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Value-added formamides were sustainably synthesized by the N-formylation of amines with glycerol
derivatives (1,3-dihydroxyacetone, glyceraldehyde and glycolic acid) as the carbonyl source via in situ
C-C bond cleavage catalyzed over zeolite 5A supported Cu-based catalysts. Introducing a second metal
Zr'V ions can greatly increase the activity of the Cu/5A catalyst. Catalyst characterization results revealed
that the introduction of Zr'V ions decreases the amount of surface acidic sites, in particular, medium-
strong acidic sites and promotes the formation of “OOH radicals. Isotopic tracing experiments confirmed
that all the carbon atoms in the carbonyl group of formamide products are indeed from glycerol deriva-
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tives. Combined electron paramagnetic resonance (EPR) spin-trapping, operando attenuated total reflec-
tion (ATR)-FTIR spectroscopy and control experiments revealed that the reaction of aniline and DHA with
formanilide involves GA and HCOOH intermediates and "NHPh radicals via a "OH-"OOH radical-relay
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Introduction

With the increasing production of biodiesel, a surplus of gly-
cerol is obtained as a by-product,'® for which a suitable
method must be found to turn waste into treasure. The highly
functionalized molecular structure of glycerol provides a
chance to synthesize valuable chemicals and liquid fuels by
different transformation processes such as oxidation, hydroge-
nolysis, carboxylation, etherification, cyclization and so on.*™*
Among them, the selective oxidation of glycerol to formic acid
via oxidative C-C bond cleavage has revealed the great poten-
tial of glycerol as a carbonyl source for carbonyl-containing
chemical production. As one of the important glycerol deriva-
tives, 1,3-dihydroxyacetone (DHA) can be obtained via the cata-
Iytic oxidation of glycerol,® and its value-added utilization can
in turn valorise glycerol to some extent. Moreover, compared
to the C-C bond in an alkane (83-90 kcal mol™), the C,~C
bond in DHA is relatively weak (around 80 kcal mol™" for
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acetone).'® Therefore, it should be easier to split the C-C bond
of DHA than that of glycerol to in situ generate formic acid for
the synthesis of carbonyl-containing molecules.

As one of the important nitrogen-containing chemicals,
formamides have widespread applications in organic synthesis
and industrial production, and various methods have been
developed for their production.'®® N-Formylation of amines
with formylation reagents is a widely used method, and the
common formylation reagents include CO,”” CO,,'7'%>973
formic acid,>*?”** formaldehyde®*™** and methanol.**™°
Although some excellent results have been obtained, obvious
problems such as high toxicity and cost, requirement of harsh
equipment and reaction conditions, poor product selectivity
and so on have limited their large-scale application. From a
sustainability point of view, it would be attractive to directly
use bio-based feedstocks as formylation reagents to synthesize
formamides by the reaction with amines.

In continuation of our efforts towards the synthesis of nitro-
gen-containing chemicals from renewable feedstocks,”” " we
recently achieved the N-formylation of amines to formamides
with glycolic acid (GA) as the carbonyl source using Cu-con-
taining zeolite 5A as the catalyst and H,0, as the oxidant. In
this case, the C-C bond in GA was split off to form carbonyl-
containing intermediates in situ.”> Since GA must first be
formed by the oxidation of DHA, it would be much more
attractive to use DHA right away as a carbonyl source for for-
mamide synthesis. Indeed, we could show that with a sup-

This journal is © The Royal Society of Chemistry 2023
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ported Cu/Al,O; catalyst, DHA and various amines can be con-
verted to the corresponding formamides in high yields even at
room temperature.”” Unfortunately, the efficiency of the
carbon atom in these early attempts was still insufficient. This
has been markedly improved recently using a Cu/5A zeolite
catalyst, which enabled for the first time the complete utiliz-
ation of all carbon atoms in DHA for the formation of form-
amides from the corresponding amines.’> However, satisfactory
formamide yields could only be achieved at 70 °C. Moreover,
excess H,0, was necessary since the latter partly decomposed
at this temperature.

The reaction of DHA with an amine to form formamide
should involve three main steps (Scheme 1): the cleavage of
one C-C bond of DHA to GA and a C; molecule (I) followed by
the cleavage of the C-C bond of GA to C; molecules (II) and
finally the C-N bond formation between a C; molecule and
the amine (III). It has been shown that both conversion of
DHA to GA (step 1)*”°>** and N-formylation of amines with C,
molecules (step II1)***°>% can be achieved with H,0, as the
oxidant at room temperature. This suggests that the splitting
of GA to C; molecules (step II) might be the rate-limiting step,
which could be the reason why the reaction of amines and GA
to formamides requires a higher reaction temperature.> It has
been shown that "OH radicals play a key role in the cleavage of
DHA to GA,*”*® while "OOH radicals are important to split the
C-C bond in GA to C,; molecules and to activate the amine.*>
This suggests that the reaction of DHA and amines to form for-
mamides is co-mediated by both ‘OH and OOH radicals,
whereby an optimum ratio of both radicals might be required
to maximize the formation of formamides and to prevent
undesired deep degradation of reactants and target products
by excess of highly reactive "OH radicals. It is known that H,0,
is split by Cu-based catalysts in a Fenton-like reaction into ‘OH
and 'OOH radicals.””***° Usually "OH radicals dominate but
the specific radical ratio depends on the electronic properties
of the Cu centres since high electron density promotes the for-
mation of "OH radicals (eqn (1) and (2)).>°

cu" + H,0, — Cu' +"O0H + H* (1)

cu' + H,0, — Cu" +"OH + OH™ (2)

Thus, the above-mentioned optimum ‘OH/"OOH ratio
required for the highly selective conversion of DHA and
amines to formamides (Scheme 1) might require (I) active Cu
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Scheme 1 Synthesis of formamides with DHA as the carbonyl source.
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centres of tailored redox behaviour and electron density and
(I1) acidic surface sites of optimum strength to enable appro-
priate adsorption/desorption of reactants and products. To
achieve requirements (I) and (II), we have explored bimetallic
CuM/5A zeolite catalysts (M = Zr, Ni, Ag, Pd, Rh) using a series
of metals with electronic properties different from the active
Cu component whereby reaction temperatures as low as poss-
ible are desired to prevent the detrimental decomposition of
H,0,. As a result, a highly active bimetallic catalyst CuZr/5A
was developed for the N-formylation of amines with three gly-
cerol derivatives such as DHA, GLA and GA as the carbonyl
sources. Compared to our previous study,>® this catalytic
system can lower the reaction temperature to 50 °C and reduce
the amount of catalyst to 5 mg and H,0, to 4 mmol, respect-
ively. Moreover, it showed a good amine substrate scope, and
24 examples of different amines including aromatic, benzylic,
aliphatic and secondary amines can be converted into the
corresponding formamide product with good to excellent
yields. Besides, for the first time a ‘OH-'OOH radical-relay
reaction mechanism was revealed for the N-formylation of
amines with DHA as the carbonyl source.

Results and discussion
Catalytic test

Besides monometallic Cu/5A, various bimetallic CuM/5A cata-
lysts (M = Ni, Zr, Ag, Pd and Rh) were prepared by ion exchange
and tested in the N-formylation of aniline with DHA as the car-
bonyl source and H,O, as the oxidant at 50 °C in 1,4-dioxane
(Fig. 1a). 74% product yield was obtained with Cu/5A while the
yield increased to 78% and 88%, respectively, when the second
metal Ag or Zr was introduced. In contrast, lower yields were
obtained with Ni, Pd and Rh, leaving Zr as the best second
metal for this reaction. Therefore, CuZr/5A was used to opti-
mize the amounts of aniline, H,0, and catalysts. The product
yield decreased from 88% to 61% when reducing the aniline
amount to 2 mmol (Table 1, entry 1). The amount of H,0, has
a great effect on the product yields and much lower yields were
obtained when <6 mmol H,0, were used (Table 1, entries 2-5).
When the catalyst dosage was changed from 0 to 100 mg, the
highest product yield of 89% was obtained with 10 mg and an
almost same product yield (88%) was obtained with 5 mg
(Fig. 1b). Decreasing the content of the second metal Zr while
keeping the Cu content unchanged lowered the product yield
to 72% (Table 1, entry 6). Only 49% product yields were
obtained with the bare support 54, indicating that both Cu
and Zr are essential (Table 1, entry 7). No formamide product
was formed in the absence of DHA, implying that aniline does
not react with the solvent 1,4-dioxane to generate the forma-
mide product (Table 1, entry 8).

Considering the similar results with 4 mmol and 5 mmol
H,0,, further catalyst screening and reaction parameter optim-
ization were performed with 10 mg catalyst and 4 mmol H,O,.
The catalytic test results showed the same trend as before and
CuZr/5A is still the most active catalyst (Fig. S1at). The Zr/5A
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Fig. 1 (a) Activity test of different catalysts. Reaction conditions:
0.33 mmol DHA (1 mmol carbon source), 3 mmol aniline, 6 mmol H,O,
(35 wt%), 5 mg catalysts, 2 mL 1,4-dioxane, 50 °C, 24 h. The effect of (b)
catalyst (reaction conditions: 0.33 mmol DHA, 3 mmol aniline, 6 mmol
H,0; (35 wt%), 0-100 mg CuZr/5A, 2 mL 1,4-dioxane, 50 °C, 24 h) and
(c) solvent amount (reaction conditions: 0.33 mmol DHA, 3 mmol
aniline, 4 mmol H,O, (35 wt%), 5 mg CuZr/5A, 0—4 mL 1,4-dioxane,
50 °C, 12 h) on the catalytic performance. (d) Recyclability of the active
catalyst CuZr/5A (reaction conditions: 0.33 mmol DHA, 3 mmol aniline,
6 mmol H,0O, (35 wt%), 5 mg CuZr/5A, 2 mL 1,4-dioxane, 50 °C, 24 h).

Table 1 Reaction condition optimization?

q o
Nu 0
0 . Ao .
D ©/ Come e N Ne,/@ . ~e,,/©
NN 35wtk »

Aniline/  DHA/ H,0,/  Yields?/

Entry Catalysts mmol mmol mmol % UECA°®
1 CuZr/5A 2 0.33 6 61 61
2 CuZr/5A 3 0.33 5 46 46
3 Cuzr/5A 3 0.33 4 45 45
4 CuZr/5A 3 0.33 3 28 28
5 Cuzr/5A 3 0.33 2 22 22
6¢ CuZr/5A 3 0.33 6 72 72
7 5A 3 0.33 6 49 49
8 CuZr/5A 3 — 6 0 0
9° Cuzr/5A 3 0.33 4 90 90
10/ cuzZr/5A 3 0.33 6 43 43

“Reaction conditions: catalysts 5 mg, aniline 2-3 mmol, DHA
0.33 mmol (1 mmol carbon), H,O, (35 wt%) 2-6 mmol, 1,4-dioxane
2 mL, 50 °C, 24 h. ?Yields were determined by GC-FID with biphenyl
as the external standard and calculated based on the carbon atoms in
DHA. ‘ Utilization efficiency of carbon atoms (UECA) in DHA = 100% X

(nformamide product yields with DHAd — Nformamide product yields without DHA)/
Tearbon atoms in pHA (MOl/mol). “Cu/Zr = 1:0.5 (mol/mol). 1 mL 1,4~
dioxane.” 12 h.

catalyst delivered lower product yields than Cu/5A, suggesting
Cu as the main active component. The control experiments
without DHA showed that no formamide products were
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formed in the case of all catalysts when DHA was removed
from the reaction system (Table S1,} entries 1-8), implying
that all the prepared catalysts can’t catalyze the reaction of
aniline with dioxane to form the desired formanilide and DHA
should be the carbonyl source for formamide formation. Thus,
the yield of the formamide product, which was calculated
based on the carbon atoms of DHA, is directly equal to the util-
ization efficiency of the carbon atom (Fig. S1at). The highest
product yields of 78% was obtained with 10 mg catalyst when
changing the catalyst dosage from 0-100 mg, and both
reduced and increased catalyst dosages lowered the product
yields (Fig. S1b¥). A test of the solvent amount effect revealed
that 1 mL 1,4-dioxane was optimal, providing 93% product
yield (Fig. Sict). Reducing the catalyst dosage to 5 mg slightly
decreased the product yield (Fig. 1c and Table 1, entry 9). The
product yields continuously decreased when the reaction
temperature was gradually lowered from 50 to 25 °C
(Table S1,} entries 9 and 10).

Recyclability tests revealed a drop in the product yield after
the first run; however, activity has been restored by re-calcina-
tion (Fig. 1d). After this, the catalyst could be used for another
3 runs without any obvious activity loss. To test whether the
reaction is indeed heterogeneously catalyzed, the catalyst was
removed by hot filtration after a 12 h reaction (Table 1, entry
10). With the filtered solution the reaction was continued for
another 12 h, but no more products were formed, indicating
that the supported metal species are the real active species. In
order to investigate the activity and durability of the CuZr/5A
catalyst for practical applications, we further tested its catalytic
performance using a continuous reactor. Within the 78 h con-
tinuous test, the catalytic activity stabilized after 24 h with
slightly decreased formamide product yields of 76-78% due to
the dilution of H,0, required for safe operation (Fig. S1d¥).

With the optimized reaction conditions, the scope of the
substrates and their tolerance towards functional groups were
evaluated (Table 2). 85-99% product yields were obtained
when aniline and its derivatives with the groups of -CH; and
—Cl were used as the substrates, but only a moderate yield was
obtained with aniline containing the strong electron-withdraw-
ing group -F. Aminoindane could be N-formylated with 95%
product yield and aliphatic primary amines and secondary
amines were also well tolerated. Benzylamine and its deriva-
tives with -CH;, -OCHj;, -Cl and -F substituents also gave
excellent product yields although higher amounts of amines
were required. In comparison with benzylic amines, aliphatic
primary amines showed slightly better reactivity and excellent
product yields were obtained in some cases even with only
3 mmol of amine. Aromatic and aliphatic secondary amines,
i.e. N-methylaniline and morpholine, gave 72% and 93%
product yields, respectively.

Inspired by the successful synthesis of various formamides
by direct N-formylation with DHA, other glycerol derivatives
were also explored as carbonyl sources in the reaction with
aniline to formanilide. Thus, 92% and 91% product yields
were obtained, respectively, when GLA and GA were used as
the carbonyl sources.

This journal is © The Royal Society of Chemistry 2023
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Table 2 N-Formylation of different amines with different carbonyl
sources

9 H,0, CuZr/5A 5 mg t

H |
+ N< N0
HO._~\OH RUR? * 35wt 14-diovane 2ml,50°C,24h  RY
0.33 mmol 3 mmol 6 mmol
H H H H
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‘\;{, S h\,;J P

88%/92¢/91¢ 99% 99% 99%
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CI/L % I =z F & H
99%2° 96%° 90%° 77%
\\,/\,/\,/\H,w: o /’\\/\\/\,/\H o) \r'\u“\o < //\H O
93% 79%2 87% 93%°
JA N0 | \\T/\/\N” o N0 N o
H _ H S o )
~ N > ~
96%® 87% 72%° 93%°

%5 mmol amines. ” Yields were determined by 'H NMR. °0.33 mmol
GLA as the carbonyl source. ¢ 0.5 mmol GA as the carbonyl source.

Catalyst characterization

To gain insight into the correlation between the structure and
activity, the catalysts were comprehensively characterized by
inductively coupled plasma optical emission spectrometry
(ICP-OES), Nj-adsorption-desorption analysis, X-ray powder
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), EPR and NH;-temp-
erature programmed desorption (TPD). ICP-OES revealed a
similar Cu content (0.51-0.56 wt%) in all catalysts (Table S27).
N,-Adsorption-desorption analysis showed that the introduc-
tion of the second metal lowered the BET surface area and
total pore volume (Table S2 and Fig. S2t), suggesting that a
part of pores might be blocked. The N, adsorption-desorption
isotherm and pore size distribution patterns showed that all
the catalysts have similar pore structures with pore sizes of
3.4-4.2 nm and pore volumes of 0.362-0.512 cm® g~ " (Table S2
and Fig. S21). The most active catalyst CuZr/5A has a medium
pore size of 3.6 nm and a pore volume of 0.441 cm’® g™
Although there is no obvious linear correlation between the
activity and pore structure, some speculations can be made on
the effect of the pore structure on the reaction: (1) the pore
size of >4 nm may be adverse for the reaction because CuPd/
5A with the lowest activity is the only catalyst with a pore size
>4 nm; (2) the pore size of 3.6 nm may be more favorable to
the reaction because both CuZr/5A and CuAg/5A catalysts with
the same pore size of 3.6 nm exhibited better activity than

This journal is © The Royal Society of Chemistry 2023
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Cu/5A. XRD patterns show the typical reflections of zeolite 5A
with an LTA-type crystal structure®® and these do not change
after introducing the metals, indicating that the zeolite struc-
ture remains stable (Fig. S31). No reflections of Cu or second
metal species were detected, as expected, given the low metal
content.

The XPS spectra of all catalysts show a Cu 2p3,, peak cen-
tered at around 934 eV and a weak satellite peak at around 943
eV (Fig. S41), suggesting the presence of surface Cu"
species.®"®* All second metals are present as high valent ions,
i.e. Ni'" (Ni 2p;, at 856.61 eV),*® and 3ds, peaks of Zr' (182.36
ev),** Ag' (368.23 eV),*® Pd" (337.06 eV)*® and Rh™ (309.40
eV)®” (Fig. S41). Only in the case of Rh some metallic Rh°
species are also present (3ds,, peak at 306.50 eV).%®

The HAADF-STEM images of the CuZr/5A catalyst show
some tube-like particles (Fig. 2a) typical of the support. While
Cu seems to be homogeneously distributed throughout the
whole sample (Fig. 2b and c), Zr is enriched in particles of
different shapes and sizes (Fig. 2c and e) and is also present

b)2000
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Fig. 2 (a) Overview HAADF-STEM image, (b) EDX spectra from regions
marked in (a), (c) EDX elemental maps of CuZr/5A, (d) more detailed
HAADF-STEM image with Zr containing regions highlighted in (e),
showing a rather large amorphous particle, and (f), showing bright
smaller clusters adhering to the support surface.
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on the surface in general as indicated in the spectrum of the
central part (Fig. 2b and f). On the one hand, Zr forms larger
particles attached to the support in general (Fig. 2e). On the
other hand, a thin layer of very small clusters seems to cover
the surface of the tube-like particles (Fig. 2f). In any case, Cu
species are highly dispersed and no distinct Cu clusters were
observed.

To gain specific insight into the structure of the Cu"
centres, the EPR spectra of the catalysts were recorded at 95 K
and 298 K, respectively (Fig. 3a and S51). The EPR spectrum of
Cu/5A shows an axial signal at g, = 2.06 and g, = 2.36 with a
hyperfine structure (hfs) A; = 139 G due to the coupling of the
single electron spin of Cu" (d°, S = 1/2) with the nuclear spin
of ®%3cu (I = 3/2), indicating the presence of isolated Cu"
ions.®®”° Additionally, a broad structureless singlet is superim-
posed on the hfs signal, suggesting the presence of magneti-
cally interacting Cu" ions.”" A relative measure of the strength
and nature of such interaction is the temperature dependence
of the EPR signal intensity. For pure paramagnetic Cu' species
without any mutual magnetic interactions, the intensity of the
EPR signal is inversely proportional to temperature. For mono-
metallic Cu/5A, the intensity ratio Ios x/lros x = 2.31 (Fig. S51)
is lower than that expected for pure paramagnetic behavior
(Is/Izog = 3.13). This indicates that a part of the Cu" sites inter-
acts antiferromagnetically. However, since TEM micrographs
did not show any Cu-containing particles, such antiferro-
magnetic Cu" moieties might be very small and/or not con-
nected by direct Cu-O-Cu bridges.

Introduction of a second metal led to EPR spectra with a
similar shape but a lower intensity, despite the almost same
Cu content (Table S27). This suggests that antiferromagnetic
coupling between the Cu" ions is strengthened and/or the size
of antiferromagnetic Cu,O, moieties increased, whereby the
latter might still be below the detection limit of TEM. The
Iys x/I0s ¥ EPR intensity ratios decrease in the order Cu/5A >
CuAg/5A > CuNi/5A = CuZr/5A > CuRh/5A > CuPd/5A (Fig. S57),
suggesting that the second metals promote clustering of Cu in
the same order.

To reveal the reason for the regeneration of catalytic activity
after calcination treatment, the EPR spectra of the used CuZr/
5A catalyst before and after calcination treatment were

a) measured at 95 K b) 100 pmp0-00H | ] DMPO-OH
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Fig. 3 (a) EPR spectra of the prepared catalysts recorded at 95 K. (b)
H,0, activation abilities of catalysts.
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recorded at 105 K (Fig. S5t). Clearly, compared with the fresh
CuZr/5A catalyst, the EPR signal intensity of the used CuZr/5A
catalyst decreased significantly, suggesting that some Cu"
species were reduced to Cu' during the reaction. The signal
intensity increased again after high temperature calcination
treatment, indicating that the reduced Cu' can be re-oxidized
to Cu™ by the high temperature calcination process.

The deconvolution results of NH;-TPD patterns revealed
four desorption peaks at different temperatures in all catalysts,
suggesting the presence of four different kinds of acidic sites
(Fig. S6t). Two strong peaks centered at around 220 and
290 °C can be attributed to the weak acidic sites while the
other two weak peaks centered at around 520 and 620 °C
correspond to the medium and strong acidic sites, respectively.
Quantification of the acidic sites showed that the exchange of
protons by Cu ions reduced the number of acidic sites, as
expected, and this trend continued by introducing a second
metal (Table 3). The most active catalyst CuZr/5A has the
lowest amount of medium-strong acidic sites, which can be
attributed to the fact that the introduction of higher valence
Zr"™ ions replaced more H' in zeolite 5A. This suggests that
those sites are detrimental for high catalytic performance
since they may lead to strong adsorption of aniline and/or
hinder product desorption.

The ability of the catalysts to activate H,O, was evaluated by
EPR analyzing the kind and relative amount of radicals gener-
ated from H,O, after trapping with 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) as a spin trap (Fig. 3b).”> To exclude the effect
of H,0, decomposition resulting from the reaction tempera-
ture, the experiments were performed at room temperature
and a detailed description of these experiments is provided in
the ESI (SI5).T After adding DMPO to a suspension of the cata-
lyst in H,O,, "OH and "OOH radicals were detected in all cases.
The relative percentage of both radicals was calculated and the
‘OH/'OOH ratio is 59.7/40.3 of Cu/5A, 53.4/46.6 of CuNi/5A,
42.3/57.7 of CuZr/5A, and 60.7/39.3 of CuAg/5A, respectively.
The detection in the case of CuPd/5A and CuRh/5A failed due
to the formation of intense gas bubbles caused from fast H,0,
decomposition, probably explaining their poor catalytic per-
formance.”® Clearly, the most active CuZr/5A catalyst produces
the highest proportion of "OOH radicals, suggesting that Zr
can promote the selective formation of the latter (Fig. 3b) and
that the higher percentage of ‘"OOH should be favorable for the

Table 3 Quantitative analysis of surface acidic sites by NH3-TPD

Acidic sites/mmol g~

Catalysts Total acidic sites/mmol g™* Weak Medium-strong
5A 2.30 1.65 0.65
Cu/5A 1.92 1.33 0.59
CuNi/5A 1.62 1.22 0.40
CuZr/5A 1.54 1.25 0.29
CuAg/5A 1.79 1.38 0.41
CuPd/5A 1.69 1.30 0.39
CuRh/5A 1.78 1.30 0.48

This journal is © The Royal Society of Chemistry 2023
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reaction. However, no linear relationship was observed
between the proportion of ‘OOH radicals and the catalytic
activity. Thus, it can be concluded that the "OH/"OOH ratio is
an important factor rather than the only one to determine the
activity of catalysts and the "OH/"OOH ratio of 42.3/57.7 proved
to be the optimal among our screened results.

To uncover the effect of Zr on the Cu species, the EPR
spectra of Cu/5A and CuZr/5A before and after interaction with
H,0, and aniline were compared (Fig. S7f). An obvious
decrease of the EPR signal was observed for Cu/5A after
contact with H,O, while the spectrum of CuZr/5A remained
almost unchanged. This suggests that H,O, can be decom-
posed faster over Cu/5A than CuZr/5A, which is probably due
to a higher amount of H' sites in Cu/5A than in CuZr/5A, as
the introduction of Zr" ions replaced more H in zeolite 5A.
According to the Fenton-like reaction of Cu"™" species with
H,0,, the presence of H' favored the decomposition of H,0,
to "OH radicals.’® Also, the EPR signals of Cu/5A decreased
much more upon contact with aniline but not in the case of
CuZr/5A, implying that compared to CuZr/5A, Cu'" species in
Cu/5A are more easily reduced to Cu', which is favorable for
the formation of "OH radicals (eqn (2)). Based on these results,
the fact that Cu/5A has a higher proportion of ‘OH radicals
than CuZr/5A can be well understood.

Study of the reaction mechanism

To gain deep mechanistic insight, the reaction of aniline and
DHA was investigated for the CuZr/5A catalyst by EPR spin
trapping experiments with DMPO and operando ATR-IR. As
mentioned above, the signals of DMPO-OH and DMPO-OOH
spin adducts appeared after suspending the -catalyst in
aqueous H,0,, indicating the formation of ‘OH and "OOH rad-
icals (Fig. 4). Subsequent addition of the DHA substrate dis-
solved in 1,4-dioxane results in the appearance of a new EPR
signal, suggesting the formation of a new radical (Fig. 4a
middle). Spectral simulation revealed the formation of organic
carbon-centered radicals ‘R accompanied by a decrease of the

experimental b)100
simulated

+aniline m w “ Mm

Q
~—

—e— DMPO-OH —e— DMPO-OOH
#— DMPO-N

—e—DMPO-R

~
(&
1

N
(&
1

EPR signal intensity (a.u.)
T
o
L
é
Relative amount (%)
0
o

T T T T T
T T T T T
0 200 400 600 800 1000 A B c D E

B,(G) Order of adding materials

Fig. 4 (a) Experimental (black) and fitted EPR spectra (red) of DMPO
spin adducts. For fitting, the following hfs parameters were used:’* Ay =
14.3, Ay = 12.3 G for "OH, Ay = 13.3, Apy = 11.1, A,y = 1.2 G for "OOH, Ay
=15.1, Ay = 20.9 G for 'R, and An; = 14.9, Ay = 16.3 G, Anp = 2.7 for
‘NHPh. (b) Relative amount of the DMPO-X (X = OH, OOH, R, NHPh)
spin adducts. A: CuZr/5A + H,0O,, B: +DHA in 1,4-dioxane, C: +aniline,
and D: +1 h, E: +4 h.
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relative amount of "OH from 51.7% to 18.8% (Fig. 4b, B). This
might be due to the attack of DHA by "OH to produce "C(=O0)
CH,OH and "CH,OH radicals.”” After adding aniline, a new
EPR signal appeared (Fig. 4a top) which must be assigned to
the DMPO-'N spin adduct as evident from the spectral fit.”*
Most probably a "NHPh radical intermediate was formed
(42.2%, Fig. 4b, C). This intermediate might stem from the
attack of aniline by "OOH radicals®® since the relative amount
of DMPO-OOH decreased from 63.6% to 25.6% immediately
after adding aniline while the amount of DMPO-OH declined
only slightly (Fig. 4b, C). After reaction for 1 h, the concen-
tration of both "NHPh and 'R radicals decreased, probably due
to the formation of non-radical formamide products (Fig. 4b,
D). Interestingly, the "NHPh radicals disappeared much faster
than the 'R radicals, suggesting that "NHPh radicals are not
only involved in the synthesis of formamide products but also
in the formation of by-products such as azobenzenes and azoxy-
benzenes, identified by GC-MS. After 1 h, the relative amount
of "OOH radicals increased again due to the interaction of the
catalyst and excess H,0,.

In addition, the reaction of aniline and DHA was tracked by
operando ATR-FTIR (Fig. 5a). Two bands at 1697 and
1542 cm™" increased gradually with increasing reaction time
and they can be respectively assigned to the y(C=O) and
Y(C-N) vibrations of the formamide product by comparison
with a reference sample of formanilide in dioxane (Fig. S8t).
Due to the interference of the broad background signal of water
(formed during the reaction from H,0,), bands in the carbonyl
region above the y(C=0) band of formamide are hardly dis-
cernable. Therefore, the 2" derivative of the IR spectra was
used to better visualize the changes in this region (Fig. 5b), in
which two new IR bands at 1710 and 1728 cm™" appeared
besides the one of formanilide at 1697 cm™ once H,O, was
added. They can be assigned to the y(C=O0) vibration of the
reaction intermediates formic acid (FA) and glycolic acid (GA),
respectively (Fig. 5b).*” As confirmed by control experiments,
these intermediates are formed by the reaction of DHA with
H,0, (Scheme 2b) and react further with aniline to formanilide
(Scheme 2c¢ and d). They were also identified by "H-NMR
(Fig. S91) although the observed signal peak of formic acid is
very weak, which may be due to the oxidative decomposition of

a) 1697 b) 225
v(C=0) +3h T-T 1
= formamide = T M
=] S
< A o |*lh A L
> z |+n0 N -
-E :;n' f\fz\zhz\f N\ /L/\l/\/I“\/'v/"
e e V| ] ]
3] b} +aniline EA
£ £ W\/’\/\M
T T T T
1800 1600 1400 1800 1760 1720 1680

Wavenumber (cm™) Wavenumber (cm™)

Fig. 5 (a) Operando ATR-FTIR spectra. (b) 2"¢ derivative of the
ATR-FTIR spectra.
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CuZr/5A 5mg
[0} 35wt. % H,0, 6 mmol o . X
. HCOOH + [ a) GAyields:
a) HO\)J\/OH dioxane 2 mL Ho~ ~OH Cuzr/SA  Cu/SA
0.33 mmol 50°C, 12h FA GA 70% 67%
o] NH H )
)& . @/ 2 CuZr/5A 5mg A N0 b) yields
b) o ~OH - 35wt. % H,0, 6 mmol U\/j C“i'/SA C“//SA
o 9
0.5 mmol 3 mmol dioxane 2 mL 81% 61%
50°C, 12 h
o NH
o P} + O/ 2 CuZr/5A 5mg . H\//O c) yields:
H™ "OH = 35wt. % H,0, 6 mmol || = Cuzr/5A Cu/5A
_
1 mmol 3 mmol dioxane 2 mL 90% 84%
50°C, 12 h

o

2 ~NH N1z
) H(1)§C\1€3/OH . L/]/ CuZr/SA 5mg A N\Cf,o
H, Z 35wt. % H,0, 6 mmol J H

dioxane 2 mL
50°C, 12 h

0.5 mmol 3 mmol m/z = 122 determined by GC-MS

Scheme 2 Control experiments.

most formic acid to CO, caused by excess H,O,. The quantitat-
ive analysis revealed the formation of 0.05 mmol FA, so the FA
yields were 15% based on the added DHA (0.33 mmol).

To learn more about the beneficial role of Zr in the catalytic
reaction, the performances of Cu/5A and CuZr/5A were com-
pared in the C-C bond cleavage of DHA and GA, and in C-N
bond formation (Scheme 2a-c). The CuZr/5A catalyst gave a
little higher GA yield than Cu/5A (Scheme 2a), suggesting a
slightly better activity in the C-C bond cleavage of DHA. A
similar positive effect was also observed in the reaction of
aniline and FA (Scheme 2c), implying a certain promotion of
C-N bond formation by Zr. An even more positive effect of Zr
is evident in the reaction of GA and aniline (Scheme 2b). Here
the yield of formanilide increased from 61% to 81% after intro-
ducing Zr. This suggests that Zr might especially promote the
C-C bond cleavage of GA.

For elucidating the origin of carbon atoms in the carbonyl
group of the formamide product, isotopic labelling experi-
ments are the method of choice. Unfortunately, *>C labelled
DHA was not available. However, as mentioned above, no for-
manilide was formed by the reaction of H,0, with aniline in
1,4-dioxane without DHA. This suggests that it is DHA and not
the solvent that acts as the carbonyl source. In our previous
work we have shown that the reaction of aniline and DHA can
enable the co-synthesis of GA and formanilide, indicating that
one of the three carbon atoms in DHA can be converted and
transferred into the formanilide product.*”
reaction of *C labelled GA and aniline resulted in a form-
anilide product giving the m/z = 122 fragment in mass spec-
trometry (Scheme 2d). This confirms clearly that the carbonyl
carbon atoms in the formanilide product stem from GA, which
was also confirmed by "*C NMR (Fig. S101). Based on these
results, we conclude that all carbon atoms in DHA are con-
verted and transferred into the formamide product.

Considering all the above findings, we propose a possible
reaction mechanism (Scheme 3). First, H,O, is activated by the
catalyst to produce ‘OH radicals that selectively split a C-C
bond in DHA resulting in two organic carbon-centered radical
intermediates "C(=0O)CH,OH and "CH,OH. These react with

Furthermore, the
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HOH,C* + HO N l[Cat]
K y
*0 *OOH H,NPh
H,0
\\‘,/.NHN‘
NHPh

Scheme 3 Proposed reaction mechanism.

‘OH radicals to give intermediates GA and FA, respectively. The
latter reacts further with the aniline substrate to afford the
desired formamide product even without any catalyst.”">>">
The formation of GA and FA intermediates has been con-
firmed by operando ATR-FTIR and "H-NMR. Besides, "OOH rad-
icals (according to eqn (1)) can cut the C-C bond in GA to
form FA and new carbon-centered radicals, most probably
‘COOH. In parallel, ‘OOH can also react with aniline to form
‘NHPh radicals, which combine with "COOH to give EPR-silent
formamide, as indicated by EPR spin trapping experiments
with DMPO.

Conclusions

In this work, we developed active CuM/5A (M = Ni, Zr, Ag, Pd
and Rh) catalysts for the sustainable synthesis of valuable for-
mamide by the reaction of amines with glycerol derivatives as
the carbonyl source. Compared to Cu/5A, the introduction of
the second metals Zr and Ag increased the yield of the form-
amide target products while it was lowered by introducing
other second metals. The most active catalyst CuZr/5A is recycl-
able and can be consecutively run 4 times without any obvious
activity loss, but re-calcination is necessary to restore the
activity by removing surface deposits. It has been shown that
various amines with diverse structures can react with DHA to
provide the corresponding formamide in good yields. Besides,
other glycerol derivatives GLA and GA are also well tolerated.
Isotopic labelling and control experiments confirmed that all
carbon atoms of the formyl group in the formamide product
stem from DHA in the reaction of amines and DHA. We found
that the incorporation of Zr reduced the amount of surface
acidic sites, in particular, the medium-strong acidic sites and
led to the selective formation of more "OOH radicals, which

This journal is © The Royal Society of Chemistry 2023
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might be responsible for the better catalytic performance of
CuZr/5A than Cu/5A. EPR spin-trapping, operando ATR-IR and
control experiments indicated that the reaction of aniline and
DHA proceeds probably via a radical relay mechanism in
which the C-C bond is split by "OH and ‘OOH radicals succes-
sively. The formation of formamide involved the intermediates
GA, FA 'CH,0OH, 'C(=O0)CH,OH and 'NHPh radicals. The
concept of using glycerol derivatives directly as the carbonyl
source via oxidative C-C bond cleavage to synthesize valuable
formamides can be extended to the valorization of other
biomass-based platform molecules.
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