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ABSTRACT 1 

 2 

Metal-free carbonaceous materials are an emerging class of heterogeneous catalysts for sustainable 3 

chemistry.  However, designing such catalytic materials with unique properties for specific organic 4 

transformations remains a challenge due to an inadequate understanding of their active sites.  Herein, 5 

we report our studies on the use of nitrogen-doped ordered mesoporous carbons as a biomimetic novel 6 

heterogeneous catalyst for the borrowing-hydrogen or hydrogen-auto-transfer class of cascade 7 

reactions.  These redox neutral processes have gained prominence owing to their high atom economy 8 

and sustainability.  Our experimental investigations, supported by computer modelling, show that the 9 

local nitrogen environment, i.e., the benzannulated pyridine substructures on the edges/defects of the 10 

carbon matrices, play a critical role as catalytic hydrogen shuttles in borrowing-hydrogen reactions 11 

mimicking the role of the NAD(P)+/NAD(P)H redox couple. 12 

 13 
 14 
  15 
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INTRODUCTION 1 

 An enduring challenge in catalysis research is the realization of an ideal catalyst in 2 

terms of activity, selectivity, and atom economy for sustainable chemical processes.  Currently, 3 

the field is dominated by transition metals either in the form of organometallic complexes, 4 

metal clusters, or nanoparticles [1,2].  However, there are serious concerns over the continuous 5 

availability of many of these precious metals as well as their environmental effects which 6 

provides an impetus for the development of alternate catalyst systems.  In this context, there 7 

has been a renewed interest in the potential of abundant carbon materials in chemical catalysis.  8 

Carbonaceous materials are not new to heterogeneous catalysis with many metal-based 9 

catalysts utilizing them as supports due to their high surface area and stability.  Recently, 10 

carbocatalysis or the direct application of carbon materials as heterogeneous catalysts for 11 

important organic transformations has gained traction [3,4].  These attempts have tried to utilize 12 

different functionalities in the carbon matrix as active sites for catalyzing organic 13 

transformations, including oxidations and acid/base catalyzed reactions [5,6].  A recent 14 

addition to the list of reactions catalyzed by carbon-based systems is the sp2 carbon-carbon 15 

cross-coupling, a reaction closely related to the Suzuki-Miyaura coupling which uses Pd as a 16 

catalyst [7].  The reaction, in this case, was found to depend on the nature of the oxygen 17 

functionality in the carbon matrix [8].  These carbon systems have also been used for direct 18 

Friedel-Crafts alkylation reactions [9].   19 

Despite the above advances in carbocatalysis, determining the exact nature of the 20 

catalytically active substructures in a heteroatom-doped carbon matrix is a difficult task.  An 21 

in-depth understanding of these active structures coupled with an ability to tune them for 22 

specific organic transformations is integral to the development of carbocatalysts with high 23 

activity and selectivity.  A general methodology adopted toward this goal is synthesizing a 24 

series of well-characterized heteroatom-doped catalysts and comparing their catalytic 25 

activities.  A complementary approach is post-functionalization where the local substructure 26 

thought to be responsible for the activity is selectively introduced into the catalytically inactive 27 

carbon material through appropriate treatment.  The appearance of activity, in this case, would 28 

be conclusive evidence of the nature of the active site embedded in the carbon matrix. 29 

Nitrogen-doped/N-doped carbons have been in vogue for numerous applications, 30 

including electrocatalysis for the oxygen reduction reaction[10].  Recently, the N-alkylation of 31 

amines using a catalyst was reported, although the active sites on the carbon matrix responsible 32 
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for the transformation remained elusive[8].  These reactions follow a borrowing hydrogen (BH) 1 

or hydrogen auto-transfer (HAT) pathway and are important for the synthesis of a range of fine 2 

chemicals and pharmaceutical intermediates starting from cheap and readily available alcohols.  3 

These reactions have been well established for CC and CN bond formation and involve a 4 

series of steps, including an initial alcohol dehydrogenation followed by condensation and 5 

finally a reduction to yield the desired product.  BH catalysis has so far relied on transition 6 

metal complexes to catalyze both the dehydrogenation and the reduction steps.  Initial reports 7 

in this field dealt with noble metal-based homogeneous catalysts, e.g., Ir, Ru, Rh, which act as 8 

hydrogen shuttles transferring hydrogen from the initial alcohol to the final unsaturated 9 

intermediate[11-19].  Recently, base metal catalysts, e.g., Mn, Fe, and Co, have been developed 10 

as homogeneous catalysts for these processes[20-26].  However, these catalysts mostly require 11 

synthetically challenging ligands and additives.  Likewise, heterogeneous supported metal 12 

catalysts have also been examined for BH catalysis[27,28].  However, the majority of these 13 

supported catalysts suffer from high catalyst leaching and poor reactivity associated with their 14 

harsh reaction conditions.   15 

Inspired by the utility of N-doped carbons in these various C−C and C−N bond-forming 16 

processes, we focused on identifying and characterizing the active sites responsible for these 17 

reactions.  The nitrogen species in these N-doped carbons are distributed in different local 18 

environments, e.g., graphitic (grap−N), pyridinic (pyri−N), and pyrrolic (pyro−N) 19 

nitrogen[29,30].  Among these, the pyri−N occurs as benzannulated pyridines distributed at the 20 

edges/defects of the N-doped carbon matrix [29], Figure 1-a, which is quite different from the 21 

nitrogen originating from the g-C3N4 structure[31], Figure 1-b.  Recently, benzannulated 22 

pyridines such as phenanthridine and acridine have been utilized as NAD(P)H mimics in imine 23 

hydrogenation[32,33].  On this basis, we envisage that the benzannulated pyridines subunits at 24 

the edge/defect positions of N-doped carbon could mimic NAD(P)H and function as hydrogen 25 

shuttles in the BH cascade.   In this regard, we have recently reported the successful synthesis 26 

of highly ordered 2D-hexagonal N-doped mesoporous carbons and their application in both 27 

chemical catalysis[34,35], electrocatalysis[36,37], and hydrogen storage[38-40], and carbon 28 

dioxide capture[41,42].  In this investigation, we present a detailed synthetic strategy and in-29 

depth characterization of several such novel materials, and their applications in borrowing-30 

hydrogen reactions, viz., N-alkylation of amines and ketones with primary alcohols, as well as 31 

C-alkylation of aromatic ketones and synthesis of quinolines by dehydrogenative condensation 32 

reactions between amino alcohols and ketones.  In addition, the first examples of N-doped 33 
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carbon-catalyzed synthesis of quinolines by dehydrogenative annulation of amines and ketones 1 

are also performed. 2 

To test this hypothesis, we designed and prepared a series of N-doped ordered 3 

mesoporous model carbon (designated as MNC-x; x = 316, 326, 336, 346, 359) catalysts with 4 

varying degrees of N-content and types of N-species using different precursors and we have 5 

thoroughly investigated their local structures and catalytic activities for BH reactions.  Pristine 6 

mesoporous carbon matrices were prepared under nitrogen (designated as CMK-306) and 7 

argon (designated as CSI-306) atmospheres as control samples[41].  Further, we have also 8 

prepared nitrogen-containing carbons via a post-synthetic modification approach by treating 9 

pristine carbon samples with NH3 to obtain CMK-306 (NH3) and CSI-306 (NH3), respectively.   10 

 11 

EXPERIMENTAL DETAILS 12 

Starting materials   13 

All the chemicals used were of analytical grade.  Benzyl alcohols, anilines, and their substituted 14 

analogs as well as other chemicals including tetraethyl orthosilicate, ethylenediamine ( 15 

99.5%), CCl4 ( 99.8%) melamine ( 99.0%), p-phenylenediamine ( 98.0%), acridine ( 16 

97.0%), p-diaminobenzene (98.0%), aniline (99.5%), pyrrole (99.1%), polyvinylpyrrolidone 17 

(PVP; 98.0%), phenanthridine ( 99.0%), CDCl3, and pluronic P-123 (Mol. Wt. 5800). KOH, 18 

Cs2CO3, toluene, HF (40% aqueous solution), HCl (36% aqueous solution), hexane, petroleum 19 

ether, ethyl acetate, and deuterated benzyl alcohol-,-d2 were obtained from various 20 

chemical resources, viz., Sigma-Aldrich, Tokyo Chemical Industries, Avra Chemicals, and SD-21 

fine chemicals.    22 

Materials Synthesis 23 

Ordered Mesoporous Silica:  The ordered mesoporous silica (OMS) such as SBA-15 was 24 

synthesized as per the literature reports [38,40,42,43].  In a typical synthesis of SBA-15 by 25 

hydrothermal method, 8.0 g of Pluronic P123 triblock copolymer, poly(ethylene glycol)-b-26 

poly(propylene glycol)-b-poly(ethylene glycol) (average MW 5800) was dissolved in 60 g of 27 

Millipore water and 240 g of 2 M HCl by stirring at 35C.  Subsequently, 17.0 g of tetraethyl 28 

orthosilicate (TEOS) was added to the clear solution with further stirring at the same 29 

temperature for a period of 24 h.  The final gel composition was 1 SiO2 : 0.012 P123 : 6.5 HCl 30 

: 169 H2O.  The resulting mixture was aged at 100C for 24 h and the obtained white solid was 31 
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collected by centrifugation, washed with copious water followed by ethanol washing, and then 1 

dried at 80ºC in air ambient inside a drying oven.  The final product was calcined at 500°C for 2 

6 h under an air atmosphere and thus obtained material was used as a silica template to prepare 3 

mesoporous pristine and nitrogenous carbons. 4 

Ordered Mesoporous Carbons:  For comparison, ordered mesoporous carbons (OMC), viz., 5 

CMK-306 and CSI-306 were also prepared according to the reported procedure[38,40,42,44].  6 

In a typical synthesis, 1.0 g of SBA-15 silica template was added to a homogeneous solution 7 

containing 1.5 g sucrose in 4.0 mL of water and sonicated for 15 minutes to infiltrate the 8 

sucrose into the mesopores.  Then 0.2 mL of H2SO4 (4 M) was added and further stirred for 1 9 

h using a magnetic stirrer.  The black suspension was dried at 80C in a drying oven.  The 10 

infiltration process is repeated for a second time by taking 0.8 g of sucrose in 1.5 mL of water 11 

and 0.1 mL of H2SO4 (4 M).  Finally, the black dried powder was calcined at 600C for 5 h 12 

under an argon atmosphere with a ramping temperature of 3C/min.  Then the silica/carbon 13 

composite was treated with a 5% HF solution to dissolve the silica template, washed thoroughly 14 

with copious water until the aqueous filtrate attains pH  7, and finally dried at 80C in a drying 15 

oven to obtain mesoporous CSI-306 carbon.  For the preparation of CMK-306, the 16 

carbonization step preparation was performed in a nitrogen atmosphere (100 mL/min.) instead 17 

of Argon at 600C for a period of 5 h. 18 

Mesoporous Nitrogenous Carbon:  The N-doped mesoporous carbon model catalysts, viz., 19 

MNC-x (x = 316, 326, 336, 346, 356) were prepared using SBA-15 silica as a hard template by 20 

nano-casting method [38,40,42-46].  For the synthesis of MNC- x, in a 50 mL round-bottomed 21 

flask, the calcined SBA-15 (2.0 g) was dispersed in a suitable nitrogen-containing carbon 22 

precursor (see Table S1) and then stirred magnetically for 15 minutes at room temperature 23 

followed by sonication for another 30 min.  The resultant mixture was further refluxed with 24 

continuous stirring at 90C for 6 h.  The dark brown-colored solid obtained was subsequently 25 

dried at 80C in a drying oven.  After ensuring complete dryness, the composite material was 26 

ground into a fine powder with a mortar and pestle.  The powdered composite material was 27 

carbonized at 600C (unless otherwise specified) for 5 h under an argon atmosphere (unless 28 

mentioned) with a ramping rate of 2C/min.  The MNC samples were recovered after the 29 

dissolution of the SBA-15 silica template with 5 wt% dilute HF and the sample was washed 30 

thoroughly with copious water until the aqueous filtrate attains pH  7.  Finally, the sample 31 

was washed with ethanol and dried at 80C in a drying oven to obtain mesoporous carbon 32 
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(black powder).  The N-doped carbons prepared using ethylenediamine, p-diaminobenzene, 1 

aniline, pyrrole, and PVP are represented as MNC-316, MNC-326, MNC-336, MNC-346. and 2 

MNC-356, respectively. Likewise, the simultaneous doping of nitrogen and oxygen in the 3 

carbon matrix is synthesized using PVP and is designated as MNC-356.  The carbons prepared 4 

using ethylenediamine/PVP as a precursor and pyrolyzed at 700, 800, and 900C are denoted 5 

as MNC-317/357, MNC-318/358, and MNC-319/359, respectively.   6 

N-Modified Mesoporous Carbons:  The pristine mesoporous CSI-306 and CMK-306 carbons 7 

obtained by the above method were post-synthetically modified by heating the sample under 8 

the flow of NH3 gas at 900C (100 mL/min.) for a period of 2 h.  Then the sample was washed 9 

thoroughly with copious water until the aqueous filtrate attains pH  7 and finally dried at 80C 10 

in a drying oven to obtain CSI-306 (NH3) and CMK-306 (NH3).  11 

N-Methyl Protected Nitrogenous Carbon:  In a typical experiment, 0.5 g of MNC-316 catalyst 12 

was suspended in toluene solvent (10 mL) followed by the addition of 5 mmol of either methyl 13 

iodide (MeI) or benzyl iodide in a 25 mL RB flask.  The entire content was stirred for 24 h at 14 

70C using a water condenser and oil-bath setup.  After completion of the reaction, the content 15 

was washed thoroughly with water and ethanol and finally vacuum dried at 40C in a vacuum 16 

oven to obtain N-methyl-protected nitrogenous carbon, i.e., MNC-316-MeI catalysts.  17 

Mesoporous Carbon Nitride, g-C3N4.  In a typical preparation of mesoporous g-C3N4, 5 g of 18 

melamine was dissolved in an equal amount of ethanol to obtain a homogeneous solution and 19 

then magnetically stirred for 15 min. after adding 2.0 g SBA-15 silica template[9,46,47].  The 20 

suspension was sonicated for 30 min. and then dried at 80C in a drying oven for 12 h.  The 21 

infiltration procedure was repeated for a second time using 3.0 g of melamine and the resulting 22 

melamine-silica composite particles were washed thoroughly with distilled water and ethanol 23 

followed by drying at 80C in an oven.  Then the thermal polymerization of melamine was 24 

performed at 600C by heating under an argon atmosphere, at 2C/min, using a tubular furnace.  25 

The polymerized sample was treated with 5 wt% dilute HF to dissolve the silica matrix and to 26 

obtain the mesoporous g-C3N4 with pale yellow color.  The sample was washed thoroughly 27 

with copious water until the aqueous filtrate attains pH  7 and dried in a drying oven at 80C. 28 

Materials characterization  29 

Physico-Chemical Methods:   All the synthesized ordered mesoporous carbons and nitrogen-30 

doped ordered mesoporous carbon materials were carried out using a variety of techniques 31 
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which include X-ray diffraction (XRD), N2 sorption measurements, elemental analysis, High-1 

Resolution Transmission Electron Microscopy (HR-TEM), Scanning Electron Microscopy 2 

(SEM), Raman Spectroscopy, X-ray Photoelectron Spectroscopy (XPS), and 13C solid-state 3 

nuclear magnetic resonance spectroscopy (13C MAS-NMR).   4 

XRD patterns of model catalysts were recorded using a Rigaku Miniflex II 5 

Diffractometer using Cu K radiation (λ = 1.506Å) equipped with a hybrid pixel array detector.  6 

The low-angle XRD patterns were collected in the 2 range of 0.7 to 5 with a step size of 0.01º 7 

and step time of 2 s.  TEM images were obtained by using a JEOL 2100 instrument at an 8 

accelerating voltage of 120 kV.  A few milligrams of the test sample were dispersed in ethanol 9 

followed by sonication for 30 min and then cast onto a 200 mesh lacey foam-coated copper 10 

grid.  Elemental analysis was performed using Perkin-Elmer 2400 series CHNS/O analyzer.  11 

Solid-state 13C MAS-NMR spectra of samples were recorded on Bruker AV III HD Ascend 12 

500MHz FT-NMR spectrometer at a spinning frequency of 8 kHz at room temperature using a 13 

5 mm diameter ZrO2 rotor.  Nitrogen adsorption/desorption measurements were carried out on 14 

Micrometrics ASAP 2020 instrument.  Prior to analysis, samples were degassed at 200°C for 15 

10 h. The degassed samples were weighed and the nitrogen sorption measurements were 16 

carried out at a liquid nitrogen temperature of −196C.  The specific surface area was calculated 17 

by the BET method and the total pore volume was estimated from the nitrogen uptake at a 18 

relative pressure of P/P0 = 0.99.  The pore size distributions were calculated from the adsorption 19 

branch of the isotherm using the BJH method.  XPS data were obtained with an Omicron 20 

Nanotechnology Spectrometer with a hemispherical analyzer using a monochromatic Al K 21 

(1486.6 eV) source operating at 15 kV and 20 mA.  The electron binding energies (EB) were 22 

obtained without charge compensation.  For quantitative analysis, the peaks were deconvoluted 23 

with Gaussian-Lorentizian fits; the peak area was divided by a sensitivity factor obtained from 24 

the element-specific Scofield factor and the transmission function of the spectrometer.  All the 25 

binding energy values reported here were corrected w.r.t. adventitious carbon (284.5 eV).   26 

 27 

Reaction procedure  28 

C-Alkylation of Anilines (Amines) with Benzyl Alcohol: In an oven dried 15 mL pressure tube 29 

Acetophenone (0.001 moles, 120 mg) was taken, to this benzylalcohol (0.0015 moles, 162 mg), 30 

catalyst MNC-316 (20 weight% with respect to Acetophenone, 24 mg), base t-BuOK (0.0003 31 

moles, 33.6 mg) and Toluene (1 mL) added. After adding all these chemicals, Ar-gas flushed 32 
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for 1-2 minutes and then a PTFE cap was used to close the pressure tube. The reaction pressure 1 

tube was kept in 130oC preheated silicon oil bath and stirred for 24 hours to complete the 2 

reaction. After completion, the reaction tube permitted to come to normal room temperature 3 

and then solid heterogeneous catalyst was separated by centrifugation and washed thoroughly 4 

with ethyl acetate. From the crude reaction mixture excess of solvent removed by using rotary 5 

evaporator and by using column chromatography (silica gel, hexanes/ethyl acetate) further 6 

purification done to get desired C-Alkylation product. Product structure was interpreted by 1H- 7 

NMR, 13C-NMR and HR-MS analysis. 8 

N-Alkylation of Anilines (Amines) with Benzyl Alcohol:  Aniline (1.5 Equiv.), benzyl alcohol 9 

(1.0 Equiv.), and magnetic stirring bar were transferred to a 15 mL quartz tube.  Then 0.3 10 

Equiv. KOH, 2 mL toluene, and 21 mg of pre-dried MNC316 catalyst were added, and the 11 

tube reactor was gently flushed with argon for 5 min at room temperature and finally closed 12 

tightly with leak-proof glass joints.  Then the quartz reactor was placed in a silicone oil bath 13 

preheated at 130C (the reaction time was counted after immersing it for 15 minutes in order 14 

to attain the desired temperature) and the reaction mixture was magnetically stirred for a 15 

desired period of time.  After completion of the reactions, the tube reactor was cooled down to 16 

ambient temperature; the solid catalyst was recovered by centrifugation and washed thoroughly 17 

with ethyl acetate.  The yields were determined by isolation of compounds using column 18 

chromatography (silica gel column, hexane-ethyl acetate solvent system) for all substrate 19 

variation, whereas GC yield was considered for optimization of reaction conditions.  After 20 

completing the reaction, dodecane (30 L) as an external standard was added to the reaction 21 

mixture and then analyzed by GC equipped with a capillary column (OV-101), FID detector, 22 

and auto-sampler. 23 

The C-alkylation of aromatic ketones was carried out using alcohols as an alkylating 24 

reagent in a tube reactor charged with inert gas at ambient pressure at a temperature ranging 25 

from 70-140 °C for a period of 1-24 h. After the addition of 5-50 wt% of heterogeneous 26 

heteroatom-doped catalysts with the reactants (aromatic ketones and alcohols) containing 0.127 

0.6 equivalent to the appropriate base, the reaction was carried out by stirring magnetically in 28 

a preheated oil bath of specified temperature.  After a period of 1-24 h of reaction period, the 29 

reaction mixture was analyzed by TLC using 5% ethyl acetate in a hexane solvent system. 30 

Finally, the pure products were isolated by column chromatography and confirmed by 1H 31 

NMR, 13C NMR, and mass spectroscopy. 32 
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Deuterium Labeling Study: In a typical deuterium labeling study, benzyl alcohol-,-d2 (1.0 1 

Equiv.) was mixed with aniline (1.5 Equiv.) in a 15 mL quartz tube.  Then 0.3 Equiv. KOH, 2 2 

mL toluene, and 21.6 mg of pre-dried MNC-316 catalyst were added to the tube reactor and 3 

gently flushed with argon for 5 min at room temperature, and finally closed tightly with leak-4 

proof glass joints.  Then the quartz reactor was placed in a silicone oil bath preheated at 130°C 5 

(the reaction time was counted after immersing it for 15 minutes in order to attain the desired 6 

temperature) and the reaction mixture was magnetically stirred for 16 h.  After completion of 7 

the reactions, the tube reactor was cooled down to ambient temperature, the solid catalyst was 8 

recovered by centrifugation, and washed thoroughly with ethyl acetate.  The yields were 9 

determined by isolation of compounds using column chromatography (silica gel column, 10 

hexane-ethyl acetate solvent system) and products were confirmed with 1H NMR and HRMS 11 

spectra.   12 

Kinetic Isotopic Study:  For the kinetic isotopic effect (KIE) study, a mixture of benzyl alcohol-13 

,-d2, and normal benzyl alcohol in equimolar quantities (1.0 Equiv.) was reacted with aniline 14 

(1.5 Equiv.) and the reaction was performed under identical conditions.  The reaction products 15 

were analyzed by 1H-NMR and HRMS, and spectra are presented in supporting information 16 

(Tables S2 and S3).  1H-NMR analysis exhibited a 47.0 % of 3aa, 41.0 % of H/D product (3aa-17 

d1) and 12.0 % of completely benzylic deuterated product (3aa-d2).  HRMS spectrum showed 18 

three peaks at 186.1, 185.1 and 184.1; the peak at 186.1 belongs to the compound 3aa-d2 19 

[(C13H11D2N + H) +], the peak at 185.1 belongs to 3aa-d1 [(C13H12DN + H) +] and the peak at 20 

184.1 corresponds to 3aa [(C13H13N + H) +].  From peak intensities, the percentages of 3aa, 21 

3aa-d1 and 3aa-d2 were calculated as 47.0 %, 41.0 % and 12.0 %, respectively 22 

Catalyst Recyclability:  The recovered catalyst (MNC-316) from the first reaction run was 23 

washed thoroughly with ethanol and water successively and vacuum dried at 120C to remove 24 

the occluded organic product or solvent molecules on the surface of catalysts.  Then the 25 

standard N-alkylation reaction of aniline (1.5 Equiv.) with benzyl alcohol (1.0 Equiv.) was 26 

performed under identical conditions using a 15 mL quartz tube.  As usual, the tube reactor 27 

was gently flushed with argon for 5 min at room temperature and tightly closed with leak-proof 28 

glass joints.  After completion of the reactions, the tube reactor was cooled down to ambient 29 

temperature, the catalyst was recovered by centrifugation, washed with Millipore water and 30 

ethanol to remove the occluded product and solvent molecules at the end of the second cycle, 31 

and finally, vacuum-dried at 120C in a vacuum oven.  The entire process is essentially 32 
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repeated each time before commencing the next reaction run.  The product yield was 1 

determined by the isolation of compounds using column chromatography (silica gel column, 2 

hexane-ethyl acetate solvent system).  The recovered catalyst was again washed thoroughly, 3 

and all steps were essentially repeated for 6 consecutive reactions using the same catalyst. 4 

Products analyses     5 

Collection of 1H NMR and 13C NMR spectral data for product identification was made with 6 

Bruker BBFO (500 MHz & 400 MHz) spectrometer using CDCl3 solvents. HRMS data were 7 

recorded on Agilent high-resolution mass spectrometer.  GC analysis was performed on Agilent 8 

7890B, equipped with a 30-meter capillary column (OV-101) fitted with a flame ionization 9 

detector (FID) and auto-sampler.  Dodecane (30 L) was used as an external standard for the 10 

quantification of products using GC.  All catalytic experiments were carried out in a 15 mL 11 

sealed quartz tube (wall thickness of 3 mm) fitted with leak-proof toughened glass joint 12 

immersed in a silicone oil bath equipped with an inbuilt thermocouple to monitor temperature 13 

and sensor to control the stirring speed of the magnetic stirrer. 14 

COMPUTATIONAL DETAILS    15 

The calculations were performed employing the DFT code Vienna Ab-initio Simulation 16 

Package (VASP)[48], under the generalized gradient approximation (GGA) as proposed by 17 

Perdew, Burke, and Ernzerhof (PBE)[49].  A basis set of plane waves with an energy cutoff of 18 

400 eV treats the valence electrons, whilst the inner electronic levels of the atoms are described 19 

with the projector-augmented-wave (PAW) method [50,51].  Long-range dispersion forces are 20 

included via Grimme’s atomic pairwise method damped by the Becke-Johnson function[52–21 

54].  The simulation cells have a dimension of more than 14 Å, thus only the Gamma point is 22 

used to sample the reciprocal space.  The evaluation of the occupation of the electronic states 23 

and the integration over the reciprocal space is performed employing the Gaussian smearing 24 

method with a bandwidth of 0.05 eV[55,56].  During geometry optimization, convergence 25 

thresholds of 105 and 0.1 eV/Å control the electronic and ionic iterations, respectively. After 26 

geometry optimization, the structure of graphitic g-C3N4 is put through simulated annealing 27 

during 2.5 ps, from 0 to 130°C, to include the effects of temperature in the adsorption of 28 

potassium benzyl oxide. 29 

We have used the nudged elastic band (NEB) method[57,58] to search for an initial 30 

guess of the transition state corresponding to the transfer of the hydride ion from benzyl oxide 31 
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to the N−doped carbon materials and g-C3N4.  The resulting structure is then refined with the 1 

improved dimer method (IDM) using a convergence threshold for the ionic forces of 0.1 eV/Å.  2 

This procedure is applied to the single- and multi-layered N-doped and g-C3N4 systems[59].  3 

In the case of multi-layered systems, the NEB calculation proceeds without constraints.  4 

However, due to the large number of atoms in the simulation cell, in the subsequent vibrational 5 

calculation that precedes the IDM calculation, only the layer with adsorbed potassium benzyl 6 

oxide is allowed to relax, whereas the rest of the material is kept frozen.  The same constraints 7 

are applied during the IDM calculations.  The optimized hexagonal unit cell of graphite yields 8 

values of 2.467 and 6.735 Å for the vectors a and c, respectively, with a C-C bond length and 9 

interlayer distance of 1.424 and 3.367 Å, respectively.  These calculated lattice parameters are 10 

in good agreement with previous experimental and computational works[60,61].  The 11 

optimized values for the hexagonal unit cell of g-C3N4 are 7.130 and 6.288 Å for the vectors a 12 

and c, which compare well to previously calculated values of 7.11 and 6.13 Å (see Scheme S1-13 

b)[62]. 14 

The simulation cells are prepared by expanding the orthorhombic unit cells of all-15 

carbon graphite and graphitic g-C3N4 along with the three Cartesian directions (see Scheme 16 

S1-a, S1-b).  In the case of pristine-carbon and N-doped graphite, an expansion of 6 × 2 × 3 is 17 

used along the vectors a, b, and c, respectively, adding a vacuum gap of at least 20 Å along the 18 

vector b to reproduce the edge of the material, which generates cells with a dimension of 14.8 19 

× 32.3 × 19.4 Å3 (see Scheme S1-c, S1-d).  The same procedure is applied to g-C3N4, with an 20 

expansion of 2 × 1 × 3, with a cell dimension of 14.2 × 32.3 × 17.6 Å3 (see Scheme S1-e).  The 21 

edges are terminated with H atoms following a similar scheme as reported in the 22 

literature[63,64]. 23  24 

RESULTS AND DISCUSSION 25 

As shown in Figure 2, the mesoscopic features are clear from low-angle XRD patterns 26 

(Figure 2A) and high-resolution TEM micrographs (Figure 2B).  For comparison, we have also 27 

prepared nitrogen-rich g-C3N4 (57.8 % N) using a standard protocol based on melamine 28 

precursors.  The mesostructure features, textural characteristics, and elemental composition of 29 

the catalysts were systematically confirmed by analytical (XRD, CHN), imaging (TEM) (see 30 

Figure 2, Table 1, and Figures S1 and S2), and spectroscopic (XPS, MAS-NMR) techniques.  31 

Figure 3A(a) depicts the core level N(1s) XP spectrum of g-C3N4 which displays a prominent 32 
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peak at 398.5 eV assigned to pyridinic-nitrogen (N4) of tris-s-triazine (tris−N) sub-units 1 

(Scheme 1b).  The spectrum also indicates the presence of a small amount of graphitic nitrogen 2 

(tris−N/grap−N  7) at 400.5 eV [31].   3 

Figure 3A(d-f) depicts the core level N(1s) XP spectra of MNC- x samples with two 4 

main peaks centered at 398.0 and 400.1 eV, which are assigned to pyri−N (N1 and N2) and 5 

grap−N (N3), respectively [29] (see also Scheme 1a).  In contrast, the control mesoporous 6 

carbon sample (CSI-306), carbonized under an argon atmosphere, shows no N (1s) signal 7 

(Figure 3A-b).  Surprisingly, the second control sample, i.e., CMK-306, carbonized under a 8 

nitrogen atmosphere, exhibited a low N-content (1.8 %) and furnished primarily pyri−N at the 9 

edge/defect sites of the carbon matrix (see Figure 3A).  Conversely, the ammonia-treated 10 

sample, CSI-306 (NH3), had a higher N-content at 9.2 % albeit with considerable pyri−N 11 

(Figure 3A(c)).  In the case of MNC-316 (N, 17.2 %), and MNC-326 (N, 18.1 %), with higher 12 

nitrogen content, both pyri−N and grap−N species appear in almost equal proportions, Figure 13 

3A(d-f).  Overall, the precursor method is more efficient in achieving a higher total N-content 14 

compared to post-functionalization.  Additionally, the carbonization temperature is found to 15 

have a profound effect on the total nitrogen content as well as on the pyri−N/grap−N ratios.  16 

Upon increasing the carbonization temperature (600 to 900℃), we found a gradual reduction 17 

in the pyri−N species (398.0 eV), see Figure 3A(f) and Figure 4B.   18 

The g-C3N4, MNC-316, and MNC-326 model catalysts were subjected to further 19 

investigation by 13C MAS-NMR to identify the local environments around the nitrogen centers 20 

in the carbon matrix.  The g-C3N4 with tris−N motif displays distinct narrow signals at 155 and 21 

164 ppm, Figure 3B(a), corresponding to −CN3 and −CN2(NHx), respectively [31].  22 

Meanwhile, the 13C-signal of CSI-306 (N is absent) shows a rather sharp resonance signal at 23 

127 ppm analogous to graphite polymorph, Figure 2B(b).  In contrast, the N-doped samples 24 

exhibited an intense signal centered at 127 ppm as expected, along with a broad signal at 145 25 

ppm, Figure 3B(c-f).  This additional peak has its origin in the local carbon environments 26 

affected by the adjoining nitrogen in these samples.  The pyri−N species occurring at the 27 

edges/defects in an N-doped carbon matrix, as referred to in the literature are in effect 28 

benzannulated pyridines which can occur as acridinic (zig-zag) and phenanthridinic (arm-29 

chair) sub-units, based on the local arrangement of the aromatic rings around the pyridine core.  30 

To confirm the existence of these substructures in our samples, we performed CP-MAS of pure 31 

phenanthridine and acridine.  In the case of phenanthridine, a broad signal centered at 127 ppm 32 

along with two weak signals at 144 and 156 ppm were observed, Figure 3B(g).  Likewise, pure 33 
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acridine furnished a strong signal at 127 ppm and two feeble signals at 140 and 151 ppm, Figure 1 

3B(h).  Therefore, the broad peak observed in our N-doped carbon samples centered around 2 

145 ppm confirms the presence of benzannulated pyridinic local structures [32,33]. 3 

Additionally, these conclusions are supported by the deconvoluted XP spectra into 4 

phenanthridine, acridine, and graphitic species with binding energy values of 398.0, 399.1, and 5 

400.1 eV, respectively [29,30], see Figure 4A.   Figure 5 illustrates the N(1s) core level XP 6 

spectra of various OMCs and MNCs including samples pyrolyzed under nitrogen atmosphere, 7 

ammonia-treated, and samples carbonized using different organic precursors, viz., 8 

ethylenediamine (MNC-316), p-diaminobenzene (MNC-326), aniline (MNC-336) and pyrrole 9 

(MNC-346). 10 

After establishing the local nitrogen substructures, we investigated the activity of a 11 

model catalyst (MNC-316) for a standard borrowing-hydrogen type N-alkylation of aniline 12 

with alcohols (Figure 6A).  In an initial experiment with MNC-316 as a catalyst for the N-13 

alkylation of aniline using benzyl alcohol, we observed a substantial amount of the N-alkylated 14 

products along with small amounts of imine.  A control experiment with CSI-306, without 15 

nitrogen in the carbon matrix, was found to be inactive in the BH reaction, indicating that the 16 

presence of nitrogen is essential for the catalytic process.  A second control in which the 17 

nitrogen content of N-doped carbon was blocked by alkylation (treatment with MeI) led to a 18 

drastic reduction in catalytic activity (see Table 1, Figure 4B).  Furthermore, in order to 19 

understand the catalytic role of carbon and KOH, a rigorous optimization of reaction conditions 20 

was done using an MNC-316 catalyst.  Initially, the effect of temperature was studied and the 21 

resultant catalytic performance is shown in Table 3.  The catalyst demonstrates apparent 22 

conversion even at 100°C, but the product N-benzylaniline was obtained only at a temperature 23 

of 130°C, below which probably the N-benzylanilide is formed. The effect of solvent on the 24 

reaction progress, presented in Table 4, shows that among the various solvents when 25 

dimethylsulphoxide and xylene were used, both the conversion and selectivity were poor as 26 

compared with toluene.  Remarkably, the reaction resulted in complete conversion without the 27 

use of any solvent, possibly due to the effective interaction of the alcohol groups with the 28 

inbuilt amine groups present in the catalyst.  However, for effective mixing of the reactants, 29 

toluene can be used for reactions with reactants having bulky groups.   30 

The reaction was carried out with different bases such as Cs2CO3, NaOH, and KOH, 31 

and the results were presented in Table 4. When Cs2CO3 was used, the selectivity towards N-32 

benzylaniline was very poor (< 10%). Interestingly, when less than 0.3 Equiv. of KOH was 33 
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used as a base no product was seen, but 0.3 Equiv. was sufficient to achieve a conversion and 1 

product yield of greater than 90%.  Beyond that, the addition of more KOH has very little effect 2 

on the reaction progress.  At the same time, it is worth noting that simply using 0.3 Equiv. KOH 3 

has not resulted in any progress toward amine conversion. This can be seen in Table 4 wherein 4 

the effect of catalyst concentration is studied. The controlled blank reaction was performed 5 

using 0.3 Equiv. KOH and no catalyst have resulted in the scanty formation of amine product 6 

(see Table 4), confirming our N-doped carbon's catalytic activity.  We have used different 7 

amounts of catalysts and we observed that 20 mg of catalyst is sufficient to achieve the 8 

maximum conversion.  The reaction was also conducted under different atmospheres and it 9 

was observed that the yields in the presence of an O2 atmosphere were less compared with an 10 

inert (argon) atmosphere as it is known that oxygen environments are detrimental to borrowing 11 

hydrogen reactions (see Table 5).  In addition, the influence of reaction time and catalyst 12 

loading was also probed with 1a and 3ca, and the results are presented in Figures 7A and 7B. 13 

The figure shows that the complete conversion has taken place after 15 hours of reaction time. 14 

The final product amine started forming after 5 hours of reaction time, which means that the 15 

reaction will go through an intermediate form which is the imine. Benzyl alcohol is initially 16 

converted to aldehyde before the coupling reaction and reduction happen. Therefore, even 17 

though the conversion has finished within 15 h, the product formation has taken a longer 18 

reaction involving BH type of catalysis.  With simple aniline and benzyl alcohol, the formation 19 

of benzyl aniline is seen to be complete in 10 h.  Finally, the conditions used henceforth are as 20 

follows: alcohol (1 mmol), amine (1.5 mmol), catalyst 20 wt% of benzyl alcohol, KOH (0.3 21 

mmol), solventless, temperature 130°C and reaction time 24 h, argon atmosphere. These 22 

optimized conditions were used in all further reactions.   23 

Further, to demonstrate the synthetic utility of optimized N-doped carbon catalyst 24 

systems in BH N-alkylation reactions (Figure 6B), a variety of substituted aniline derivatives 25 

were reacted (1a1p) with benzyl alcohol (2) under standard conditions to afford the 26 

corresponding N-alkylated products (3).  Substrates bearing both electron-donating and 27 

electron-withdrawing functionalities, such as methoxy, n-butyl, and halogen substituents on 28 

the aryl ring of aniline, are well tolerated and readily gave Nmonoalkylated anilines 29 

(3aa3pa) in good yields (79-96%) (see Table S1 for NMR details).  Also, reactions involving 30 

sterically hindered anilines like trimethoxy aniline (3ea), o-chloroaniline (3ha), and o,m-31 

dichloroaniline (3ka) progressed smoothly and the corresponding Nmonoalkylated products 32 

were isolated in good yields (79-97%).  The reaction also proceeded smoothly with hetero-33 
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aromatic amines to the corresponding products (3ma-3oa) in excellent yields (96-97%).  1 

Interestingly, a pharmaceutically important building block, aminobenzodioxane derivative 2 

(3pa), was also produced at 86% isolated yield.  Next, we demonstrate the scope of various 3 

benzyl alcohols (2a2j) with aniline (Figure 6C).  Benzyl alcohols bearing substituents like 4 

methoxy, thiomethoxy, methyl, and chloro-functionalities (2a2j) react smoothly with 1 to 5 

give the respective N-alkylated products (3ab3aj) in excellent isolated yields (84-97%).  6 

Aliphatic alcohols like n-octanol also furnished good yields (86%), albeit at a slightly higher 7 

reaction temperature of 145°C (3aj).  More importantly, the catalytic protocol is highly 8 

selective for monoalkylation and no dialkylated products were produced. Furthermore, the 9 

catalyst can be recycled for at least six successive cycles with a mere 8% loss in catalytic 10 

activity (Figure 8A).  Since the reactant amount is not changed correspondingly, and/or no 11 

fresh catalyst is added to make up for the loss in the catalyst so as to compensate for this, the 12 

loss in activity during successive runs is attributed to the loss of the material during the catalyst 13 

recovery step and not due to any structural variation of the catalyst. Indeed, the characterization 14 

results of the spent catalyst, shown in Figures 8B (XRD) and 8C (TEM), clearly demonstrate 15 

that the mesostructured nature of the catalyst is well-retained.   16 

To verify our hypothesis that phenanthridinic and acridinic substructures act as hydride 17 

shuttles in BH reactions, we correlated the initial activities of N-doped carbon catalysts, e.g., 18 

MNC-316, MNC-326, MNC-336, MNC-346, MNC-356, CMK-306, CSI-306 (NH3) and 19 

CMK-306 (NH3), with their pyriN content.  These catalysts have a total nitrogen content 20 

ranging from 2 to 18% (Table 1) with a pyriN content of 19%.  The catalytic activity of these 21 

model catalysts increases linearly with the pyriN content (Figure 7C), which clearly indicates 22 

an important role for the benzannulated pyridinic structures in catalysis, in contrast to the 23 

catalytically inactive grapN.  In order to support this further, we have performed the reaction 24 

for the MNC catalysts carbonized at 900C as well as N-modified OMCs carbonized at 900C, 25 

e.g., MNC-319, MNC-329, MNC-339, MNC-349, MNC-359, CSI-309 and CSI-309(NH3), and 26 

established that the pyriN content is utmost important to obtain the desired product (Table 6).  27 

On the other hand, g-C3N4 with a very high N-content (57.8%) failed to catalyse the BH 28 

reaction, owing to an s-triazine core present (N4 sites), and this difference in activity clearly 29 

distinguishes the role of the pyriN local substructure in NAD(P)H mimicking BH catalysis.  30 

Upon carbonization, precursors with single nitrogen atoms in the structure, i.e., pyrrole and 31 

aniline, yield N-doped carbons with a lower pyridinic content (Table 1) which is in line with 32 
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the lower conversion observed with these catalysts under our standard N-alkylation conditions.  1 

Conversely, N-doped carbon samples obtained from precursors with two nitrogen atoms, i.e., 2 

ethylenediamine and p-diaminobenzene, show a higher edge pyridinic content and therefore a 3 

higher conversion (Table 1).   4 

We have performed computer simulations based on the density functional theory (DFT) 5 

to support these findings.  The overall catalytic process involves the transfer of two H atoms 6 

from benzyl alcohol to the carbon material, with the subsequent formation of benzaldehyde.  7 

The edge of the graphene-like sheet is expected to bind H atoms at successive stages of the 8 

reaction, with the first H arriving as a hydride H ion from potassium benzyl oxide forming 9 

benzaldehyde, and the second H transferred from water in a later stage as a proton (H+), thereby 10 

re-forming potassium hydroxide.  A similar mechanism has also been proposed for the 11 

amination of alcohols in carbon materials.  We consider the initial hydride transfer critical, 12 

which is initiated by the adsorption of potassium benzyloxide at the edge of the material where 13 

N atoms are located with available lone pairs oriented parallel to the graphene sheet plane.  14 

Next, the catalytic activity of these model compounds such as phenanthridine and acridine as 15 

molecular catalysts in the benchmark N-alkylation of aniline was investigated under 16 

homogeneous conditions.  The reaction with acridine, and phenanthridine (0.1 Equiv.) as 17 

catalysts produced 96%, and 90% of desired product, respectively, at 100% conversion.  Thus, 18 

it is confirmed that N-containing polyaromatics like acridine and phenanthridine at the defect 19 

and edge sites of the carbon framework effectively promote the hydrogen shuttle in the 20 

borrowing-hydrogen cascade (Scheme S1). 21 

We calculated the adsorption energies for different N-doped, all-carbon, and g-C3N4 22 

models, represented by a truncated graphite structure with exposed edges terminated by H 23 

atoms as shown in Figure 9 (a-g) (details of the models used in this work are provided in the 24 

computational details section, and Scheme S2).  The adsorption energy becomes more 25 

favorable with the number of doping N atoms, varying from 69 kJ/mol for one N atom to 26 

154 kJ/mol for three N atoms.  In contrast, the all-carbon material yields much weaker 27 

adsorption of 40 kJ/mol.  Adsorption at the g-C3N4 is comparable to the N-doped structures, 28 

with 70 kJ/mol if the edge is terminated with H atoms and 152 kJ/mol if the edge of g-C3N4 29 

is saturated instead with K atoms.  Therefore, the strong adsorption of potassium benzyl oxide, 30 

as an initial requirement for the hydride transfer, can only be attained at the edge of the N-31 

doped and g-C3N4 materials.  These results are consistent with previous experimental and 32 
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computational reports on N-doped graphene, which highlight the importance of the interaction 1 

between potassium and nitrogen to enhance the potassium storage capacities of these 2 

materials[34,36,63,64].  However, the experiment shows that g-C3N4 is also unable to catalyze 3 

the amination reaction.  The annealing of the H-terminated g-C3N4 system adsorbing potassium 4 

benzyl oxide shows that benzyl alcohol is re-formed after the transfer of one of the terminal H 5 

atoms from N as a proton to benzyl oxide, as shown by Figure 9(h).  This process hampers the 6 

required H transfer and means that the edges of g-C3N4 will be covered by K+ ions, forming a 7 

layer underneath benzyl oxide, as shown by Figure 9(i); the adsorption of potassium benzyl 8 

oxide is stronger on this K+ layer.  However, this has a negative impact on the kinetics of the 9 

potential H– transfer.  In the case of N-doped graphite and g-C3N4, we calculated the energy 10 

barriers for the transfer of the H ion, obtaining a value of + 55 kJ/mol for this process when 11 

potassium benzyl oxide is adsorbed at the edge of N-doped graphite.   12 

This activation energy is further reduced to +14 kJ/mol when it is calculated on N-13 

doped graphene, which is a consequence of the additional steric effects in the multi-layered 14 

system compared to the single-layered one (see Figure 9(j, k)).  In the case of a single layer of 15 

g-C3N4, we find a much higher barrier of + 110 kJ/mol.  We could not find the transition state 16 

for the multi-layered g-C3N4 with the edges coated with K+ ions due to the structural strain 17 

imposed by the K+ ions that do not allow the benzyl oxide to move closer to g-C3N4 in order 18 

for the H transfer to take place.  Considering the trends observed for the N-doped material, 19 

the activation energy in multi-layered g-C3N4 should be much higher than +100 kJ/mol, which 20 

renders this process extremely improbable.  Experimental reports have shown that harsh acidic 21 

treatment and the presence of transition metals are needed for the photocatalytic oxidation of 22 

benzyl alcohol using g-C3N4 [39,41].  These results highlight the thermodynamic and kinetic 23 

suitability of N-doped carbon to catalyze the amination reaction of alcohols in the presence of 24 

potassium hydroxide. 25 

We have also analysed the co-doping of the carbon material with N and O atoms, with 26 

the O doping in the form of a carbonyl group. We have employed a single graphene layer to 27 

construct the models, as shown in Figure 10. When graphene is doped with a single pyri−N 28 

atom (Figures 10a1 and 10a2), the adsorption energy of potassium benzyl oxide on this site has 29 

a value of  56 kJ/mol, with an energy barrier for the transfer of the hydride ion to form 30 

benzaldehyde of + 29 kJ/mol.  If a carbonyl group is added to this system (Figures 10b1 and 31 

10b2), in close proximity to the pyri−N, the strength of the adsorption increases, with a value 32 
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of 125 kJ/mol, due to the simultaneous interaction of the K+ ion with the pyri−N and the 1 

carbonyl O sites. The energy barrier is also reduced by 7 kJ/mol, down to a value of + 22 2 

kJ/mol. These variations are a result of the effective electron-withdrawing effects of the 3 

carbonyl group, which reduces the electron density of nearby C atoms belonging to the 4 

graphene sheet thereby facilitating the transfer of the hydride ion. This analysis is further 5 

supported by calculations carried out for a graphene sheet doped only with a carbonyl group 6 

(Figures 10c1 and 10c2), but this time transferring the H ion to a graphene C atom directly 7 

binding the carbonyl group. The electron-withdrawing effect is thus more noticeable during the 8 

H transfer, with an energy barrier as low as +12 kJ/mol, and adsorption energy that remains 9 

at approximately 100 kJ/mol. The addition of a pyri−N next to this carbonyl group (Figures 10 

10d1 and 10d2) further enhances the capacity of the material to oxidize the benzyl oxide 11 

molecule, now showing an adsorption energy of 141 kJ/mol, and the lowest barrier calculated 12 

in the present work for the transfer of the hydride ion, with a value of only +5 kJ/mol. But, if 13 

instead of a pyri−N, a grap−N atom binds the carbonyl forming an amide group (Figures 10e1 14 

and 10e2), the adsorption of potassium benzyl oxide is weaker compared to the system without 15 

N doping, with an adsorption energy of 68 kJ/mol, but more importantly, the energy barrier 16 

for the hydride transfer increases by a factor of 3, from +12 to +40 kJ/mol. The negative impact 17 

of grap−N can be explained if we consider that this type of doping places the nitrogen’s lone 18 

pair in a p-orbital perpendicular to the graphene sheet, which is directly engaged in the π 19 

conjugation and thus has the electron-donating capability. Therefore, grapN tends to cancel 20 

out the favourable action of the carbonyl group on the oxidation of benzyl oxide. These 21 

outcomes show that a cooperative effect can be achieved by co-doping the material with N and 22 

O in the form of pyridinic and carbonyl sites, respectively.  This co-doping enhances the 23 

efficiency of the material to adsorb potassium benzyl oxide through the simultaneous 24 

interaction of K+ with the N and O’s lone pairs, while the electron-withdrawing effect of the 25 

carbonyl group increases the efficiency of the hydride transfer from benzyl oxide to the carbon 26 

material.  However, the proximity between pyri−N and carbonyl sites in the actual material 27 

may not always be ideal, and the occurrence of the O doping as carbonyl groups may also be 28 

hampered and hence the activity (MNC-356, Table 1), which would hinder the effectiveness 29 

of the discussed synergy in the co-doped carbons. 30 

To confirm the mechanism of the BH cascade, we undertook preliminary mechanistic 31 

studies using deuterated benzyl alcohol-,-d2.  To prove that the benzyl alcohol acts as a 32 

generic hydride source, we allowed the benzyl alcohol-,-d2 (1ad2) to react with aniline (2a) 33 
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under optimized reaction conditions.  We analyzed the product distribution by 1H NMR and 1 

HRMS which revealed 43.1% incorporation of deuterium at the benzylic position of 3aad1 2 

(Table 7 and Table S2).  This deuterium incorporation supports a borrowing-hydrogen 3 

mechanism and agrees with earlier reports [65,66].  Furthermore, kinetic isotopic effect (KIE) 4 

studies were performed to gain more insight into the reaction mechanism under the optimized 5 

reaction conditions.  Accordingly, one of the two C−D bonds needs to be broken in order for 6 

the reaction to take place.  Further, in parallel experiments performed by our group with simple 7 

benzylalcohol and with α,α-d2 benzylalcohol, we observed that the D/H exchange product in 8 

case of α,α-d2 benzylalcohol. This also demonstrates that only one of the two C−D bonds needs 9 

to be broken and these results prove that the reaction under discussion follows the borrowing 10 

hydrogen mechanism.  We observed a kCHH /kCDH = 1.15 based on 1H NMR and HRMS (Table 11 

8 and Table S3), which suggests the participation of a benzylic CH bond in the borrowing 12 

hydrogen cascade.  The hydride transfer pathway as depicted in Figure 11 is initiated by a base-13 

assisted dehydrogenation of the alcohol, forming a proposed dihydro-derivative at the 14 

benzanulated (dihydro- not shown in Figure 11, add 2 H atoms) pyridine local substructures in 15 

the N-doped carbon matrix.  The resulting carbonyl compound forms an imine which is 16 

subsequently hydrogenated by the local dihydro-structure in a NAD(P)H mimicking step to 17 

form the final amine product[33].  As seen in Figure 11, for N-benzylation of aniline, the 18 

present catalytic system (MNC-316) demonstrates consistent activity and stability.  The current 19 

catalytic protocol can be scaled-up to a gram scale with a minimal decrease in yield (3aa).   20 

On the other hand, nitrogen heterocycles are abundant in nature and constitute the 21 

backbone of numerous organic functional materials, natural products, and pharmaceutically 22 

important molecules. The quinoline moiety is present in many classes of biologically active 23 

compounds and is one of the most popular N-heteroaromatics incorporated into the structure 24 

of many pharmaceuticals.  Quinoline and its derivatives exhibit a wide spectrum of 25 

pharmacological activities such as antifungal, antimalarial, anti-inflammatory, antioxidant, 26 

antileishmanial, anthelmintic, anticonvulsant, antitumor, antiplatelet, cardiotonic, 27 

antimicrobial, and antibacterial agents.  In addition, they function as pharmacologically active 28 

synthetic compounds, e.g., with deoxyribonucleic acid (DNA) binding capabilities and with 29 

DNA-intercalating carriers.  Thus, the N-doped carbon developed herein can also be used as 30 

novel heterogeneous catalysts for the following organic transformations: N-alkylation of 31 

amines using alcohols; Calkylation of ketones using alcohols; synthesis of quinolines by 32 

dehydrogenative condensation reactions between amino alcohols and ketones.  Calkylation 33 
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of ketones was carried out using model reactions represented in Figure 12 (6aa6ad), and the 1 

synthesis of quinolines was performed using 2-amino benzyl alcohols and methyl ketones 2 

(Figure 13; 9aa, 9ab).  Both these model reactions and analogous substrate scope resulted in 3 

yields up to 97% (cf. Figures 12 and 13; see Table S1 for NMR details) under optimized 4 

conditions, demonstrating the wide capability of the PyriN substituted metal-free carbons in 5 

catalyzing BH reactions. 6 

 7 

CONCLUSION 8 

We have developed efficient heterogeneous N-doped mesoporous carbon materials 9 

which successfully catalysed direct N alkylation and Calkylation reactions with alcohols via 10 

borrowing-hydrogen or hydrogen auto-transfer.  In this investigation, we have demonstrated 11 

that the local benzannulated pyridine sub-units present in the edges/defects of N-doped carbons 12 

act as exceptionally efficient hydride shuttles in metal-free biomimetic borrowing hydrogen 13 

cascades, i.e., for heterogeneous direct N alkylation and Calkylation of anilines and ketones 14 

employing alcohols under hydrogen auto-transfer conditions.  The critical role of the local 15 

substructures in N-doped carbons in catalysis is highlighted by the lack of catalytic activity of 16 

g-C3N4 despite its high nitrogen content.  This study establishes the crucial parameters required 17 

for the synthesis of N-doped carbons with high pyridinic content for efficient catalysis.  18 

Furthermore, we have also established the utility of this transformation in the synthesis of 19 

highly valuable quinoline systems.  Deuterium-labelling studies have confirmed that the 20 

present reaction proceeds through the hydrogen auto-transfer pathway.   In addition, this 21 

investigation will also pave the way for the design and development of robust carbon-based 22 

catalysts with fine-tuned functionalities. 23 

 24 
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Physico-chemical characterization data of catalyst and reaction products including original 26 

spectra are provided in the form of schemes, figures, and tables. 27 
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Table 1.  Textural properties and reactivity of N-doped mesoporous carbon catalysts for alcohol amination reaction.a,b 

Catalyst C & N 
Source 

 
SBET 

(m2g1) 

 
VP 

(cm3g1) 

 
DBJH 
(nm) 

N-content (%) Alcohol 
conversion 

(%) 

Product selectivity (%) 

CHN XPS Amine Imine 

MNC-316 EDA 571 0.74 3.9 17.2 17.7 > 99 (98)c > 99 (98) c < 1 (2) c 

MNC-316(MeI) EDA 368 0.34 3.7 17.2 17.7 26 d 19 7 

No Catalyst --- --- --- --- --- -- 32 d 13 19 
No Base EDA 571 0.74 3.9 17.2 17.7 --- --- --- 

MNC-326 p-DAB 436 0.42 3.8 18.1 17.8 > 99 > 99 < 1 

MNC-336 Aniline 458 0.38 3.1 13.8 10.9 94 93 1 

MNC-346 Pyrrole 603 0.46 3.4 12.5 12.4 90 89 1 

MNC-356 PVP  561 0.62 3.8 7.7 6.7 85 80 19 

CMK-306  Sucrose 637 0.47 3.4 1.8 2.4 18 d 9 3 
CMK-306(NH3) Sucrose 1138 0.91 3.9 7.8 6.1 32 d 19 13 
g-C3N4 Melamine 63 0.12 3.5 57.6 57.2 < 1 --- --- 

a General reaction conditions:  Benzyl alcohol (1 mmol); Aniline (1.5 mmol); Catalyst (20 wt% of benzyl alcohol); KOH (0.3 mmol); Solvent (toluene; 
1 mL); Temperature (130°C); Time (18 h); Atmosphere (argon).  EDA: Ethylene diamine; p-DAB: para-Diaminobenzene. b Substrate and product 
selectivity were determined by GC-FID using dodecanol as the external standard; the reactions were repeated two times and the average results are 
provided. c Data after 7 recycles. d The remaining conversion is associated with the formation of phenylmethanolate as another product. 
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Table 2.  Effect of reaction temperature with MNC-316 catalyst.a,b 

Temperature, 

°C 

Alcohol 
conversion,  

% 

Product distribution, % 

Amine Imine 

140 100 99 1 

130 100 99 1 

120 91 96 4 

110 81 95 5 

100 68 95 5 

a General reaction conditions:  Benzyl alcohol, 1 mmol; Aniline, 1.5 mmol; KOH, 0.3 mmol; Time, 18 
h; Catalyst, 20 wt% of benzyl alcohol; Solvent (toluene; 1 mL); Atmosphere (argon).   

bSubstrate and product selectivity were determined by GC-FID using dodecanol as the external standard. 
The reactions were repeated two times and the average results are provided. 
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Table 3.  Effect of solvents with MNC-316 catalyst.a,b 

 

Solvent 
Quantity, 

mL 

Alcohol 
conversion,  

% 

Product distribution, % 

Amine Imine 

Toluene  2.0 93 97 3 

1.0 96 98 2 

m-Xylene 2.0 90 98 2 

DMSO  2.0 71 97 3 

a General reaction conditions:  Benzyl alcohol, 1 mmol; Aniline, 1.5 mmol; KOH, 0.3 mmol; Temperature, 
130°C; Time, 18 h; Catalyst, 20 wt% of benzyl alcohol; Atmosphere, argon. 
bSubstrate and product selectivity were determined by GC-FID using dodecanol as the external standard. 

The reactions were repeated two times and the average results are provided. 
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Table 4.  Optimization of base concentration with MNC-316 catalyst.a,b 

 

 

 

 

 

 

 

 

a General reaction conditions:  Benzyl alcohol, 1 mmol; Aniline, 1.5 mmol; Temperature, 
130°C; Time, 18 h; Catalyst, 20 wt% of benzyl alcohol; Solvent (toluene), 1 mL; Atmosphere, 
argon. 
 bSubstrate and product selectivity were determined by GC-FID using dodecanol as the external 
standard. The reactions were repeated two times and the average results are provided. 

 
 

  

Base  
Quantity,  

Equiv. 
Alcohol 

conversion,  
% 

Product distribution, % 

Amine Imine 

No base --- -- -- -- 

No catalyst 0.3 32 13 19 

KOH 

 

 

0.1 43 42 1 

0.3 > 99 99 1 

NaOH 0.3 61 60 1 

Cs2CO3 0.3 13 12 1 



5 

 

 
 
 

Table 5.  Influence of reaction atmosphere with MNC-316 catalyst.a,b 
 

 

 

 

 

a General reaction conditions:  Benzyl alcohol, 1 mmol; Aniline, 1.5 mmol; KOH, 0.3 mmol; Temperature, 130°C; 
Time, 18 h; Catalyst, 20 wt% of benzyl alcohol; Solvent (toluene), 1 mL). 

bSubstrate and product selectivity were determined by GC-FID using dodecanol as the external standard. The 
reactions were repeated two times and the average results are provided. 

 

 

  

 
Atmosphere 

Alcohol 
conversion,  

% 

Product distribution, % 

Amine Imine 

Argon > 99.0 99.0 1.0 

Air 94.6 52.1 42.5 

O2 (in pressure tube) 97.2 -- 97.2 

O2 (in a balloon) 90.8 60.5 30.3 
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Table 6.  Effect of carburization temperature of the catalyst.a,b 

Catalyst 
Pyrolysis 

Temperature, C 

Alcohol 
conversion,  

% 

Product distribution, % 

Amine Imine 

MNC-316 600 93 97 3 

MNC-317 700 67 55 12 

MNC-318 800 43 34 9 

MNC-319 900 32 13 19 

MNC-356 600 85 80 19 

MNC-357 700 70 82 18 

MNC-358 800 43 74 24 

MNC-359 900 20 69 28 

a General reaction conditions:  Benzyl alcohol, 1 mmol; Aniline, 1.5 mmol; KOH, 0.3 mmol; Temperature, 
130°C; Time, 18 h; Catalyst, 20 wt% of benzyl alcohol; Atmosphere, argon. 
bSubstrate and product selectivity were determined by GC-FID using dodecanol as the external standard. 

The reactions were repeated two times and the average results are provided. 
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Table 7.   Reactivity of different MNC catalysts for alcohol amination reaction as a function of different 

nitrogen species in the matrix.a,b 
 

Catalyst 
N-content, % 

N3/(N1+N2) 
Alcohol 

conversion,  
% 

Product distribution, % 

N1+N2 N3 Amine Imine 

CSI-306c  -- -- -- 7 5 3 

CSI-306  (NH3) 5.8 1.5 0.25 34 94 6 

CSI-309c  0.6 0.5 0.8 12 72 28 

CSI-309 (NH3) 2.8 1.4 0.5 32 18 13 

MNC-316 7.8 7.0 0.9 > 99 99 < 1 

MNC-319 1.3 2.7 2.1 28 66 34 

MNC-326 6.4 6.7 1.0 99 99 < 1 

MNC-329 2.0 3.6 1.8 20 70 30 

MNC-336 4.9 6.4 1.3 92 83 8 

MNC-339 1.6 2.8 1.8 19 72 25 

MNC-346 5.5 6.7 1.2 > 99 96 4 

MNC-349 1.7 3.0 1.8 15 65 34 

MNC-356 2.7 + 2.0 4.0 + 2.3 1.3d 85 80 19 

MNC-359 1.1 + 1.8 2.1 + 3.5 1.9d 20 69 28 

a General reaction conditions:  Benzyl alcohol (1 mmol); Aniline (1.5 mmol); Catalyst (20 wt% of benzyl alcohol); KOH (0.3 mmol); 
Solvent, toluene (1 mL); Temperature (130°C); Time (18 h); Atmosphere (argon).  b Substrate and product selectivity were 
determined by GC-FID using dodecanol as the external standard. The reactions were repeated two times and the average results are 
provided. c Carburized under argon atmosphere.  d (N3+O2)/(N1+N2+O1). 
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Table 8.  Deuterium labeling study; 1H NMR and HRMS data. 

 

 

Property 3aa + 3aa-d1 3aa 3aa-d1 3aa-d2 

Signal, δ 6.67  
[para-H (1H)] 

4.20  
[benzyl-H (2H)] 

4.22  
[benzyl-H (1H)] 

--- 

Integral value 1.00 0.04/2.10 = 0.019 0.43 --- 

Calculated ratio --- 1.9 % 43.1 % 55 % 

HRMS ratio --- 1.9 % 43.1 % 55 % 
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Table 9.  Kinetic isotopic study 1H NMR and HRMS data. 
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Property 3aa + 3aa-d1 3aa 3aa-d1 3aa-d2 

Signal, δ 6.68 
[para-H (1H)] 

4.21  
[benzyl-H (2H)] 

4.23  
[benzyl-H (1H)] 

--- 

Integral value 1.00 0.98/2.10=0.47 0.41 --- 

Calculated ratio --- 47 % 41 % 12 % 

HRMS ratio --- 47 % 41 % 12 % 

KIE  KCHH/KCDH = 1.15   
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Figure 1. (a) The active pyriN (N1 and N2) occurs as benzannulated pyridine, distributed at the 
edges/defects of the carbon matrix (MNC-x).   (b) The inactive pyriN (N4) occurs as s-triazine 
core (g-C3N4). 

  

(a) 

 N1 –  Phenanthridine-type  

 N2 – Acridine-type  

 N3 – Graphi tic-type 

(b) 
  N3 – Graphitic-type  
 N4 – Tris-s-t riazine-type  
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Figure 2. [A] Low-angle XRD patterns, and [B] HR-TEM images of: (a) CSI-306, (b) CMK-306, (c) MNC-316, (d) and MNC-326. 
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Figure 3. [A] N (1s) XP spectra of: (a) g-C3N4, (b) CSI-306, (c) CSI-306 (NH3), (d) MNC-326, (e) 
MNC-316, and (f) MNC-319.  The binding energy is corrected w.r.t. carbon, 284.5 eV.  [B] 13C 
MAS-NMR spectra of: (a) g-C3N4, (b) CSI-306, (c) CSI-306 (NH3), (d) MNC-326, (e) MNC-316, 
(f) MNC-319, (g) phenanthridine and (h) acridine.  
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Figure 4. [A] N(1s) core level XP spectra of N−doped carbon showing phenanthridinic (N1), acridinic (N2) 
and graphitic (N3) nitrogen.  [B] N(1s) core level XP spectrum of N-doped carbon treated with 
methyl iodide. 
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Figure 5.  N(1s) core level XP spectra of various carbonaceous materials. [A] Sample pyrolyzed under nitrogen 
atmosphere and ammonia-treated at 600°C. [B] N-doped OMC pyrolyzed under nitrogen atmosphere in the 
temperature range 600-900°C.  [C] N-doped mesoporous carbons prepared using different organic 
precursors, viz., ethylenediamine (MNC-316), p-diaminobenzene (MNC-326), aniline (MNC-336) and 
pyrrole (MNC-346). 
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Figure 6.  Synthesis of N-alkylamines and substrate scope: [A] Formation of N-alkylation of amines with alcohols.  [B] Reactions of 

different amine derivatives with benzyl alcohol.  [C] Reactions of different alcohol with aniline.   
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Figure 7. [A] Optimization of catalyst loading (Time, 18 h); [B] Effect of reaction time (kinetic plot) for the reaction of 1a with 3ac 
using MNC-316 catalyst; [C] A linear relationship between pyri-N content and benzyl alcohol conversion.  Reaction 
conditions:  Benzyl alcohol, 1 mmol; Aniline, 1.5 mmol; KOH, 0.3 mmol; Temperature, 130°C; Solvent (toluene), 1 mL; 
Reaction atmosphere, Ar. Substrate and product selectivity were determined by GC-FID using dodecanol as the external 
standard. The reactions were repeated two times and the average results are provided. 
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Figure 8.  [A] Recyclability test of the catalyst (MNC-316) for seven successive runs; [B] XRD and [C] TEM image 
of spent catalyst (MNC-316) after seven successive cycles. 
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Figure 9.  (a-g) Optimized structures for adsorption of potassium benzyloxide on: (a-c) N-doped carbon with an increasing number of N atoms; (d,e) 
carbon network with different edge cuts; (f,g) g-C3N4 with edge terminated with H or K atoms. Mesoporous carbon and g-C3N4 are represented by a 
truncated graphite structure with exposed edges terminated by H or K atoms, repeated periodically along the normal direction to the sheets; a vacuum 
layer is added along the parallel direction in order to represent the edges. (h,i) Snapshots after annealing optimized structure of potassium benzyl oxide 
adsorbed on (h) g-C3N4 with the edges terminated with H atoms, and (i) g-C3N4 with edges terminated with K atoms, 0-130°C, 2.5 ps. (j-l) Transition 
state for the transfer of a H‒ ion from potassium benzyl oxide in three different models: (j) N-doped graphite; (k) a single sheet of N-doped graphene; 
(l) a single sheet of g-C3N4.  In the case of (k) and (l), a vacuum gap of at least 15 Å is placed between periodic images along the normal direction to 
the sheets.  Color code:  H (white), H‒ ion in the transition state (green), C (gray), N (blue), O (red) and K (purple).   
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Figure 10.   (Top row) Representation of the adsorption of potassium benzyloxide at the edge of graphene doped with nitrogen and 
oxygen (the adsorption energy Eads for each system is provided as an inset). (Bottom row) Representation of the transition state for the 
transfer of the hydride ion from benzyloxide to a carbon atom at the edge of the graphene sheet (the barrier of the transition energy for 
each system is provided as an inset). (a) Adsorption at a pyridinic N. (b) Simultaneous adsorption at a pyridinic N and a carbonyl O, 
with the H- transfer involving the graphene C directly binding the pyridinic N. (c) Adsorption at a carbonyl O. (d) Simultaneous 
adsorption at a pyridinic N and a carbonyl O, with the H- transfer involving the graphene C directly binding the carbonyl group. (e)  
Adsorption at a carbonyl O, with a graphitic N directly binding the carbonyl group (amide group). Color code: H (white), H- ion in the 
transition state (green), C (gray), N (blue), O (red) and K (purple).  
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Figure 11.   Mechanism for N-alkylation reactions on N-doped mesoporous carbon as heterogeneous catalyst.   
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Figure 12.   C-alkylation of α-methylketones with alcohols and substrate scope.  



22 

 

           

 
 

 

Figure 13.  Synthesis of quinolines and substrate scope. 


