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ABSTRACT: The catalytic properties of graphene-derived materials are evaluated in acceptorless dehydrogenation of N-
heterocycles. Among them, reduced graphene oxides (rGOs) are active (quantitative yields in 23 h) under mild conditions (130 °C)
and act as efficient heterogeneous carbocatalysts. rGO exhibits reusability and stability at least during eight consecutive runs.
Mechanistic investigations supported by experimental evidence (i.e. organic molecules as model compounds, purposely addition of
metal impurities and selective functional group masking experiments) suggest a preferential contribution of ketone carbonyl groups

as active sites for this transformation.

Metal-free catalysts might play an important role in the design
of sustainable and environmentally friendly chemical trans-
formations.** The actual dependence of catalysis on metals,
often precious and rare, is no longer sustainable owing to the
cost, limited abundance, and depletion of metal sources. De-
velopment of metal-free catalysts based on abundant elements
is a promising area of research. Organocatalysis is a well-
established field in which well-defined active sites are present
in organic molecules.>” Parallel to this, the use of heterogene-
ous carbonaceous materials is gaining interest, but the area is
in its earlier development in terms of understanding the reac-
tion mechanisms, architecture of the active sites and engineer-
ing of materials with single sites.®° In recent years we have
witnessed a rapid development of graphene-type materials as
catalysts.*? Defective graphenes have shown catalytic activi-
ty in oxidation,** reduction>* and coupling reactions."18

In parallel, the hydrogenation and dehydrogenation of N-
heterocycles is an important reaction from the synthetic view-
point. N-heterocycles are found in many highly added-value
organic compounds. They are also considered as potential
Liquid Organic Hydrogen Carriers (LOHCs) for hydrogen
storage and release.’®?! One advantage of N-heterocycles as
LOHCs compared to cycloalkanes is the reduction of dehy-

drogenation enthalpy facilitating hydrogen release.?>?* The
success of H, storage in organic compounds depends on the
development of efficient, stable an affordable catalysts.?>%
However, to the best of our knowledge, acceptorless dehydro-
genation (ADH) of tetrahydroquinolines using metal-free
catalysts has not been reported. Previous examples describe
the use advanced nanostructures (e.g. nanodiamons) or acti-
vated mesoporous carbons in acceptorless gas-phase dehydro-
genation of alkanes at high temperatures (> 500 °C).%-% Al-
ternatively, graphene oxide (GO) or activated carbon (AC)
have been used in the oxidative dehydrogenation of N-
heterocycles with the concomitant formation of water or hy-
drogen peroxide (Figure 1).3%5 In this manuscript, we de-
scribe the activity of reduced graphene oxides (rGOs) as effi-
cient and reusable carbocatalysts for the ADH of tetrahydro-
quinolines with the production of molecular hydrogen, a key
reaction for on-board hydrogen release. Our research provides
a general scope of the metal-free ADH carbocatalysts as well
as evidence of the active sites responsible for this transfor-
mation.
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Figure 1. Differences between oxidative and acceptorless dehy-
drogenation of N-heterocycles. The latter is important for H:
storage. In ADH, H2 gas is released while in ODH hydrogen is
transferred to oxygen and released as H20. (GO: Graphene oxide,
AC: Activated carbon, rGO: reduced graphene oxide).

The performance of rGO as carbocatalyst in ADH of N-
heterocycles was  first  evaluated using 1,2,3,4-
tetrahydroquinoline (THQ, 1H) as model substrate under
oxygen-free conditions (Tables 1 and S1). Our first concern
was to find out whether rGO was acting as a true carbocatalyst
or as a stoichiometric reagent.* First of all, we confirmed that
dehydrogenation of THQ did not occur without rGO (Table 1,
entry 1). In the presence of rGO, quinoline is obtained under
different solvents and reaction conditions indicating that the
process is general. ADH of 1H afforded quinoline (1D) with
the concomitant release of two molecules of H,. Hydrogen
was qualitatively analyzed using a microGC. The ADH of N-
heterocycles is an endergonic reaction in contrast to the ODH.
The driving force of ADH is the removal of hydrogen from the
reaction media. In fact, when the dehydrogenation reaction is
carried out in a closed system, no product formation occurred
(Table 1, entry 8). Then, the influence of catalyst loading in
the dehydrogenation of 8-methoxytetrahydroquinoline (7H)
was assessed (Figure S1). The apparent reaction rates depend-
ed on the amount of rGO and the reaction profiles suggest a
catalytic nature for the reaction. For instance, lowering the
catalyst loading to 5 mg considerably decreased the apparent
reaction rate, but still a good yield (68 %) could be obtained
after 23 h. The selectivity and the presence of other reaction
products was evaluated through analogous experiments using
deuterated 0-DCB and analyzing the reaction mixture without
any purification process (Figures S2 — S4). By monitoring the
reaction progress by *H NMR spectroscopy it could be seen
how the starting material (3H) is converted to the correspond-
ing dehydrogenated product (3D) without the formation of
other products. This confirmed the high selectivity of ADH of
THQs towards quinolines using rGO as carbocatalyst.

Table 1. Catalytic activity of rGO in ADH of 1,2,34-
tetrahydroquinoline (1H) under various reaction conditions.

rGO X
—_— _ + 2H2
N Temp N

Solvent

1H time 1D
Entry | Solvent T (°C) Conv. (%) Yield (%)
12 0-DCB 130 5 1
2 0-DCB 130 91 85
3 0-DCB 110 78 67
4 DMF 130 74 58
5 toluene 110 14 9
6 n-decane 130 81 64
7 DIPB 130 79 58
gb o-DCB 130 10 n.d.

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.15 mmol),
rGO (15 mg), solvent (1 mL) for 23 h. Evolution of starting mate-
rial  (conversion) obtained by GC/FID using 1,3,5-
trimethoxybenzene as internal standard and product formation
(yield) obtained by H NMR analysis. [a] Without rGO. [b]
Closed system. 0-DCB: ortho dichlorobenzene; DMF: N,N-
dimethylformamide: DIPB, 1,3-diisopropylbenzene.

Next, we investigated the scope and limitations of N-
heterocycle dehydrogenation using rGO as carbocatalyst (Ta-
ble 2). The reactions were monitored by GC and the activity
was compared using apparent reaction rates (See Sl for de-
tails). rGO is an efficient carbocatalyst for a variety of substi-
tuted THQs and indolines. Methyl (3H) or phenyl (5H) substi-
tution at the 2-position of THQ showed similar rates and af-
forded quantitative yields after 23 h. Introduction of different
groups at the 6-position (6H and 7H) does not influence the
formation of quinolines and similar reaction rates were ob-
tained. A substantial limitation in ADH of THQ substituted at
the 8-position was observed. The presence of a methyl (2H) or
a phenyl (8H) reduced the yield of 2D and 8D to 56 and 50 %,
respectively, probably due to steric effects. The same proce-
dure was used for dehydrogenation of tetrahydroisoquinoline
(10H). Under these conditions, full conversion of 10H was
also obtained, but only 15 % yield corresponds to isoquinoline
(10D), the rest (about 70 % yield) being the monodehydrogen-
ated product. Monitoring of the temporal reaction profile
indicates that double dehydrogenation of 10H requires longer
reaction times (Figure S12). A fast reaction and quantitative
conversion was obtained for tetrahydroquinoxaline (4H) con-
taining two nitrogen groups (92 % conv. in 8h). This result is
in agreement with previous theoretical calculations revealing
that the dehydrogenation is thermodynamically favored by
increasing the number of nitrogen atoms in the N-
heterocycles.?®> An important limitation was found for tetrahy-
dronaphthyridine (9H), while a good conversion of 76 % was
observed, in contrast, the product 9D could only be obtained in
a low yield (32 %), due to product degradation. Further studies
with five-membered ring N-heterocycles (indolines) showed
faster reactions. For instance, indoline (11H) and 2-
methylindoline (12H) were fully dehydrogenated to the corre-
sponding indole (11D) or 2-methylindole (12D) in less than 10
h.



Table 2. Scope of ADH of N-heterocycles

Substrate Product Substrate Product
S NO® b
— ~
N N N N
H H
1H, Conv. 91% 1D, Yield 85% 2H, 66% 2D, 59%
H
C@. T | C T
/
N N “
N N
H H
3H, 91% 3D, 87% 4H, 100% 4D, 82%
Ce. . CO | U9 T
—
N~ “Ph N >Ph N N
H H
5H, 96% 5D, 91% 6H, 100% 6D, 93%
MeO MeO. N X
: N i :N/: N N~
H Ph Ph
7H, 100% 7D, 91% 8H, 56% 8D, 50%
‘ N\ ‘ N\ X X
= N > N/ NH _N
H
9H, 74% 9D, 32% 10H, 100% 10D, 15%
Cp CO | O Coy-
N N N N
H H H H
11H, 100% 11D, 86% 12H, 100% 12D, 73%

Reaction conditions: Substrate (0.15 mmol), 15 mg of rGO, o-
DCB (1 mL) at 130 °C for 23 h. The number under the starting
material corresponds to conversion obtained by GC/FID and the
number under the product corresponds to the isolated product
yield after purification. See Sl for the reaction profiles and details.
H, Hydrogenated; D, Dehydrogenated.

The performance of rGO as carbocatalyst was further evaluat-
ed by recycling experiments. The temporal reaction profile
provides valuable information of activity and stability. The
rGO was removed from the solution after each run by decanta-
tion, washed with MeOH and reused without any preactivation
process. The data presented in Figure 2 are the average of two
independent reactions. These results show some decrease in
activity from run 1 to run 2and then, from run 4 to 6. Howev-
er, the activity is recovered from runs 7 and 8. These fluctua-
tions are due to the imperfect experimental working procedure
with rGO, rather than a real tendency to deactivation. In any
case, the catalytic activity of rGO is maintained for eight con-
secutive runs. It is worth mentioning that we have not ob-
served any sing of catalyst deactivation. This fact suggests that
rGO is a stable carbocatalyst. After the recycling experiments
the spent rGO was analyzed by HRTEM, XPS, elemental
analysis and Raman spectroscopy to determine any change in
the morphology and composition (Figures S15 — S17). The
only subtle difference is the presence of more wrinkles in the
spent rGO carbocatalyst. We believe that the presence of these
wrinkles is not directly related to the catalytic activity but a
consequence of the use of rGO in multiple experiments. XP
spectra of the C1s and O1s bands for the fresh and spent rGO

show a similar peak-shape and at the same binding energy
(Figure S16). Deconvolution provides similar contributions of
different bonding modes (C-C, C-N, C-O, C=0 and HO-C=0)
for the fresh and spent rGO. The oxygen/carbon ratio for the
fresh rGO sample was 0.12 and for the spent rGO (8 runs) was
0.13. These results confirm that during the catalytic reaction
there is not an increase or decrease of oxygen content. Ele-
mental composition by combustion analyses, confirmed that
the oxygen/carbon ratio is maintained after exhaustive recy-
cling (Table S3). The Raman spectra provided the characteris-
tic graphene pattern with D, G and 2D bands. The relative
intensity (Io/lg) of D and G bands is preserved after eight runs
indicating the high stability of rGO. (Figure S17). The availa-
ble characterization data before and after the recycling exper-
iment indicates that rGO is not altered during dehydrogenation
of N-heterocycles.

Conversion (%)

Figure 2. Activity of rGO as carbocatalyst for ADH of N-
heterocycles. Reaction conditions: Tetrahydroquinaldine (3H, 0.3
mmol), catalyst loading (30 mg of rGO), 0-DCB (2.0 mL) as
solvent at 130 °C. Conversion determined by GC/FID and using
1,3,5-trimethoxybenzene as internal standard.

Mechanistic studies of catalytic reactions using carbonaceous
materials is a difficult task because of the ill-defined nature of
the active sites.3” To get information about the catalytic active
sites of rGO, experiments were performed to address influence
of residual metals, use of organic molecules as models of the
active centres and selective masking of functional groups. We
first assessed the catalytic activity of different graphene-
related materials including rGO from different commercial
suppliers. The results (Figure S25) showed that graphene (G)
and graphite are not active in the dehydrogenation of N-
heterocycles. GO is highly active at low conversions, but then
it deactivates fast and after a prolonged reaction time only
63 % vyield is obtained. On the contrary, all rGO materials
used show a remarkable activity independently if they are
obtained by thermal or chemical reduction. This observation
indicates that the presence of vacancies or holes, which are
more common in thermal rGO, or the presence of adventitious
sites, N atoms in chemical reduction by hydrazine, are not
necessary for the catalytic activity. The results derived from
different carbonaceous materials indicate that the functional
groups and the sp? character of the basal plane of carbona-
ceous materials play a role as active sites in the catalytic reac-
tion.



Then, we analysed the potential catalytic activity of metal
impurities in the carbonaceous materials. Carbonaceous mate-
rials are predominantly obtained from graphite that contains
several metal impurities present at trace levels.®“° These
impurities could have an impact in the catalytic properties of
graphene. In addition, the preparation of GO and rGO involves
the use of oxidant/reducing agents, some of which can contain
metals that may remain in the final samples even at low con-
centrations. Common metal impurities found in rGO are iron
and manganese. We evaluated the catalytic activity in dehy-
drogenation of N-heterocycles by adding known amounts of
these metals in minute concentrations. The reaction progress
in three parallel reactions containing: no added metal, with 0.5
mg of M?* and with 1 mg of M?* were monitored (Figures S27
and S28). The results show that the three curves overlapped
for Mn?* or Fe?* suggesting that the catalytic effect induced by
the presence of these metal ions at these concentrations is
negligible.

We also used a series of organic molecules as models of the
active sites to assess the role of different functional groups (-
OH, -COOH and C=0) in ADH of N-heterocycles (Figure
S29). The use of simple organic molecules for mimicking the
role oxygenated groups at the surface of carbon materials is
gaining interest, due to the relevant information provided.*4?
The results show that model molecules containing carboxylic
acids and carbonyl groups promote somehow dehydrogenation
of N-heterocycles (Table S5). For instance, the yield of 2-
methyltretraquinoline (3D) is 19 and 34 % when using benzoic
acid (A) and pyrene-4,5-dione (H), respectively. Other com-
pounds like benzoquinone and phenol also exhibit some activi-
ty. The results also suggested that the chemical environment of
the functional groups is important, as we observed differences
between functional groups attached to benzene or pyrene
scaffolds. The activity of the model molecules suggests that
carboxylic acids, hydroxy and carbonyl groups present on rGO
are potential catalytic active sites. We then used modified rGO
samples in which certain functional groups have been selec-
tively masked to provide further information on active sites.
Carboxylic acids, ketone and phenol groups of rGO were
selective masked using established procedures (Scheme
S1).44 The catalytic activity of the parent rGO and the
masked materials rGO®®%", rGO®° and rGO®°" (superscript
indicates the masked group) was evaluated in dehydrogenation
of tetrahydroquinaldine (3H). The results reveal that samples
without carboxylic groups or phenolic moieties exhibit lower
apparent reaction rates than unprotected rGO. A more remark-
able decrease in the dehydrogenation rates occurs upon mask-
ing the carbonyl groups (Figure S32). The results of masking
experiments suggest that the carbonyl groups are the prevalent
active sites that together with lesser activity of carboxylic and
hydroxyl groups are responsible for the performance of rGO.

Previous studies on the use of rGO as carbocatalyst have al-
ready claimed the role of carbonyl groups (quinone type) as
active sites.**%46 Based on present experimental evidence, a
plausible mechanism for ADH of N-heterocycles is proposed
in which the role of carbonyl groups is emphasized as previ-
ously observed in ODH (Figure 3).4"*¢ According to this pro-
posal, dehydrogenation of N-heterocycles would occur with
the concomitant reduction of carbonyl groups that in a subse-
quent step would release molecular hydrogen.

Figure 3. Plausible mechanism in dehydrogenation of N-
heterocycles showing the role of carbonyl groups.

Graphene oxide (GO) is an efficient metal-free carbocatalyst
for oxidative dehydrogenation reactions (OHD). In this manu-
script, reduced graphene oxide (rGO) behaves as a suitable
carbocatalysts to promote, without metal assistance, a more
challenging thermodynamically uphill reaction, namely accep-
torless dehydrogenation of N-heterocycles. In order the reac-
tion to proceed, H, must be removed from the system, while
the catalyst has to be very efficient in establishing equilibrium
concentrations. rGOs of various origins are equally active as
catalysts promoting dehydrogenation of a wide range of N-
heterocycles. Available catalytic data indicate that possible
metal impurities are not involved in the process and that the
most likely active sites are quinone-like carbonylic groups. In
this way, the present results represent a step forward towards
the sustainability for on-board hydrogen release that could be
applicable in massive scale without mining or depletion of
limited metal resources.
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