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Abstract: Density functional theory (DFT) was used to explore the mechanism of the direct N-acylation 
of lactam with aldehyde under the catalysis of Shvo’s catalyst. A most kinetically and thermodynamically 
feasible mechanism was proposed in this study. The lactam-lactim tautomerism was firstly achieved by 
means of a concertedly intermolecular hydrogen exchange between two molecules of 2-pyrrolidinone, 1. 10 

Then, the formed lactim 2 and aldehydes reacted to obtain a hemiaminal 3 via a nucleophilic reaction and 
a hydrogen transfer. Finally, the product 5 was generated using a dehydrogenation of the hemiaminal 3 
catalyzed under ruthenium complex 4. The total Gibbs energy barrier is 23.9 kcal/mol in the catalytic 
cycle of N-acylation, and the generation of the hemiaminal 3 is the rate-determining step. 

Introduction  15 

Due to significantly biological activity,1 N-acylated lactams, 
oxazolidinones and imidazolidinones are widely applied in 
natural products and medication.2-6 Thus, an effective and 
economic method is urgent and essential to the synthesis of these 
amides compounds. As previous reports, a classical method of N-20 

acylation reaction is employing acyl chlorides or anhydrides with 
the aid of alkyl lithium reagents.7 Some facile approaches were 
subsequently further developed such as the N-acylated 
oxazolidinones using acid fluorides and mild bases like iPr2NEt 
and NEt3 (Scheme 1),8 and the copper-catalyzed C-H activation of 25 

aldehydes with amides in the presence of N-bromosuccinimide 
(NBS) (Scheme 2).9 

 

Scheme 1. The N-acylation reaction of oxazolidinone using acid fluorides. 

 30 

Scheme 2. Directly copper-catalyzed amidation of aldehydes in the presence of NBS. 

Although these improved methods make the synthetic process 
more facile and convenient, the rigorous reaction conditions are 
difficult to be achieved and the stoichiometric reagents are also 
expensive for the bulk producing. By comparisons, the reported 35 

transition-metal-catalyzed oxidative amidation of aldehydes with 
amines has a desired atom economical transformation,10-16 due to 
a much higher catalytic dehydrogenated efficiency. Recently, 
Zhang and Hong demonstrated a direct method on N-acylations 
of lactams, oxazolidinones, and imidazolidinones with aldehydes 40 

catalyzed by Shvo’s catalyst without any stoichiometric reagent 
(Scheme 3),17,18,19 which also showed a great functional tolerance 
for substrates. This enhancement is more “green” for environment 
and more atom-economical for synthesis cost. More recently, Lei 
et al. also successfully developed an iron catalyzed coupling 45 

reaction between aldehydes and amides, which possibly involves 
a radical process  (Scheme 4).20 

 

Scheme 3. Direct N-acylations of lactams, oxazolidinones, and imidazolidinones 
with aldehydes are achieved under the catalysis of Shvo’s catalyst A. 50 
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Scheme 4. An oxidative C–H/N–H coupling of aldehydes with simple amides 
catalyzed by an iron catalyst. 

However, to further develop a wider application of N-acylation 
reaction and the appreciable range of substrates, only depending 5 

on experiment is very difficult and expensive considering the 
synthesis time of substrates and catalysts. Here a deep and 
detailed study of the mechanism and the elementary steps 
involved with the direct N-acylation of lactams, oxazolidinones, 
and imidazolidinones with aldehydes is offered as a prerequisite 10 

for the further improvement. Density functional theory (DFT) 
was used to perform a detailed theoretical study for the 
mechanism of Zhang and Hong’s method. The calculated results 
were then analyzed to clarify relationships between structures and 
reactivities in order to supply more reliable and available 15 

information to experiment. 

Computational details  

To obtain a more reasonable computational result, the substrates 
of 2-pyrrolidinone and benzaldehyde derive from Zhang and 
Hong’s experiments.17 The original structure of Shvo’s catalyst A 20 

is also used here without any simplification.18 All optimizations 
were performed at the density functional theory (DFT) level by 
means of the M06-2X functional. Zhao and Truhlar reported that 
the M06-2X method can get a high accuracy for the calculation of 
the thermochemistry and kinetics of transition metals and main-25 

group elements.21,22 Besides, the effective core potential 
LANL2DZ23 along with its associated basis set was employed for 
ruthenium and the main group elements (C, O, H, and Si) were 
calculated using the 6-31G* basis set. All calculations were 
performed without any geometrical constraints. Frequency 30 

calculations were done for all stationary points under the same 
computational level in order to identify the minima (zero 
imaginary frequency) and transition states (TS, only one 
imaginary frequency) and to provide Gibbs energies at 298.15 K 
and 1 atm. Intrinsic reaction coordinate (IRC)24 analysis was 35 

carried out to confirm that all stationary states were smoothly 
connected to each other. Solvent effects (in toluene) were 
included using the SMD model25,26 with the same method by 
performing single-point calculations via the optimized-
geometries in gas phase at the higher level of basis set, where the 40 

def2-TZVP basis set was employed for Ru and the 6-31++G** 
basis set was used for main group elements.27,28 A correction term 
of 1.8943 kcal/mol must be added to the G(sol) calculations to 
convert the gas-phase standard Gibbs energies at a standard state 
of 1 atm to the appropriate standard state for a solution of 1 45 

mol/L.29,30 Solvation Gibbs energies ∆G(sol) were used to 
explore the reaction mechanism in order to consider both entropic 
and solvent effects. Calculations for all geometries were carried 
out using the Gaussian 09 software package.31 

Results and Discussion  50 

The acylation mechanism via unimolecular lactam. According 
to Zhang and Hong’s proposal,17 N-acylation of lactams was 
possibly achieved via a unimolecular nucleophilic attacking 
mechanism (Scheme 5). In this route, the 2-pyrrolidinone 1 firstly 
transforms to the lactim 2 via an intramolecular lactam-lactim 55 

tautomerism. Then a nucleophilic attack of lactim 2 to the 
carbonyl group of aldehyde generates a hemiaminal intermediate 
3, which can be further dehydrogenated with the help of 
ruthenium complex 4. Finally, the acylation product 5 and 
another ruthenium species 6 are produced by β-hydride 60 

elimination and proton transfer. 

 

Scheme 5. The unimolecular nucleophilic acylation mechanism. 

Figure 1 shows that the substrate 1 transfers to the lactim 2 via 
the transition state TS1 with a very high Gibbs energy barrier of 65 

50.5 kcal/mol. In this intramolecular lactam-lactim tautomerism, 
the bond angle of OCN is firstly reduced to 110º in the transition 
state TS1 from 126º in the substrate 1 in order to hydrogen atom 
transfer to carbonyl oxygen from nitrogen. Moreover, the H-N 
bond length was enlarged to 1.325 Å, whereas the H-O distance 70 

was shortened to 1.360 Å. Here the four-member ring of OHNC 
was shaped like a diamond, by which an exceedingly high ring 
strain force was correspondingly induced in geometry of TS1. 
Thus the Gibbs energy barrier of the first step was significantly 
enhanced. Although the geometry of 2 did not cause an 75 

intramolecular geometric stain, its thermodynamic stability was 
still reduced due to the activated N-atom. 

 

Figure 1. Gibbs energy ∆G(sol) profiles (kcal/mol) for the acylation mechanism via 
unimolecular lactam. Relative to Gibbs energies of 1, PhCHO and 4. 80 

In the next step the lactim 2 reacted with the carbonyl carbon of 
benzaldehyde, where the corresponding transition state TS2 had a 
Gibbs energy barrier of 10.5 kcal/mol. From the structure of TS2, 
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the N-C bond length of 1.896 Å indicates that the N-atom is 
attacking the carbonyl carbon atom. Besides, two H-O bond 
lengths of 1.036 and 1.508 Å correspond to hydroxyl hydrogen 
concertedly transferring to the oxygen of PhCHO. After this 
process, a hemiaminal intermediate 3 was then formed and its 5 

geometry resembled a tetrahedron (Figure 2). Here, the 1 + 
PhCHO → 3 reaction was exergonic by 0.1 kcal/mol, which 
indicated this hemiaminal 3 owning a better thermodynamic 
stability compared with the reactants of 1 and PhCHO. This is 
also in agreement with the experimental results.17 10 
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Figure 2. Optimized structures for the acylation via unimolecular lactam. Distances 
in Å. Hydrogen atoms of Cp group of Shvo’s catalyst omitted for clarity. 20 

Due to the presence of Shvo’s catalyst, an oxidized ruthenium 
complex 4 can be generated following the dissociation of the 
diruthenium-bridging hydride.32-37 Thus the hemiaminal 3 can be 
further hydrogenated under the catalysis of ruthenium complex 4. 
According to numerous of experimental and theoretical studies,38-

25 

42 the concerted hydrogen transfer mechanism was demonstrated 
to be a most thermodynamically and kinetically reasonable 
pathway. From the transition state TS3, two bond distances of 
O…H-O (1.069 Å) and Ru…H-C (1.752 Å) indicate that two 

hydrogen atoms of CH-OH of 3 are concertedly transferring to 30 

the oxygen atom of CpO substituent and the ruthenium center of 
4 by means of the format of proton and hydride ion, respectively. 
The Gibbs energy barrier ∆G≠(sol) was 15.3 kcal/mol for the 3 + 
4 → 5 + 6 reaction, which was exergonic by 17.1 kcal/mol.   
For this mechanism, the other processes are kinetically and 35 

thermodynamically facile reaction except the first step. However, 
the initial intramolecular lactam-lactim tautomerism causes a 
large Gibbs energy barrier of 50.5 kcal/mol, due to the very large 
structural strain force. This barrier cannot be kinetically 
overcome under the experimental conditions, because it is 40 

generally required to heat up to a very high temperature which far 
exceeds the boiling point of toluene.   
Ruthenium-mediated acylation mechanism. As above 
mentioned, a ruthenium complex 4 can exist in the reaction 
system after the dissociation of Shvo’s catalyst. Due to having an 45 

unoccupied d-orbital, the Ru-complex 4 is also a very good 
electron acceptor. As a donor, the substrate 1 possibly forms 
another ruthenium complex 7 by providing the carbonyl oxygen 
atom to the vacant site of ruthenium of 4. Scheme 6 shows that 
this complexing reaction is exergonic by 10.1 kcal/mol, although 50 

there is an entropic penalty. In Ru-complex 7 (see Figure 3), there 
is also a hydrogen bonding interaction between oxygen of Cp-
ring group and H-N of 2-pyrrolidinone besides a coordination 
bond, due to the distance of O…HN being 1.878 Å. Both facts 
are favorable to increase the thermodynamic stability of Ru-55 

complex 7. This means that the substrate 1 is possibly captured 
by Ru-complex 4 due to a higher thermodynamic stability of Ru-
complex 7.  

Ph

Ph

Ph

Ph O

Ru

OC

OC N
O

HPh

Ph

Ph

Ph O

Ru

OC

OC

H
N

O+ G = -10.1 kcal/mol∆

4 1 7  

Scheme 6. The complexing reaction between Ru-complex 4 and substrate 1. 60 

Next, the intramolecular lactam-lactim tautomerism occurs with 
the aid of ruthenium coordination using the transition state TS4. 
From the geometries of TS4, there is also a four-ring straining 
impact as TS1. In addition, the protophilia of oxygen of substrate 
1 is also reduced due to coordination to ruthenium compared with 65 

TS1. So the Gibbs energy barrier is increased to a higher value of 
55.5 kcal/mol (see Figure 4). Compared with the structure of 7, 
the bond length of O-Ru is nearly increased by 0.1 Å, which 
indicates the O-Ru coordination bond being impaired. This 
causes the intermediate 7 becoming more thermodynamically 70 

unstable, which the process of 7 → 8 is correspondingly 
endergonic by 21.2 kcal/mol. 
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 8   

  

   TS5                                         

 5 

 9 

Figure 3. Optimized structures for ruthenium-mediated acylation mechanism. 
Distances in Å. Hydrogen atoms of Cp group of Shvo’s catalyst omitted for clarity. 

The further nucleophilic attacking and hydrogen transfer between 
8 and PhCHO can produce the hemiaminal-ruthenium complex 9 10 

via transition state TS5 with a Gibbs energy barrier of 14.4 
kcal/mol, which is higher than 10.5 kcal/mol of 2 → TS2. It is 
because the coordinated ruthenium complex induces a steric 
hinderance when PhCHO closes to substrate. This fact eventually 
gives rise to the thermodynamic stability reducing of hemiaminal-15 

ruthenium complex 9, of which the ∆G(sol) is increased to 5.2 
kcal/mol compared with the reactants of 1 and PhCHO. 

 

Figure 4. Gibbs energy ∆G(sol) profiles (kcal/mol) for ruthenium-mediated 
acylation mechanism. Relative to Gibbs energies of 7 and PhCHO. 20 

By far, the participation of ruthenium complex does not display 
an expected action in acylation of lactam with aldehyde. In 
contract, the total Gibbs energy barrier of this route and ∆G(sol) 
of product 9 are increased to 55.5 kcal/mol and 5.2 kcal/mol, 
respectively, which indicates this mechanism being kinetically 25 

and thermodynamically unfeasible. From this mechanism, it can 
be found that the substrate 1 can coordinate to Ru-complex 4 and 
form a ruthenium complex 7 prior to the lactam-lactim 
tautomerism when Shvo’s catalyst is added to the reaction system. 
However, the generation of Ru-complex 7 is unfavorable to the 30 

further catalytic dehydrogenation reaction.  
Bimolecular  lactams participated acylation mechanism. To 
avoid the geometric straining, there is actually another potential 
means that the lactam-lactim tautomerism is achieved via an 
intermolecular hydrogen exchange between two substrates 1. As 35 

shown in Figure 5, two molecules of lactam 1 exchange two 
hydrogen atoms each other via the transition state TS6 having a 
six-membered ring, which only corresponds to a Gibbs energy 
barrier of 10.5 kcal/mol. Figure 6 shows that the geometry of 1 is 
retained to a large extent in the transition state TS6. So this 40 

indicates that the intermolecular hydrogen exchange can 
effectively eliminate the straining impact. 
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Figure 5. Gibbs energy ∆G(sol) profiles (kcal/mol) for bimolecular lactams 
participated acylation mechanisms: (a) formed a bimolecular intermediate via 1 and 
2 before TS7; (b) has a bimolecular structure in TS8;  (c) formed a bimolecular 5 

intermediate between 1 and PhCHO before TS9. Relative to Gibbs energies of 1 
and PhCHO. 

Correspondingly, two lactims 2 are also generated through the 
transition state TS6, which was endergonic by 13.4 kcal/mol 
from 1 to 10. In particular, Gibbs energy of the produced lactim 2 10 

is 2.9 kcal/mol higher than that of TS6. As Shaik's theory,43 the 
reaction of 1 → TS6 → 2 is a continued endothermic process, 
where the real  Gibbs energy should be 13.4 kcal/mol instead of 
10.5 kcal/mol. In this case, a more stable intermediate 10 is then 
generated with a exergonic 4.5 kcal/mol from 2 to 10. The 15 

intermediate 10 is actually a bimolecular complex involved with 
the lactim 2 and lactam 1. Figure 6 shows that the OH…O and 
N…HN distances are 1.670 and 1.897 Å, respectively. This 
indicates two strong hydrogen bonding interaction formed in 10, 
which is favorable to improve the thermodynamic stability. 20 

However, there are three possible pathways (a), (b) and (c) in the 
next step, which corresponds to three different transition states 
TS7, TS8 and TS9, respectively. In these transition states, the 
function of substrate 1 is mainly used to increase both the 
electropositivity of carbon and the electronegativity of oxygen 25 

that participate in the nucleophilic reaction. By comparisons, the 
transition state TS8 in the (b) route corresponds to a lowest Gibbs 
energy barrier of 26.9 kcal/mol, where the oxygen of PhCHO is 
more favorable to accept the proton from the OH of 10. Then an 
intermediate 11 was produced, which is a molecular pair of the 30 

hemiaminal 3 and substrate 1 connected by hydrogen bonds. 
 

 

  TS6                                        10                                          10' 

          35 

           TS7                                                         TS8  

 

            TS9                                                        11 

Figure 6. Optimized structures for bimolecular  lactams participated acylation 
mechanism. Distances in Å. 40 

The total Gibbs energy barrier is 26.9 kcal/mol from 1 to 11 in 
this mechanism, which is exergonic by 3.8 kcal/mol. Compared 
with 1 → TS1 → 2 of the first route, a bimolecular hydrogen 
exchange via TS6 is much more kinetically feasible to achieve 
the lactam-lactim tautomerism. This calculated conclusion is also 45 

in agreement with the previous theoretical and experimental 
results44. Although the finally produced molecular pair 11 also 

has a higher thermodynamic stability compared with a single 
hemiaminal 3, the Gibbs energy barrier of TS8 is 3.0 kcal/mol 
higher than that of TS2. Thus, the unimolecular 2 is more 50 

kinetically favorable to make a nucleophilic attacking to PhCHO. 
This means that the dimer 10 is again dissociated to the monomer 
2, and then lactim 2 further produces the hemiaminal 3 via TS2. 
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Figure 7. Gibbs energy ∆G(sol) profiles (kcal/mol) for the most reasonable 
acylation mechanism. Relative to Gibbs energies of 1, PhCHO, and 7.  

According to above analyses, the most reasonable mechanism is 
shown in Figure 7. Here the Gibbs energy shows an increasing 5 

tendency for 1 → TS1 → 2 + PhCHO → TS2, which is a 
continuously endergonic process.43 So the actual Gibbs energy 
barrier is 23.9 kcal/mol for the generation of hemiaminal 3. 
Adding Shvo’s catalyst with substrates into the reaction system 
can cause an higher Gibbs energy barrier of 25.6 kcal/mol for the 10 

first catalytic cycle, due to forming a more thermodynamically 
stable Ru-complex 7. After the first cycle, the Ru-complex 6 is 
initially regenerated to the active catalyst 4,28 and then the 
following dehydrogenation of hemiaminal can be directly 
catalyzed by the Ru-catalyst 4. It is because a lower Gibbs energy 15 

barrier of 15.4 kcal/mol has a preponderant kinetic favorableness 
compared with Ru-complex 7. Here Gibbs energy barrier of 
hemiaminal formation is 23.9 kcal/mol which is higher than 15.3 
kcal/mol of dehydrogenation of 3. This means that the rate-
determining step is 2 + PhCHO → TS2 → 3 in the real catalytic 20 

cycle, which is also in agreement with experimental results. The 
total Gibbs energy barrier becomes 23.9 kcal/mol for the N-
acylation of lactam with aldehyde. Furthermore, the crucial factor 
on further developing this method is improving the 
nucleophilicity of lactams or the electrophilic ability of aldehydes 25 

according to this mechanism.  

Conclusions 

The mechanism of the direct N-acylation of lactam with aldehyde 
under Shvo’s catalyst was studied using DFT method in detail. 
Solvation effects in toluene were also considered and were 30 

included in calculated Gibbs energy profiles. In the acylation 
process, the substrate 1 can isomerize to the lactim 2 by means of 
an intermolecular lactam-lactim tautomerism. The formed 
monomer 2, which can generate to a hemiaminal 3 with 
aldehydes via a nucleophilic reaction and a hydrogen transfer. 35 

Finally, this hemiaminal 3 is dehydrogenated to obtain the 
product 5 under the catalysis of ruthenium complex 4. The 
highest Gibbs energy barrier is 23.9 kcal/mol for the catalytic 
cycle, where the generation of the hemiaminal 3 is the rate-
determining step. In paricular, adding Shvo’s catalyst into 40 

substrates can increase the Gibbs energy barrier for the first cycle 
of N-acylation. Besides, increasing the nucleophilicity of lactams 
or the electrophilic ability of aldehydes is favorable to further 
develop this synthesis method. 
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