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A protocol for efficient N-alkylation of benzamides with alcohols in the presence of cobalt-nanocatalysts
is described. Key to the success of this general methodology is the use of highly dispersed cobalt nano-
particles supported on carbon, which are obtained from the pyrolysis of cobalt(i) acetate and
o-phenylenediamine as a ligand at suitable temperatures. The catalytic material shows a broad substrate
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scope and good tolerance to functional groups. Apart from the synthesis of a variety of secondary amides
(>45 products), the catalyst allows for the conversion of more challenging aliphatic alcohols and amides,
including biobased and macromolecular amides. The practical applicability of the catalyst is underlined by
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Introduction

The amide bond is one of the most fundamental functional
groups in organic chemistry. It plays a central role in the for-
mation and preservation of biological systems." Amides are
generally synthesized by condensation of carboxylic acids with
amines,>” or by the reaction between amides and aryl or ali-
phatic halides (Fig. 1).>* However, these established methods
often exhibit a poor atom economy and inevitably lead to the
formation of (stoichiometric amounts of) waste. In contrast to
organic halides, alcohols are broadly available raw materials
including many renewable resources. Hence, the catalytic
N-alkylation of primary amides with alcohols attracted signifi-
cant attention in recent years (Fig. 1).*° From a mechanistic
point of view, the method involves an initial dehydrogenation
of the alcohol to the corresponding aldehyde, followed by con-
densation with the amide.® Then, the newly formed C=N
bond gets hydrogenated by a metal-hydride to give the
N-alkylated amide, and water is formed as the sole by-product.
Unfortunately, most of these transformations require relatively
harsh reaction conditions.>’
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the successful recycling and reusability.

To date, homogeneous metal complexes based on Ir,"*
Ru,"” Pd," Ni,” and Cu'* dominate as catalysts for N-alkylation
of primary amides with alcohols (Fig. 1). Although these
homogeneous systems with suitably designed ligands are
usually selective and active, their main drawbacks are the costs
and the difficulties in separating and recovering the catalysts
from the reaction mixture. In contrast, heterogeneous
materials are generally more durable and often easier to separ-
ate from products. Over the past decades, only a few hetero-
geneous systems based on Ag," Pd/Au,"® and Ru"® were devel-
oped, and all of them required high temperatures (Fig. 1).
Therefore, the preparation of metal-based nanomaterials that
function under milder conditions continues to be a challenge
in the catalytic functionalization of amides.

Here, we show that N-alkylation of primary amides with
alcohols proceeds in the presence of non-noble and reusable
cobalt-based nanocatalysts under comparably mild conditions.
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Fig. 1 General methods for amide synthesis and our presented approach.
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Following an operationally simple protocol, a series of functio-
nalized and structurally diverse secondary amides were
synthesized.

Results and discussion
Catalyst preparation and evaluation

The general synthesis of cobalt catalysts followed our previously
developed protocols'®?® and was initiated by dissolving cobalt
(1) nitrate hexahydrate and different types of nitrogen ligands in
methanol solution in the presence of various supports. After
stirring overnight and removing the solvent, the obtained metal
complexes were directly immobilized on the surface of the
respective support (ZSM-5, TiO,, Al,Os, and carbon). The result-
ing materials were pyrolyzed under argon at different tempera-
tures to obtain potential catalysts (as shown in Table 1). The
detailed catalyst preparation procedure is described in the ESI.T
The obtained materials are labelled as Co-L@support-T, where
Co, L and T represent the type of metal (cobalt), ligand (L), and
pyrolysis temperature (T), respectively.

In our initial investigations, we tested the influence of the
support on the formation of cobalt nanoparticles for
N-alkylation of benzamide with benzyl alcohol as a benchmark
reaction. After testing different bases (Table S1t), KOH was
chosen as the optimal one and it was applied in all further

Table 1 N-Alkylation of benzamide with benzyl alcohol: evaluation of
potential Co-materials

o
o s O

60 mg catalyst, argon

0.3 mmol KOH
3 mL toluene, 24 h

Mo

Metal content  Conversion Yield
Entry Catalyst (Wt%) (%) (%)
14 Co-L1@ZSM-5-800 n.r n.r
24 Co-L1@TiO,-800 7 7
3¢ Co-L1@Al,05-800 40 40
4° Co-L1@MgO-Al,05-800 46 46
5 Co-L1@C-800 0.889 80 80
6“ Co@C-800 0.921 n.r n.r
74 Co-L2@C-800 0.921 49 49
8“ Co-L3@C-800 0.892 n.r n.r
94 Co-L4@C-800 0.876 55 55
10¢ Co-L5@C-800 0.937 87 87
114 Co-L5@C-400 0.880 53 53
12¢ Co-L5@C-600 0.880 83 83
13¢ Co-L5@C-1000 0.896 66 66
14b Co-L5@C-800 0.937 99 99
Without catalyst n.r n.r
Without base n.r n.r
) NH
NH, OH o 2
R):? @ & HaN " NH, @NHZ
L3 L4 L5

“Reaction conditions: 0.5 mmol of benzamide, 0.55 mmol of benzyl
alcohol, 60 mg of catalyst, O 3 mmol of KOH, 1 atm argon, 3 mL of
toluene, 115 °C, and 24 h. ? Same as [a] at 130 °C, 24 h. “Same as [b]
w1th0ut a catalyst 9same as [b] without a base. Yields were deter-
mined by GC based on benzamide using n-hexadecane as the stan-
dard. n.r means no reaction. The effect of KOH on the reaction is
shown in Fig. S1.t
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experiments. Compared with methanol, ethanol, THF, and
n-hexane, toluene gave the best results as the reaction solvent
(Table S2t). As shown in Table 1, the native properties of the
catalyst could strongly alter the reactivity and selectivity.”* The
influence of the variation in the ligand and cobalt content is
shown in Table S3.1 Based on these results, carbon powder
was selected as the most suitable carrier material among all
the supports tested (Table 1, entries 1-5). Afterwards, the influ-
ence of the selected organic ligands was tested since ligand-
free material, Co@C-800, showed no activity in the model reac-
tion (Table 1, entry 6). Comparison of the catalytic perform-
ance of materials generated using diverse ligands (L1: phenan-
throline, L2: aniline, L3: phenol, L4: urea, and L5:
o-phenylenediamine) showed that Co-L5@C-800 gave the
highest product yield of 87% (Table 1, entries 5 and 7-10).
Next, the effect of the pyrolysis temperature on the catalytic
performance was studied. Compared to Co-L5@C-800, the
materials pyrolyzed at 400, 600 and 1000 °C exhibited low or
moderate catalytic activity (Table 1, entries 10-13). Notably, a
99% yield of the desired product was realized by running the
model reaction at 130 °C (Table 1, entry 14). As expected, in
the absence of a base or catalyst, no product is formed.

To gain a deeper understanding of this transformation,
especially the interplay between the catalyst (Co-L5@C-800)
and the base (KOH), a kinetic profile of the model reaction was
obtained. As shown in Fig. 2a, in the first 5 hours, the two
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Fig. 2 Kinetic experiment and control reactions. (a) Kinetic profile of
the model reaction. Reaction conditions: 0.5 mmol of benzamide,
0.55 mmol of benzyl alcohol, 60 mg of catalyst, 1 atm argon, 3 mL of
toluene, 130 °C, and GC yield. (b) Coupling reaction of benzamide and
benzaldehyde to form secondary amide. Reaction conditions: same as
(a) with 0.5 mmol of benzamide, 0.55 mmol of benzaldehyde, and 2 h.
(c) Proposed reaction sequence.
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reactants are mainly consumed, and the yield of the desired
secondary amide increased to 90%. Then, the reaction rate
slows down approaching nearly full conversion of benzyl
alcohol after 22 h. Over the course of the reaction, 3-10% of
benzaldehyde was observed as an intermediate, which is
formed by the dehydration of benzyl alcohol.>” To understand
the effect of Co-L5@C-800 and KOH, control reactions were
performed (Fig. 2b).

Experiments in the presence of only Co-L5@C-800 or KOH
showed no/minor reactivity, while the desired product yield
increased to 77% when both base and catalyst were used. The
kinetic profile and control experiments are in agreement with
the previously proposed mechanism (Fig. 2c).**** This
N-alkylation reaction of benzamide starts with a base-pro-
moted dehydrogenation of benzyl alcohol, which occurs on
the catalyst surface, to produce benzaldehyde and H-[Co]-H
species on the surface (first reaction step).>>® Then, nucleo-
philic addition of benzamide to benzaldehyde generated the
respective N-benzoylimine. This second step is likely promoted
by a base, too, and represents the rate-determining reaction
step due to the poor nucleophilicity of primary amides.
Finally, cobalt-catalyzed reduction of this imide occurs (third
reaction step).>*

Characterization of selected materials

To elucidate reasons for the markedly different catalytic activi-
ties of the prepared Co-L@C-T catalysts, the effects of ligand
and pyrolysis temperature on the structures of Co@C-800, Co-
L5@C-400, Co-L5@C-600, Co-L5@C-800, and Co-L5@C-1000
were investigated in detail by transmission electron
microscopy (TEM), X-ray powder diffraction (XRD), Brunauer-
Emmett-Teller (BET) analysis, and X-ray photoelectron spec-
troscopy (XPS).

Although the powder X-ray diffraction (XRD) data show
broad peaks of the support material®” (Fig. S21), Co-containing
phases can be suspected by a peak around 37° 26, which is
assigned to Co-oxide formation.”*° However, due to low
loading and overlapping peaks, its assignment to different Co-
oxides was not successful (Fig. S21). If the pyrolysis tempera-
ture is increased to 800 °C, metallic fcc-Co appeared in the
material as seen by its most intense Bragg peaks at 44.2 (111),
51.5 (200) and 75.8° (220).>' Notably, there are only negligible
differences in diffraction data of Co@C-800 and Co-L5@C-800
(Fig. S37).

The presence of organic nitrogen ligands during the
thermal catalyst formation induces the formation of some
carbon protective layers on the outer surface of metallic Co,
which make Co-L5@C-800 more stable to oxidation. Although
the signal of a metallic Co’ phase is also observed on
Co@C-800, TEM analysis and XPS spectra showed that the
surface of these particles is oxidized (Fig. 3d-i and S37).
Consequently, the Co@C-800 material is more sensitive to
oxidation.*?

The HAADF-TEM images of Co@C-800 revealed that cobalt
nanoparticles with a size of 45-50 nm are randomly distribu-
ted over the surface of the support material (Fig. 3a). EDX

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 TEM analysis of Co@C-800. (a and b) TEM-HAADF images, (c)
EDX elemental mapping image of Co, and (d-i) identified crystal planes
of the Co nanoparticles.

mapping images clearly indicate that cobalt nanoparticles are
randomly distributed on the surface of the materials (Fig. 3b-c
and Table S4}). In the regions at high cobalt magnification
(Fig. 3d-i), the nature of the metal nanoparticles is revealed.
As shown in the image of Fig. 3d, labeled using red and blue
frames, the apparent lattice distance in the red region was
found to be 0.204 nm, corresponding to the (111) plane of
metallic Co (Fig. 3d and e).** Besides, the (111) plane of CoO
with a distance of 0.254 nm is also found in the blue region
(Fig. 3d and e).>* Moreover, the (222) plane of Co;0, with a
d-spacing of 0.235 nm** is also found in the yellow region
(Fig. 3f-i). These indicate that the surface cobalt particles in
Co@C-800 are in the oxidized state, too. Thus, we propose a
core-shell structure of the cobalt nanoparticles in Co@C-800,
where the core consists of metallic Co with an oxide shell.

High angle annular dark field (HAADF) images of Co-
L5@C-800 show the Co particles as bright dots with a smaller
average diameter of about 9 nm compared to the ligand-free
produced pendant (Fig. 4a and b). Obviously, the formation of
the Co-L5 complex prevented the growth of cobalt nano-
particles during the pyrolysis process.*®

High-magnification TEM images (Fig. 4h and i) show lattice
fringes with a d-spacing of 0.195 nm, corresponding to the
(111) lattice plane of metallic cobalt.>® Besides, cobalt oxides
exist in this sample as indicated by the lattice fringes with a
d-spacing of 0.186 nm, which correspond to the (331) lattice
plane of Co;0, (Fig. 4f and g).*” Due to the presence of a
ligand, some cobalt nanoparticles are encapsulated by few
carbon layers (Fig. 4d). The selected area of the nanoparticle
core in Fig. 4d shows the lattice fringes with a d-spacing of
0.171 nm, corresponding to the (200) lattice plane of metallic

Green Chem., 2024, 26,1471-1477 | 1473
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Fig. 4 TEM analysis of Co-L5@C-800. (a and b) TEM-HAADF images,
(c) EDX elemental mapping image of Co, and (d-i) identified crystal
planes of the Co nanoparticles.

cobalt (Fig. 4e).>® In addition, the shell shown in Fig. 4d pos-
sesses lattice fringes with a d-spacing of 0.337 nm, corres-
ponding to the (002) lattice plane of carbon (Fig. 4e).*®
Furthermore, the corresponding EDX mapping images of
Fig. 4b and c clearly indicate that cobalt nanoparticles are ran-
domly distributed on the surface of the materials, and cobalt
species could be clearly detected (Table S57).

The TEM images of Co-L5@C-400, Co-L5@C-600 and Co-
L5@C-1000 are shown in Fig. S5-S7.f Interestingly, the
materials prepared at a lower pyrolysis temperature, Co-
L5@C-400 and Co-L5@C-600, show the formation of cobalt
nanoparticles, too (Fig. S5 and S67). It is worth mentioning
that compared with Co-L5@C-800, the particle size of Co-
L5@C-1000 is increased to 20.5 nm due to the relatively higher
pyrolysis temperature (Fig. S77).

Next, we performed XPS investigations to obtain further
insights into the surface composition and oxidation state of
cobalt in these materials. The surface composition of the
different catalysts is shown in Table S67 and reveals C, O, Co,
and N as the main elements. Small amounts of S and Si can be
found as well, which are typical residues in carbon supports.
The Co 2p and N 1s spectra of the Co-L5 temperature series
are shown in Fig. S4.1 All these materials display the peaks of
cobalt oxide (due to the overlap of CoO and Co;0,, Co,0, is
used to represent cobalt oxide) at around 780.4 eV.'® For Co-
L5@C-400 (Fig. S4aft), the Co 2ps/, peak is shifted to slightly
higher binding energies at about 781.2 eV. Together with the
pronounced satellite features, this suggests Co®>" as the main
oxidation state.”® For higher pyrolysis temperatures, the main
Co 2p;/, peaks are observed at typical binding energies of oxi-
dized Co at about 780.4 eV.*° For Co-L5@C-600 (Fig. S4at), the

1474 | Green Chem., 2024, 26,1471-1477
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less pronounced satellite features indicate the additional pres-
ence of Co0;0,."° For the pyrolysis temperatures 800 and
1000 °C, an additional peak at 778.4 eV appears which is
characteristic of metallic cobalt.*' XPS data indicated that the
surface concentration of Co species decreases with increasing
pyrolysis temperature from 0.3 to 0.1 at% obviously due to an
increased carbon coverage (Table S6t). In addition, the relative
concentration of metallic cobalt increases, too (Table S71). In
comparison, the reference sample Co@C-800 shows no metal-
lic Co at the surface (see Fig. S4a,T) even though it could be
detected in the bulk material by XRD (see the XRD section
Fig. S2-31). These results underline the importance of the
added ligand to form and protect near surface Co species. The
nitrogen concentration also decreased with increase in pyrol-
ysis temperature from 1.2 at% for 400 °C to 0.1 at% for
1000 °C (Table S61). The N 1s XPS spectra shown in Fig. S4bt
are deconvoluted showing four N species: pyridinic N (398.5
eV), pyrrolic N (399.8 eV), graphitic N (401.2 eV), and oxidized
pyridinic-N (403.4 €V).***?* Going from low to higher pyrolysis
temperatures, the observed N species change from predomi-
nantly pyridinic-N and pyrrolic-N species** to graphitic-N,
which are incorporated into the support lattice.**

Later, the textures of these materials were measured by N,
physisorption. The specific surface area (Spgr) is summarized
in Fig. S8.1 Among all the samples, Co@C-800 has the largest
specific surface area of 201 m® g~*. With the increase of pyrol-
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Scheme 1 Co-L5@C-800 catalyzed N-alkylation of benzamide with
different alcohols. Reaction conditions: 0.5 mmol of benzamide,
0.55 mmol of alcohol, 60 mg of Co-L5@C-800 (1.9 mol% Co), 0.3 mmol
of KOH, 3 mL of toluene, 130 °C, 24 h, and 1 atm argon. Isolated yields.
b Same as [a] at 140 °C. € Same as [a], GC yield.
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ysis temperature from 400 to 1000 °C, the surface area of Co-
L5@C-T samples increased from 121 m® g™ " to 164 m> g .

Synthetic applications and substrate scope

Under the optimized reaction conditions, we explored the
scope of Co-L5@C-800 catalyzed N-alkylation of primary
amides with alcohols. As shown in Scheme 1, several functio-
nalized and structurally diverse alcohols underwent the
desired reactions with benzamide to produce the corres-
ponding products in good to excellent yields.

The substitution on the aryl ring of benzyl alcohol has no
noticeable effect on the efficiency of the reaction. With both
electron-withdrawing and electron-donating substituents, the
N-alkylated amides are afforded in 78%-85% yield (Scheme 1,
1a-11). For catalyst applications in advanced organic synthesis,
achieving a high degree of chemoselectivity is important, yet
often challenging. To showcase this aspect, alcohols contain-
ing various functional groups were tested in our protocol.
Interestingly, the C-C double bond and nitrile are well toler-
ated (Scheme 1, 1s and 1r). Furthermore, heterocyclic benzyl
alcohols also reacted well and produced the alkylated amides
in 81%-89% yield. 1-Hexanol as an example of aliphatic alco-
hols led to the corresponding amide in good yield, too
(Scheme 1, 1v).

i P ©/\OH CoL5@C-800 RANNR
Ri” "NH, o 0.3 mmol KOH, 130 °C, Argon, 24 h H O oR

Aromatic amides: °
o o o .
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2hll: 81%

2al?l: 83% 2blal: 84% 2clc:79%

:ZEJ*OD@ O Fﬁfﬂ“@

2el?: 82% 2fl21:82% 291 79%

2, QAL
O edh

2ila): 87%

Aliphatic amides:

[}
v
H
2j01:72% 2kt 74%

o

212: 81%

Functional group tolerance:

oo oo ofro

2ml®l: 84% 2nl°k: 81% 20h 84% el
o s 0 s. O HN Fe
Y,
C')L”/\[) /HHN E I ) H'<N - o s)<F
s 4l
2pltl: 84% 2qM°): 82% 2r°l: 80% 2st°L: 80%

s Z] o Q o
o0 wtro oMo co'ro

2t 75%

=7

2ul*l:81% 2vIPL75% 2wlb71%

Scheme 2 Co-L5@C-800 catalyzed N-alkylation of different amides
with benzylic alcohol. Conditions: ?0.5 mmol of amide, 0.55 mmol of
benzyl alcohol, 60 mg of Co-L5@C-800 (1.9 mol% Co), 0.3 mmol of
KOH, 3 mL of toluene, 130 °C, 24 h, and in 1 atm argon. Isolated yields.
b Same as [a] at 140 °C. € Same as [a], GC yield.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Reusability of Co-L5@C-800 in N-alkylation of benzamide with
benzyl alcohol. Reaction conditions: 0.5 mmol benzamide, 0.55 mmol
benzyl alcohol, 60 mg Co-L5@C-800 (1.9 mol% Co), 0.3 mmol KOH,
3 mL toluene, 130 °C, 24 h, in 1 atm argon.

The standard reaction protocol is also applicable using
diverse amides. Benzamides with both electron-withdrawing
and electron-donating substituents reacted well with benzyl
alcohol, and the corresponding secondary amides were
obtained in 79%-87% yield (Scheme 2, 2a-2i). The biological
amides can also react well with benzyl alcohol in the presence
of this cobalt system to obtain unreported secondary amides
in good yields (Scheme 2, 2j), which provides a method for
synthesizing new products. Next, we explored the general
applicability for more challenging aliphatic amides. By using
this catalytic method, secondary amides could also be pro-
duced from less active alkyl amides (Scheme 2, 2k-21).
Similarly, heterocycles were well tolerated, and this system
showed excellent regioselectivity in the substrates containing
both amino and nitrile groups (Scheme 2, 2m and 2v).
Screening of various primary amides and alcohols revealed
that the alkylation of amides catalyzed by this cobalt system
worked well and provided secondary amides in good to excel-
lent yields (Schemes 1 and 2). To investigate the stability of
this novel catalyst, recycling experiments were performed
under standard conditions. Indeed, Co-L5@C-800 can be
reused conveniently and no significant loss of catalytic activity
is observed even after five times (Fig. 5). The recycled catalyst
was also characterized to explore the structural differences by
XRD. Compared with fresh material, no significant structural
difference was seen in the XRD pattern (Fig. S9b¥).

Conclusions

We reported a novel nano-structured Co-based catalyst for
practical and convenient N-alkylation of primary amides with
alcohols. Introduction of nitrogen ligands and pyrolysis treat-
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ment creates a highly stable and reusable Co-nanoparticles,
which activates N-alkylation of primary amides with alcohols
under mild conditions. The optimal catalyst (Co-L5@C-800)
showed good to excellent activity and selectivity for the syn-
thesis of functionalized and structurally diverse secondary
amides.
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