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ABSTRACT

An efficient transamidation process has been described under solvent-less
conditions. The transformation has been accomplished by employing
NH,OHeHCl as a reagent and amines as substrates. The developed method
is achieved in the absence of metals and hazardous reagents. A series of
amines were explored to obtain the N-formylation and N-acylation reac-
tions with excellent yields (81-96%) of products. The DFT analysis was also
performed, which provides a clear understanding of the described N-for-
mylation process. The postulated mechanism is well supported by the con-
trol experiments.

Introduction

In the magical realm of organic chemistry, the C-N bond forming transformations are topics of
interest.'** Among these transformations, the transamidation process has been witnessed as one
of the useful C-N bond forming reaction in organic synthesis for preparation of amide deriva-
tives.' These structural motifs are comprehensively employed for the synthesis of organic inter-
mediates,” pharmacologically active molecules,’ and exhibited enormous applications in
agrochemicals,* and material sciences.” A series of marketed drug molecules embedded with these
moieties are endorsed as widely used pharmaceuticals (Figure 1). Hence, the synthesis of forma-
mide and acetamide functional groups containing molecules remains one of the most explored
thematic areas in organic synthesis. The traditional approaches for their preparation refer to the
acid-amine coupling reactions, which normally rely on the unstable reagents and rigorous reac-
tion conditions. Subsequently, the base promoted methods are also described for the transamida-
tion process; however, these protocols are associated with a longer reaction time and produce low
yields of products. To circumvent these deviations, a spectrum of transamidation processes were
developed using transition metal-catalysts such as Fe,® Ce,”* La,”® B,”* Zr,¢ Pd,® Ni,” Cu,'° Co,"!
Ru,"” Au,” Ir,'* Zn'>-complexes and employing a metal-catalysed electrochemical approach.'’c
Nevertheless, the metal-catalyzed methods suffer from the high cost of catalysts and associated
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Figure 1. Selected pharmaceuticals containing N-acyl and N-formyl groups.

environmental risk by the disposal of metals. Alternatively, a series of metal-free transamidation
approaches using amide derivatives or aldehyde sources are developed toward circumventing the
associated drawbacks of the previously reported methods.'®> *On the other hand, the transami-
dation reaction of DMF mostly relies on the metal (Pd, Ni, Co, Cu) catalytic processes. Thus, the
development of an effective transamidation protocols of DMF using metal-free and solvent-less
conditions are highly desirable. Here, we report a NH,OH®HCI mediated N-formylation and N-
acetylation of amines using DMF (N, N-dimethylformamide) and DMA (N, N-dimethylacetamide)
under solvent-less conditions (Scheme 1). The reported method represents a metal-free and solv-
ent-less protocol that tolerates a series of substrates and DMF as a greener formylating agent.

Materials and methods
Materials

All required chemicals were acquired from reputed vendors such as Sigma-Aldrich, SD fine
chemicals, Merck, Alfa-Aesar and HI Media. These chemicals were utilized in the reactions dir-
ectly as purchased and mentioned if purified. All reactions were carried out in 10 mL round bot-
tom flask fitted with a magnetic stirrer. The solvents employed toward purification and extraction
processes were carefully distilled before use. Thin-layer chromatography (TLC) was carried out
on TLC plates procured from Merck. The products were observed by immersing TLC plates in
KMnO, solution and checked by UV light (4 254 nm) or visualized upon heating. The final
compounds were afforded by purification through Flash column chromatography. All HRMS
spectra were recorded by Agilent instrument 6545 QTOF LC/MS (EI-QTOF in MeCN). The
Brucker NMR spectrometer 400 (100) MHz was used for recording 'H and '>C NMR spectra
using CDCl; as solvent. The solvent peaks appeared at dy,c 7.26/77.28 (CDCl;) using TMS as ref-
erence. The coupling constants (J [Hz]) have been considered as such from the spectra without
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Scheme 1. Strategies toward N-acylation and N-formylation processes.

taking average. Splitting patterns are represented as br (broad), m (multiplet), q (quartet), t (trip-
let), d (doublet), and s (singlet).

Methods

General method for the N-formylation and N-acetylation process

Anilines 1la-q (1.0 mmol) were placed in 2mL reaction flask, then hydroxylamine hydrochloride
(1.1 mmol) and dimethyl formamide (2a) or dimethyl acetamide (2b) (30 mmol) were added to
the mixture. Next, the reaction container was stired for 10h at 100 °C. When, the transformation
was completed (the advancement of the reaction was observed on TLC; SiO,, EtOAc/Hexane
30:70). After, completion of the reaction, obtained crude mixture was diluted with 15mL of ethyl
acetate and 20 mL of water. The solution was then extracted with EtOAc (3 x 10 mL). The col-
lected organic layers were washed with brine solution (3 x 10mL) and dried over anhydrous
Na,SO,. Finally, the crude product was purified by column chromatography (SiO,,
EtOAc/Hexane  30:70) to receive the expected N-aryl formamides or N-aryl acetamides 3 and 4
in excellent yields.

Results and discussions

Having surveyed the importance of these scaffolds, we have attempted to develop the metal-free
and efficient protocol for the N-formylation approach. To establish the feasible protocol, our



Table 1. Screening of the reaction conditions for the synthesis of N- phenylformamid e (3aa).”

H
NH; | NH,OH-HCI NYH
-
+ O%/ N ©/
- O
conditions
1a 2a 3aa
Entry Catalyst [Mol %] Additive [equiv.] Solvent Temp [°C] Time [h] 3aa, Yield%®
1 Kl (5) TBHP (3) DMSO 100 10 73
2 1, (10) TBHP (3) DMSO 100 10 70
3 TBAI (10) TBHP (3) DMSO 100 10 75
4 NIS (10) TBHP (3) DMSO 100 10 61
5 - TBHP (3) DMSO 100 10 72
6 Kl (20) - DMSO 100 10 76
7 - - DMSO 100 10 92
8 - - Neat 100 10 94¢
9 - - Neat 120 10 86°
10 - - Neat 70 16 47¢

Unless otherwise indicated: All reactions were performed using 1.0 mmol 1a, 20 mmol of 2a and 1.1 mmol of hydroxylamine
hydrochloride. ° Isolated yields. € Reactions were carried out using 30 mmol of DMF.

experimental work commenced with aniline (1a) as the model substrate. Initially, a reaction was
performed between aniline (1a) and N, N-dimethyl formamide (2a) in the presence of 5mol% KI,
1.1 mmol of NH,OHeHCI and 3.0 mmol of tert-butylhydroperoxide (TBHP) in DMSO as solvent
at 100°C for 10h (Table 1, Entry 1). Interestingly, it was observed that the reaction delivered the
corresponding N-phenyl formamide (3aa) in 73% yield. Inspired by these results, the KI was
replaced with 10mol% of I, as catalyst, which delivered the product 3aa in 70% yield under iden-
tical reaction conditions (Table 1, Entry 2). Next, we investigated the catalytic activities of tetra-
butylammonium iodide (TBAI) and N-iodosuccinamide (NIS). It was revealed that both TBAI
and NIS showed satisfactory catalytic efficiencies with the formation of product 3aa in 75% and
61% yields respectively (Table 1, Entries 3-4). To understand the role of catalyst and additive, the
reactions were carried out in their absence (Table 1, Entries 5-6). The performed experiments
described that the transformation is not dependent upon the influences of catalyst and additive to
afford the product 3aa in good yield. Hence, if the reaction between la and 2a was performed
using 1.1 mmol of NH,OH®HCI in DMSO as solvent at 100°C for 10h (Table 1, Entry 7), the
corresponding product 3aa can be isolated in 92% yield. Moreover, the necessity of DMSO as
solvent was verified by conducting a reaction between la and 2a under the influences of
1.1 mmol of NH,OH®HCI at 100 °C for 10h (Table 1, Entry 8). Surprisingly, it was observed that
the corresponding N-phenyl formamide can be formed in 94% vyield. After screening the role of
catalyst, additive, and solvent, the effects of temperature and time were examined for this trans-
formation. These investigations lead to the unsatisfactory results (Table 1, Entries 9-10). After,
the successful screening of the reaction conditions, it was described that the maximum yield
(94%) of the product 3a can be obtained, when 1.0 mmol of aniline (1a) and 30 mmol of N, N-
dimethyl formamide (2a) were reacted in the presence of 1.1 mmol of NH,OHeHCI] at 100 °C for
10h (Table 1, Entry 8) and these parameters were considered as the optimal conditions for fur-
ther reactions.

Having investigated the standard reaction conditions, we attempted to understand the mechan-
ism of this transformation using suitable control experiments. Initially, we have performed the
reaction of la and 2a in the absence of NH,OHeHCI to realize the unreacted starting material
with un-identification of the required product 3aa (Scheme 2, Equation 1). In another experi-
ment, we have executed the reaction by replacing the hydroxylamine hydrochloride with hydro-
chloric acid (10 equiv.) and observed the formation of the expected product 3aa in 28% yield
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Scheme 2. Control experiments for the transamidation process.
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Scheme 3. Proposed mechanism for the N-formylation processes.

(Scheme 2, Equation 2). It was also found that the yield of the product was enhanced up to 34%,
when 20 equiv. of hydrochloric acid was loaded as reagent (Scheme 2, Equation 3). To investigate
the involvement of the radical pathway, the reaction of 1a and 2a was performed with a radical
scavenger (TEMPO, 2,2,6,6-Tetramethylpiperidinyloxy), which resulted the similar yield (90%) of
the product 3aa (Scheme 2, Equation 4) that proves no involvement of the radical mechanism.
Based on the literature reports and control experiments, a plausible mechanism was proposed
in Scheme 3.7 2 1t may be assumed that in the first step, the coordination of N-protonated
hydroxyl amine A and N, N-dimethyl formamide (2a) induces the enhancement of the positive



charge on N-atom that leading to the formation of intermediate B followed by the generation of
transition state 2aa. This phenomenon reinforces the nucleophilic attack of -NH, group of aniline
(1a) into the carbonyl carbon of intermediate B to deliver the unstable intermediate C, which fol-
lowed by the cleavage of N, N-dimethyl amine (D) produces the desired product N-phenylforma-
mide (3aa).

With the effective optimal reaction parameters in hand, we then tried to examine the substrate
scope of this established N-formylation process. To serve this purpose, a series of aniline deriva-
tives embedded with electron-releasing functional groups such as alkyl groups (Me, 'Pr) and elec-
tron-deficient moieties such as halides (F, Cl, Br, I), trifluoromethyl (CF;), ester (CO,Et),
hydroxyl (OH), and nitro (NO,) substituents were tested under the developed reaction condi-
tions. It has been observed that irrespective of the electronic nature of the substituents, all sub-
strates were participated smoothly in this transformation to generate the N-formylated
compounds 3 in excellent yields and regioselectivity. However, the aniline derivatives containing
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Scheme 4. Substrate scope of the developed N-formylation process.



electron-poor functional groups delivered yields of the expected products slightly lower than the
anilines containing electron-donating moieties. It is noteworthy to mention that the final N-for-
mylated compounds 3 exist in rotameric forms (Scheme 4). The regioselectivity of the formyla-
tion reaction also play a crucial role. In the developed process, the formation of O- or C-
formylated products were not identified. The major facts behind this findings might be associated
to the nucleophilicity factor. In case of amine derivatives like aniline, the nitrogen atom of -NH,
group can donate the electron pair readily to the electrophilic formylating reagent. Thus, the N-
formylation process is highly feasible in comparison to the C-formylation of the aromatic ring of
aniline derivatives, which is due to the bare nucleophilic character of the C(sp®)-atom of the aro-
matic ring. This hypothesis was further examined using anisole and 1,2-dimethoxybenzene as the
substrates, which resulted no conversion toward the formation of C-formylation products using
these developed conditions. On the other hand, unlike the C-formylation process, the formation
of O-formylation products were desired due to the better nucleophilic character of the oxygen-
atom. Thereby, phenol was exposed as substrate under the developed method. The obtain results
indicated that after 16 h of the reaction time no conversion of phenol was found. To validate this
fact, the competition between N-formylation/N-acetylation and O-formylation/O-acetylation proc-
esses were studied using the 2-aminophenol as the substrate. These experiments resulted in the
exclusive formation of N-formylation and N-acetylation products; whereas, the formation of O-
formylation and O-acetylation compounds are not at all observed during this reaction.

In order to extend the scope of this described method, the feasibility of the N-acetylation pro-
cess has been examined. It was found that when N, N-dimethylformamide (2a) was replaced with
N, N-dimethylacetamide (2b) under the developed conditions, a series of anilines 1 were trans-
formed into the corresponding N-acetylated compounds 4ab, 4bb, 4gb, 40b-4vb, 4ib, 4wb, 4xb
in high yields ranging from 78-94% (Scheme 5). To gain further insight of the developed proto-
col, we have examined the reactivity of N-methyl aniline (1r) as a secondary aromatic amine and
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Scheme 5. Extended substrate scope toward N-acetylation process.
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Scheme 6. Reactivity of aliphatic amines.

2-aminophenol (1s) under the standard conditions. It was revealed that both substrates such as
2° amine (N-methyl aniline) and 2-aminophenol participated smoothly in this transformation to
accomplish the final N-acetylation products 4rb and 4 sb in yields 80% and 88% respectively. The
experimental observations revealed that both electron-rich and electron-poor anilines were toler-
ated good to deliver the corresponding anilide derivatives in high yields. Whereas, electron-donat-
ing substrates lead to the formation of products in slightly higher yields than the electron-poor
anilines (Scheme 5).

Having expanded the scope of a series of primary and secondary aromatic amines for the for-
mation of corresponding products, we aimed to examine the reactivity of aliphatic amines under
the described reaction conditions. In this regard, it was experienced that when the aliphatic
amines such as pyrrolidine (1w) and 4-piperidone (1x) were exposed to the standard conditions
at 100°C, no expected N-formylation or N-acetylation processes were accomplished (Scheme 6,
Equation 1) and hence, the required products were not observed, rather a combination of



unidentified side products were found on TLC that lead to the formation of a complex reaction
mixture. Thus, it was assumed that the developed protocol restricts the conversion of aliphatic
amines into the corresponding products. This findings lead to the attention on the credentials of
the proposed mechanism for this transformation. To understand the reluctant behavior of ali-
phatic amines, the proposed mechanism was reviewed carefully. It was observed that the effi-
ciency of this transformation might be dependent upon two major factors, which are associated
to the nucleophilicity of amines and the stability of transition state C (Scheme 3). Moreover, it
could be assumed that the feasibility of the formation of transition state C and its stability is
higher with aromatic amines in comparison to the aliphatic amines. With this hypothesis, regard-
less on the significance of the nucleophilicity of aromatic and aliphatic amines, the reactions of
pyrrolidine (1w) and 4-piperidone (1x) were conducted in the presence of N, N-dimethyl forma-
mide (2a) and N, N-dimethyl acetamide (2b) under standard conditions at 70°C, 50°C, and
25°C to examine the effects on the stability of transition state C toward the formation of corre-
sponding products. Surprisingly, the obtained results revealed that when the reactions were per-
formed at 70 °C, the corresponding products 4wb and 4xb were observed in 17% and 15% yields
respectively; whereas, the corresponding N-formylated compounds 3wa and 3xa were not formed
(Scheme 6, Equation 2). Further, a slight improvement of the yields (4wb: 24%, 4xb: 19%) were
found, if the reaction temperature is diminished to 50 °C and similar observations were recorded
in case of N-formylation process (Scheme 6, Equation 3). Nevertheless, the transformations
remain inactive if the reactions were carried out at 25°C (Scheme 6, Equation 4). Thus, these
observations lead us to state that the mechanistic pathway of the developed protocol is more asso-
ciated to the stability of the transition state C than the nucleophilicity of the amines.

The salient features of this developed protocol may be associated with its novelty over previous
reported methods in terms of solvent-less reaction conditions, the use of non-hazardous reagents
like hydroxylamine hydrochloride to assist the formylation and acetylation processes using N, N-
dimethyl formamide and N, N-dimethyl acetamide under simple conditions. A broad range of
aromatic amines could be transformed into the formylated and acetylated products with high
yields; whereas, the aliphatic amines remain inefficient for this transformation and deliver very
low yields of products at 50 °C and 70 °C reaction temperatures. Additionally, the C-formylation
and O-formylation processes are not accomplished using this method.

In order to gain better insights, we have attempted to conduct DFT analysis which provides a
clear understanding about the generation of N-formylation product. At the B3LYP*>*” level of
theory, the optimization of structures (reactants, intermediates, transition states, and products)
and their frequency calculations have been performed. Calculations of activation energies are
attempted for the whole chemical pathway for the formation of N-formylation reaction product
from aniline (1a) and N, N-dimethyl formamide (2a) in the presence of NH,OH®HCIl. Numerous
ab initio computations have been carried out using sophisticated computing techniques such as
the B3LYP *>*” approach and 6-31 +g** Pople’s basis sets ** with the use of Gaussian 16 (G16)
quantum chemistry software.”® At the B3LYP level of theory and utilizing the 6-31 +g** Pople’s
Gaussian basis set,”” the equilibrium electronic ground state of the reactants (la, 2a, and
NH,OH), intermediate (IM1(B)), transition states (TS-I (2aa), and TS-II (C)), and products (3aa
and D) structures have been optimized. By diagonalizing the B3LYP force field computed using
the same level of theory, the harmonic vibrational frequencies ** ' of the electronic ground states
of the relevant molecules are recovered. For the whole reaction route, the transition states’> >’
(TS-I and TS-II) have been performed, and their associated harmonic vibrational frequencies
have also been determined. We have used the G16 quantum chemistry programme to carry out
structural optimization calculations as well as harmonic frequency calculations for all the reac-
tants, intermediates, transition states, and products. The reactants (la, 2a, and NH,OH), inter-
mediate (IM1 (B)) and products (3aa and D) do not have any negative frequencies. This confirm
the stability of the molecular structures. The lowest harmonic vibrational frequencies for the 1a,
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Figure 3. The B3LYP computed molecular Structure for the 1a, 2a, NH,0H, 2aa, B, C, 3aa and D are shown here.

2a, NH,OH, B, 3aa and D are 220, 107, 440, 43, 70 and 237 cm ™", respectively. All the transition
states (TS-I (2aa) and TS-II (C)) have only one imaginary frequency. This suggest the confirm-
ation of the transition states. The imaginary frequencies for the TS-I and TS-II are 33i and 1549i
cm™~ ', respectively. The activation energy for the formation of intermediate B (IM1) from 2a and
NH,OH is 231.67 Kcal/mole. The activation energy for the formation of the products (3aa and
D) is 32.53 Kcal/mole. The energy profile diagram for the formation of products (3aa and D)
from the reactants (1a, 2a and NH,OH) is illustrated in Figure 2 and all the structures are shown
in Figure 3. The activation energy is very high (231.67 Kcal/mole) for the formation of B from 2a
and NH,OH, and very low (32.53 Kcal/mole) for the formation of products 3aa and D. Thus, the
reaction between B and la is very fast and the formation of B from 2a and NH,OH is very slow.
These theoretical observations are well supported by the experimental outcomes.



Conclusion

In conclusion, we have described the efficient methods toward N-formylation and N-acetylation
processes. The developed reactions were promoted by hydroxylamine hydrochloride to deliver the
corresponding products with excellent yields and selectivity. The reported amidation processes
were accomplished using metal-free and base-free conditions under relatively mild reaction condi-
tions. The results of the DFT analysis comply well with the experimental observations.
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