calculated the reaction pathway of the alcoholysis 

of 8-aminoquinoline amide 1b catalyzed by Ni(tmhd)2 (Scheme 4). Of note, all the Gibbs energies 

presented in Scheme 4 are relative to isolated species, such as Ni(tmhd)2, 1b, and 2a. Because formation 

of the Ni complex II from Ni dimer I was thermodynamically feasible (∆G° = +0.32 kcal mol–1), Ni 

complex II was selected as the starting point. By considering the structure of Ni complex II, direct 

alcoholysis of 8-aminoquinoline amide from complex II seems to be difficult, and a proton transfer 

reaction from the coordinated MeOH to the amide nitrogen of 1b was instead considered as the reaction 

pathway. In this case, the proton-transfer reaction from the oxygen atom to the nitrogen atom proceeded 

with a barrier of +14.5 kcal mol–1 via the transition state II-TS to give complex III-H. Complex III-H 

then dissociated the coordinated methanol to give complex IV-H without significant energy differences. 

Next, the methanol molecule in complex IV-H reacted with the 8-aminoquinoline amide via the 

six-membered ring transition state IV-H-TS with a barrier of +28.3 kcal mol–1, producing tetrahedral 

intermediate V-H with an N,N,O-tridentate coordination to the nickel metal. From intermediate V-H, the 

C–N bond of the tetrahedral carbon dissociated to give complex VI-H via the transition state V-H-TS, 

with the highest transition state energy of +29.2 kcal mol–1 in the overall reaction pathway. After the 

release of ester 3b and the association of 2a, complex VI-H was converted to complex VII-H with 

octahedral coordination for the nickel atom, and complex VII-H had the lowest energy structure (∆G° = –

1.0 kcal mol–1) along the reaction pathway. Next, a proton transfer from the coordinated MeOH to the 

anionic nitrogen, similar to the reaction from complex II-H to III-H, gave complex VIII-H via transition 

state VII-H-TS. From complex VIII-H, dissociation of the 8-aminoquinoline and association of 1b gave 

complex III′-H with a Gibbs energy of +9.3 kcal mol–1. The energy difference between the complex 

III-H and III′-H (∆G° = –1.6 kcal mol–1) is due to the thermodynamic energy differences between the 

starting materials (1b and 2a) and the products (3b and 8-aminoquinoline) with the consideration of the 

concentration effects of MeOH (24.72 M). 
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Scheme 4. DFT Calculation of the Reaction Pathway of the Nickel-Catalyzed Alcoholysis with N–H 

Amide 1b 

 

With the consideration of the above reaction pathway for N–H amide 1b, we examined the similar 

reaction pathway with N-methylated 8-aminoquinoline amide 1c, for which the previously proposed 

mechanism shown in Scheme 2 is inconsistent because the deprotonation of the N–H moiety is 

impossible. With the complex III-Me as the starting point, the reaction pathway in Scheme 4 was 

followed to give similar intermediates and transition states with reasonable activation energies (Scheme 

5). These results indicate that the reaction pathway in Scheme 4 is also consistent with the experimental 

observations that the N-Me-substituted 8-aminoquinoline amide also reacted under the reaction conditions. 
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It is noted that the structure of 1c in the complex III-Me is highly twisted with the deformation energy of 

+1.4 kcal mol–1 relative to the untwisted 1c. 

 

 

Scheme 5. DFT Calculation of the Reaction Pathway of the Nickel-Catalyzed Alcoholysis with N–Me 

Amide 1c 
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addition of alcohol 2 proceeds via complex IV to give intermediate V with a tetrahedral carbon at the 

carbonyl group. Then C–N bond cleavage proceeds via the transition state V-TS, which the 

turnover-limiting step in the catalytic cycle. The produced complex VI releases the ester 3 to give 

complex VII, the resting state of the catalytic cycle. From the complex VII, a proton transfer gives 

complex VIII, and a ligand exchange provides the starting complex III, closing the catalytic cycle. 

 

 

Scheme 6. Revised Proposed Mechanism 
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CONCLUSION 

In conclusion, we reported the mechanistic studies of nickel-catalyzed direct alcoholysis of 

8-aminoquinoline amides. First, kinetic experiments were performed to obtain the experimental evidence, 

and the results suggested that the nickel(II) catalyst had oligomeric form as the off-cycle species and that 

the 8-aminoquinoline amides coordinated to the nickel catalyst at the initial stage of the reaction. In 

addition, the addition of 8-aminoquinoline decelerated the reaction, suggesting that 8-aminoquinoline 

coordinated to the nickel(II) catalyst after the cleavage of amides. Next, DFT calculations were performed 

to clarify the detailed reaction mechanism, and our results showed that the calculated Gibbs energies were 

consistent with the experimental observations and that the reactions proceeded via the intermediate with 

N,N,O-tridentate coordination of 8-aminoquinoline amide moiety to the nickel(II) metal center. 

Furthermore, the alcoholysis reactions proceeded even without the deprotonation of the N–H bond of 

8-aminoquinoline amides, as opposed to the proposed mechanism found in the C–H bond 

functionalization reactions of 8-aminoquinoline amides. We hope that our mechanistic studies described 

above could help the development of the related alcoholysis reactions in the future. 

EXPERIMENTAL 

General Experimental Details. All reactions were performed under an argon atmosphere using a 

Schlenk technique unless otherwise noted. All commercially available reagents and catalysts were used 

without further purification unless otherwise noted. Methanol (MeOH) was dried over molecular sieves 

before use. Nuclear magnetic resonance (NMR) spectra were acquired on a 500 MHz Bruker Avance III 

spectrometer. 

Preparation of Starting Materials and Catalysts. All the starting materials and catalysts were prepared 

according to the previous procedure.7 

General Procedure for the Kinetic Experiments. To a 4 mL vial with a Teflon-lined screw cap and a 

magnetic stir bar were added Ni(tmhd)2, 8-aminoquinoline amide 1a and MeOH (2a) under an argon 

atmosphere. After the cap was tightly closed, the mixture was stirred at 80 °C for the indicated time on a 

hot plate magnetic stirrer using an aluminum block. The sample was taken from the mixture at each time 

point and diluted with CDCl3, and the yield of 3a was determined by 1H NMR analysis of the crude 

mixture. 

General Procedure for the Computational Studies. The computational details were described in the 

text above. The optimized geometry and energies for each structure were summarized in the Supporting 

Information. 
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