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a b s t r a c t

The direct transformation of dinitrogen (N2) into nitrogen-containing organic compounds holds sub-

stantial importance. In this work, we report a titanium-promoted method for the conversion of

N2 to N-methylimides. Initially, the N2-bridging end-on dititanium side-on dipotassium complex

[{(TrenTMS)Ti}2(μ-η1:η1:η2:η2-N2K2)] underwent simultaneous disproportionation and N-methylation re-

actions in the presence of methyl trifluoromethanesulfonate (MeOTf), yielding [{(NMe,TMSNNTMS
2)Ti}(μ-

NMe)]2 with complete cleavage of the N≡N bond. The nucleophilicity of the N-methylated intermediate

allowed it to react with electrophilic reagents such as trimethylchlorosilane (TMSCl) to form heptamethyl-

disilazane, or with acyl chlorides to generate N-methylimides. Moreover, nitrogen-15 (15N) labeled exper-

iments provided a novel approach to synthesizing 15N-labeled methylimides.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As the predominant component of the Earth’s atmosphere, dini-

trogen (N2) has garnered substantial research interest in its acti-

vation and utilization [1–10]. The industrial synthesis of ammo-

nia via the Haber-Bosch process remains the sole method for con-

verting dinitrogen into usable forms of nitrogen and serves as the

foundation for producing nitrogen-containing organic compounds.

However, its requirements for elevated temperatures (350–550 °C)
and high pressure (150–350 atm.) result in considerable energy

consumption [11]. As such, development of mild and efficient ap-

proaches to directly synthesize nitrogen-containing organic com-

pounds from N2 emerges as an urgent and significant challenge.

Imides and their derivatives are widely found in natural prod-

ucts and bioactive compounds, exhibiting significant biological

functions [12]. Additionally, imides are extensively used in the

modification of carbon materials, thereby enhancing their perfor-

mance in fields such as photoconversion and chiral luminescence

[13]. Traditional methods for synthesizing imides typically involve

reactions of amides with acylating reagents such as acyl chlo-

rides [14] and aldehydes [15], or oxidation of nitrogen-substituted

amides [16] (Scheme 1a). In these methods, the starting amides

are invariably derived from multi-step reactions of ammonia. Con-

sequently, the direct synthesis of imides from N2, bypassing the

∗ Corresponding authors at: Beijing National Laboratory for Molecular Sciences,

CAS Key Laboratory of Molecular Recognition and Function, Center for Carbon Neu-

tral Chemistry, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190,

China.

E-mail addresses: yangyh@iccas.ac.cn (Y. Yang), wangcy@iccas.ac.cn (C. Wang).

use of ammonia, holds significant economic and environmental po-

tentials. Mori and co-workers reported synthesis of diphenyl imide

using a structure-undefined titanium-nitrogen complex obtained

through reduction of TiCl3 with magnesium [17]. However, the

amide was the primary product in this reaction with the yield of

imide being only 24%, and the substrate scope was rather limited

(Scheme 1b). Of note, reactions involving transition metal nitrides

prepared from N2 mostly tend to favor the formation of nitriles

[18–24].

Herein, we reported a method for the preparation of N-

methyl imides from N2, involving sequential N-methylation and

N-acylation reactions of structurally well-defined dinitrogen diti-

tanium complexes. Remarkably, the formation of amides could be

circumvented, affording imides as the sole products (Scheme 1c).

In 2018, Liddle and co-workers reported a dinitrogen-bridged

end-on dititanium side-on dipotassium complex bearing a TrenTMS

ligand, [{(TrenTMS)Ti}2(μ-η1:η1:η2:η2-N2K2)] (1) [25]. This com-

plex marked the first instance of a homogeneous titanium complex

capable of catalytically converting N2 to ammonia. However, such a

dinitrogen dititanium dipotassium complex demonstrated a chem-

ical inability in the synthesis of nitrogen-containing organic com-

pounds, presumably attributable to the steric hindrance imposed

by the bulky TrenTMS ligands and the pronounced reducing ability

of this complex.

As part of our long-term goal of developing catalytic N2

transformations to nitrogen-containing organic compounds, we

commenced our study on constructing C-N bonds via dinitro-

gen dititanium complex 1 (Scheme 2). The reaction of 1 with
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Scheme 1. (a) Synthesis of imides from amides. (b) Synthesis of imides as minor

products from N2. (c) Synthesis of N-methylimides as sole products from N2.

Scheme 2. Synthesis of N-methylated complex 2.

4 equiv. of methyl trifluoromethanesulfonate (MeOTf) in pentane

under ambient conditions resulted in the generation of orange

[{(NMe,TMSNNTMS
2)Ti}(μ-NMe)]2 (2) in 31% isolated yield, in which

the nitrogen-nitrogen bond of N2 was completely cleaved and

mono-methylated. Considering that the dinitrogen moiety under-

went reduction in the absence of an external reducing agent,

this reaction might be a disproportionation reaction induced by

MeOTf. Analysis of the gaseous products in the reaction via gas

chromatography-mass spectrometry (GC–MS) confirmed the for-

mation of ethane (Fig. S1 in Supporting information), which was

the homo-coupling product of MeOTf [26,27]. Furthermore, 15N-

labeling experiments substantiated the production of 15N2, thereby

providing a solid evidence for occurrence of the disproportionation

reaction. Also, the byproduct (TrenTMS)Ti-OTf (3) was successfully

isolated as a yellow solid in 42% yield, representing the form of

residual titanium species, which could further be transformed into

dinitrogen dititanium complex 1 in 76% NMR yield upon reduction

with potassium graphite (KC8).

The single-crystal X-ray diffraction (SXRD) analysis of 2 re-

vealed that the interatomic distance between the two nitrogen

atoms (N1, N2) extended to 2.602 Å (Fig. 1a), indicative of a fully

cleavage of N2 in this complex. Concurrently, the coordination ge-

ometry of dinitrogen moiety transformed from an η2 to a μ2 lig-

and configuration. The bond lengths of Ti1-N1 and Ti1-N2 were

1.913 Å and 1.953 Å, respectively, which were consistent with the

range of Ti-N single bonds [28,29]. Owing to the change in coor-

dination modes of titanium and dinitrogen, one side chain of the

TrenTMS ligand had dissociated from the titanium center, accom-

panied by N-methylation of the terminal anionic –(CH2)2N
–TMS

Fig. 1. (a) X-ray crystal structure of 2. (b) X-ray crystal structure of 3. Thermal el-

lipsoids are depicted at the 50% probability. All hydrogen atoms are omitted for

clarity.

Scheme 3. Reaction of complex 2 with TMSCl.

group. In the 1H NMR spectrum, within the deshielding regions of

the two titanium centers, the methyl groups linked to N1 and N2

appeared as a singlet at 4.27ppm. In contrast, the methyl groups

bound to the ligand nitrogen atoms were observed at a chemical

shift of 2.40ppm. Furthermore, through the employment of 15N-

labeling experiments, the 15N-enriched product 2-15N was success-

fully synthesized and its 15N NMR spectrum exhibited a single res-

onance at 462.22ppm (Fig. S4 in Supporting information). These

spectral observations were consistent with the highly symmetric

molecular crystal structure of 2. The SXRD analysis of 3 revealed

that the Ti1-O1 bond length was 2.003 Å, which is consistent with

the typical range of Ti-O single bonds (Fig. 1b).

As the N1-N2 bond was completely cleaved and C–N bond for-

mation occurred in complex 2, it was proposed that the reduc-

tive capacity of 2 was significantly diminished in comparison to

that of complex 1, and therefore it might exhibit considerable nu-

cleophilicity at the nitrogen atoms. As a validation, trimethylsi-

lyl chloride was first employed as an electrophilic reagent to re-

act with complex 2. After reacting in deuterobenzene (C6D6) at

60 °C for 12h, the formation of heptamethyldisilazane (4) was suc-

cessfully detected by ¹H NMR spectroscopy, with a yield of 54%

(Scheme 3).

Next, the scope of electrophilic reagents was expanded to in-

clude carbon nucleophiles, aiming for further C–N bond formation

to synthesize multi-substituted N-containing organic compounds.

Acyl chlorides, as strong electrophilic reagents, are widely uti-

lized in nucleophilic substitution/addition reactions [30]. Through

preliminary attempts, it was found that the reaction of 2

with 4-methylbenzoyl chloride (5a) yielded trisubstituted N,4-

dimethyl-N-(4-methylbenzoyl)benzamide (6a) and disubstituted

N,4-dimethylbenzamide (7) in NMR yields of 5% and 13%, respec-

tively (Table 1, entry 1). Extending the reaction time to 12 h re-

sulted in an increase in both yields; however, the disubstituted

product 7 remained as the major product (Table 1, entry 2). Rais-

ing the temperature to 50 °C led to an increase in the yield of 6a,

accompanied by a decrease in the yield of 7 (Table 1, entry 3), in-

dicating that there was likely a conversion from the intermediate

7 to product 6a in the reaction. Further raising the temperature re-

sulted in formation of a small amount of 4-methylbenzonitrile as a

2
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Scheme 4. Scope of imides. a 2–15N was used as substrate.

Table 1

Optimization of reaction conditions.

Entry 5a (equiv.) T (°C) t (h) Solvent

(1mL)

Yield (%)a

6a 7b

1 4 23 3 Toluene 5 13

2 4 23 12 Toluene 8 25

3 4 50 12 Toluene 12 11

4c 4 80 12 Toluene 4 25

5 6 50 12 Toluene 20 17

6 8 50 12 Toluene 56 7

7 8 50 12 Hexane 44 6

8 8 50 12 Et2O 39 8

9 8 50 12 THF 36 16

10 8 50 12 DME 53 6

11 10 50 12 Toluene 61(56)d N.D.

a Yields were determined by 1H NMR with 1,3,5-trimethoxybenzene as an inter-

nal standard.
b The proton in 7 was provided by the silica gel used for quenching the reaction.
c 4-Methylbenzonitrile was detected as a byproduct.
d Isolated yield was shown.

byproduct (Table 1, entry 4). The increase in the equivalents of 5a

had a significant positive effect on the yields of 6a (Table 1, entries

5 and 6). Solvent-screening results indicated that toluene was the

optimal solvent (Table 1, entries 6–10). Eventually, when 10 equiv-

alents of 5a was used and the reaction proceeded at 50 °C for 12h,

the formation of 7 was completely suppressed and 6a was formed

as the sole product in an NMR yield of 61% and isolated yield of

56% (Table 1, entry 11).

With the optimized reaction conditions in hand, we continued

to investigate the substrate scope of acyl chlorides (Scheme 4). Ini-

tially, the influence of steric hindrance on the reaction was exam-

ined. Benzoyl chloride without any substituent (5b) afforded the

desired product 6b in 53% isolated yield. Substitutions with methyl

groups at the meta-positions of the acyl chloride had no obvious

impact on the reaction yield (6c). However, when a methyl group

was introduced at the ortho-position, the yield of 6d was only 26%,

indicating that the steric hindrance significantly inhibited the re-

action efficiency. Furthermore, the reaction was completely sup-

pressed when using 2,4,6-trimethylbenzoyl chloride of more steric

bulkiness as the substrate.

From an electronic perspective, electron-donating substituents

were found to be relatively detrimental to the reaction outcome.

For instance, when a methoxy group was introduced to the para-

position of benzoyl chloride (5e), the yield of product 6e was

37%. Similarly, the use of electron-rich 2-furoyl chloride (5f) in

the reaction also resulted in the formation of product 6f in a

relatively lower yield of 42%. In contrast, acyl chlorides with

non-coordinating electron-withdrawing substituents, such as 4-

trifluoromethylbenzoyl chloride (5g) and 4-fluorobenzoyl chloride

(5h), were favorable in the reaction, yielding the corresponding

imides 6g and 6h in 75% and 62% yields, respectively. These re-

sults reflected the pronounced nucleophilic character of complex 2

[31]. For substrates with other electron-withdrawing groups, such

as 4-methoxycarbonylbenzoyl chloride (5i) and 4-cyanobenzoyl

chloride (5j), the yields of the corresponding products 6i and 6j

were not as high as expected. This might be attributed to the co-

ordinating ability of ester and cyano groups with titanium [32–35],

which could compete with acyl chlorides for coordination sites on

the titanium center. Of note, aliphatic acyl chlorides failed to give

the expected products in this reaction.

¹5N-labeled organic compounds play significant roles in

biomedicine, agricultural science, and environmental science

[36,37]. However, the natural isotopic abundance of 15N is merely

0.365% [38], which restricts the synthetic access to ¹5N-labeled
compounds. ¹5N-labeled dinitrogen gas is the most readily avail-

able source of ¹5N, the direct use of which holds great potentials

to approach ¹5N-labeled organic products. As an illustrative exam-

ple, the ¹5N-labeled dinitrogen was applied into our protocol and

¹5N-labeled imide 6k was synthesized in 74% isolated yield. The

¹5N NMR spectrum of 6k showed a singlet at 154.06ppm (Fig. S21

in Supporting information).

In conclusion, a titanium-promoted protocol for the con-

version of N2 to N-methylimides was developed, which in-

volved the formation of [{(TrenTMS)Ti}2(μ-η1:η1:η2:η2-N2K2)]

from dinitrogen, MeOTf-induced disproportionation and simul-

taneous N-methylation yielding the titanium-amido complex

[{(NMe,TMSNNTMS
2)Ti}(μ-NMe)]2, and nucleophilic reaction with

acyl chlorides producing N-methylimides, thus forging three C−N

3
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bonds from N2. The titanium-amido species was also capable of re-

acting with TMSCl to yield heptamethyldisilazane, in which the for-

mation of one C−N bond and two N−Si bonds was achieved from

N2 by sequential steps. We believe this work provides important

insights into direct transformations of N2 into N-containing organic

molecules. Further organic reactions using N2 as the nitrogenous

source are under explorations in our laboratory.
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