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Pyridine-decorated carbon nanotubes as a metal-free
heterogeneous catalyst for mild CO, reduction to methanol
with hydroboranes

The use of pyridine-decorated MWCNTs (N?-MW) as robust and
reusable metal-free catalysts has been proposed as a benchmark
heterogeneous system for CO, reduction with hydroboranes at
ambient conditions (T = 294 K, P, = 1 atm) to afford MeOH
upon hydrolysis of methyl borinate.
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Pyridine decorated multi-walled carbon nanotubes (N?Y-MW) have
been successfully employed as a catalyst for the reduction of car-
bon dioxide to methyl borinate (R,BO-CH3) in the presence of
9-borabicyclo[3.3.1lnonane. N”Y-MW represents the first example
of a heterogeneous, metal-free and durable catalyst for CO,
hydroboration to methanol. A mechanistic cycle has been pro-
posed on the basis of targeted blank experiments and a quantum
chemical study, highlighting the non-innocent role played by the
nanotube carrier in the final N™-MW catalytic performance.

The rapid growth of the world population and the steady
increase of energy demand contrast with the limited nature of
non-renewable resources, thus fostering a real worldwide en-
ergy crisis." Moreover, mitigation of the effects caused by CO,
overproduction represents one of the most urgent and chal-
lenging issues of modern society.” In this regard, in recent
years, the scientists' point of view on carbon dioxide has radi-
cally changed. Nowadays, the chemical community does not
regard CO, as a waste product from fossil fuels but rather as
a chemical resource to be harvested and recycled into prod-
ucts of added value with the assistance of a catalyst.* In par-
ticular, the catalytic conversion of CO, is highly attractive be-
cause it provides a synthetic fuel (CH3;OH) that can be
exploited as an alternative energy source.” Catalysts essen-
tially based on transition metals have contributed to the es-
tablishment of seminal progress in the field of CO, fixation®
followed by its (photo-, electro-® and/or chemical”) reduction
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to CO, formate or methanol. From a sustainable viewpoint,
metal-free catalysts have emerged as highly attractive candidates
to replace metal-based systems in the process. Given their re-
duced costs and limited environmental impact, metal-free cata-
lysts have marked a real paradigm shift in “small molecule acti-
vation” research. Homogeneous frustrated Lewis pairs (FLPs),’
N-heterocyclic carbenes (NHC)? and N-bases'® are known to
interact with CO, and promote its catalytic deoxygenative hydro-
boration®* 49451011 o1 hydrosilylation.”*? To date, heteroge-
neous metal-free systems for CO, reduction are almost exclu-
sively limited to electrocatalysis, through the use of light-
heterodoped (i.e. N, S) 1D and 2D carbon materials.'” Although
these authors are aware of the limits of this chemical approach
to CO, reduction over other methods (in terms of energy effi-
ciency, industrial practicality and impact of sacrificial reducing
agents on the whole process), they feel that the development of
robust, stable and efficient heterogeneous metal-free catalysts
for CO, chemical conversion to methanol remains a highly at-
tractive open challenge from a foundational viewpoint. In a re-
cent finding, solid poly-N-heterocyclic carbene (poly-NHC) in
combination with hydrosilanes has been shown to convert car-
bon dioxide to methanol selectively."®> However, the heteroge-
neous particles rapidly deactivate after a few cycles as a conse-
quence of carbene protonation by gas impurities or silane.

In this study, we used pyridine-decorated MWCNTs (N™-
MW) as a robust and reusable heterogeneous metal-free cata-
lyst for CO, reduction with hydroboranes under ambient con-
ditions (T = 294 K, pco, = 1 atm) to afford methyl borinate.
Its hydrolysis by means of an excess of water provides metha-
nol (see the experimental section in the ESIT and Fig. S7).
This class of exohedral N-functionalized nanotubes has re-
cently been applied by us in the electrochemical oxygen re-
duction reaction (ORR).'* Besides their excellent performance
in the ORR process, they served as unique models for the in-
depth comprehension of the complex structure-reactivity re-
lationships that drive the underlying O, reduction mecha-
nism in these metal-free systems.'*” The recent outcomes in
CO, hydroboration by homogeneous Lewis bases and the lack
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of benchmark heterogeneous systems for the process
prompted us to explore N*Y-MW as a solid catalyst for CO, ac-
tivation and its hydroboration to methyl borinate (R,BO-
CH,).

Scheme 1 outlines the general reaction process. Pyridine-
decorated MWCNTs (N™Y-MW) are prepared following litera-
ture procedures’**? and are firstly employed as heteroge-
neous metal-free systems for CO, reduction under mild con-
ditions in the presence of various hydroboranes [HBR, =
HBcat (catecholborane), HBpin (pinacolborane) and 9-BBN
(9-borabicyclo[3.3.1]nonane)] as reducing agents. The pyridine
content in N*Y-MW has been inferred as the average N wt%
measured from different surface and bulk characterization
procedures (see Table S1 in the ESIY).

The catalytic performance of N*™-MW with each hydro-
borane is qualitatively investigated by in situ "*C{*H} and *C-
NMR spectroscopy at fixed times, using isotopically enriched
3CO, (p = 1 atm) at ambient temperature (T = 294 K). All ex-
periments have been run in thf-dg, since tetrahydrofuran is
the optimal solvent to obtain a homogeneous catalyst disper-
sion upon short-time tube sonication (see the experimental
section in the ESIf). Although NMR-tube reactions do not
represent the ideal conditions required for an efficient
heterogeneous process, they offer a clear perspective on the
best reducing agent for the process. As shown in Table 1 (see
also Fig. S2-S47t), 9-BBN largely outperforms all other selected
hydroboranes under these conditions, providing the highest
3CO, conversion and percentage of methyl borinate 3
(Table 1, entry 3). No evidence for the transient generation of
boryl formate (1) is given from each run under these condi-
tions. The markedly lower conversions measured with HBpin
and HBcat compared to 9-BBN (Table 1, entries 1 and 2 vs. 3)
are in line with related hydroborations from the literature
using metal-"> and metal-free”'* homogeneous catalysts.
According to this preliminary screening, 9-BBN is selected as
the benchmark reducing agent for the optimization of N™-
MW in the catalytic CO, reduction. To this aim, catalytic tri-
als are then run in a 14 mL stainless-steel reactor equipped

=~ W R,B H®A
CO, (1 atm) ”g*»\ 2BOCOH (1)
+

(R.BO),CH, (2)
3 R,BH thf ¥
[Ry;BOCH; (3) + R,BOBR,]

11N O\ O\
RoBH = BH ©: BH BH
e o
pinBH catBH 9-BBN

Scheme 1 CO, reduction catalyzed by NP™-MW with various
hydroboranes and the distribution of products (1-3). See also Fig. 1.
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Table 1 Qualitative reduction study of CO, with various hydroboranes
using NPY-MW as catalyst”

Entry Borane 13C0,7 (%) 17 (%) 27 (%) 3% (%)
1 HBpin 96 — 4 n.d.

2 HBcat ~100 — n.d. n.d.

3 9-BBN 16 — 72 12

“ Reaction conditions: NMR tube equipped with a J. Young valve,
charged with: 3 mg of catalyst (0.003 mmol; 0.75 mol%), 3.2 eq. of
borane, 1 mL of thf-dg, 1 atm '°CO,; 294 K, 24 h. ? Based on the
integration of the relative "C{'H} signals (see the experimental
section in the ESI).

with a glass sample holder, a magnetic stirrer bar and an ex-
ternal pressure control (3 atm at full scale).

Unless otherwise stated, all reactions were performed in
thf-dg and their course was monitored at fixed times by ana-
lyzing the crude mixtures via *C{'"H} NMR spectroscopy in
the presence of an internal standard (see the experimental
section in the ESIT). Fig. 1 outlines the distribution of the re-
action products over time and Table 2 summarizes the cata-
lyst's performance as TON and TOF values. As shown in
Fig. 1, CO, is steadily transformed into 1,1-methylene
diborinate 2 and methyl borinate 3 with complete conversion
to the latter after 55 h (Table 2, entries 1-4). No traces of
boryl formate 1 are detected at any reaction time. This con-
firms the kinetic control of the first reduction step and the
rapid conversion of the transient intermediate 1 into the ace-
tal 2 under ambient conditions.'®® After 36 h, CO, is entirely
converted into 2 and 3 (Table 2, entry 2) and a 10/90 ratio in
favor of methyl borinate 3 is measured after a reaction time
of 43 h, corresponding to a TON value of 308 (for 3, based on
the formed C-H bonds; Table 2, entry 3). To take full advan-
tage of the catalyst performance, the same amount of N™-
MW is suspended in 6 mL of thf and used for CO, reduction
under ambient conditions (T = 294 K, pco, = 1 atm) in a 60
mL volume reactor. Under these conditions, a TON value of
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Fig. 1 Product distribution (%) over time (h) for the catalytic reduction
of CO, (1 bar) with N?Y-MW as the catalyst and 9-BBN as the reducing
agent. Yields (%) of 2 and 3 are from entries 1-4 of Table 2.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Catalytic CO, reduction with N?Y-MW as the catalyst and
9-BBN as the reducing agent®

T 2? 3b MeOBBN (3)
Entry Cat. (h) (%) (%) TON® TOF?
1 NPY-MW 24 48 38 130 5.4
2 NY-MwW 36 42 58 198 5.5
3 NPY-MW 43 10 90 308 7.2
4 NY-MwW 55 — 100 — —
5¢ NPY-MW 96 16 84 1141 11.9
6 — 43 — — — —
v NY-MwW 43 13 87 298 6.9
8¢ NPY-MW 43 10 89 304 7.1
9" Pyridine 43 — <1 n.d. n.d.
10’ MW 43 — — — —

“ Reaction conditions (unless otherwise stated): 14 mL stainless-
steel/Teflon®-lined reactor charged with 4.5 mg of catalyst (0.005
mmol; 0.3 mol%), 0.22 g of 9-BBN (3.2 eq.), 1.5 mL of thf-dg, 1 atm
CO,; 294 K. ” Based on the integration of *C{'H} signals using CHj-
CN (30 pl, 0.57 mmol) as the internal standard (see the experimental
section and Fig. S5 in the ESI). © Expressed as mmolyeon mmoley
and calculated on the basis of the number of C-H bonds in 3.
4 Expressed as TON per h. ¢ 60 mL reactor, 6 ml thf (2 mL thf-dg + 4
mL thf), 120 pL (2.28 mmol) CH;CN as the internal standard. / 3rd
recycling test. € 10th recycling test. ” Pyridine as the catalyst (0.05
mmol; 3 mol%). ’ 5 mg of pristine MWCNTSs as the catalyst.
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1141 (based on C-H; Table 2, entry 5) is measured for 3 after
96 h (see experimental details in the ESIT).

Although a direct comparison with other metal or metal-
free homogeneous catalysts is difficult because of the hetero-
geneous nature of N”-MW and the different experimental
conditions used (temperature, pressure and reducing
agent),'® it can be inferred that the TON values measured
with N®-MW outperform (with very few exceptions'’) those
claimed for many single-site transition'® and main group®
metal complexes as homogeneous catalysts of the state-of-the-
art (Table S27). Recent findings in the field of metal-free ca-
talysis have unveiled the excellent potentiality of selected
Lewis bases in hydroboration (Table S21). However, all the
homogeneous systems pose several constraints and limita-
tions to their exploitation as stable and reusable catalysts.
N™-MW is easily recovered and reused in the hydroboration
process and it maintains its catalytic performance, virtually
unchanged even after ten successive runs (Table 2, entries 7
and 8 and Fig. S6 in the ESI}). No appreciable pyridine loss
was measured on the recovered catalyst after several catalytic
runs thus confirming the robustness of NP-MW for the
hydroboration process (Fig. S1 and Table S1 in the ESIf}).
With TON values higher than those claimed for the majority

Scheme 2 Proposed mechanism for the CO, reduction catalyzed by N™Y-MW in the presence of 9-BBN. See the ESIi for details on DFT calcula-

tions related to the postulated reaction path.

This journal is © The Royal Society of Chemistry 2017
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of homogeneous single-site transition and main group metal
complexes of the state-of-the-art, N™-MW constitutes the first
example of a durable, heterogeneous and metal-free catalyst
for CO, hydroboration to methanol (Table S27). Its catalytic
performance also ranks among TON values with the same or-
der of magnitude as those reported for selected and well
known homogeneous, metal-free systems (Table S27).

In a previous literature outcome, a pyridine derivative,
[4-dimethylaminopyridine (DMAP)],'* has shown only neg-
ligible catalytic performance as a homogeneous system in
the hydroboration process. This result suggests that the
role of the carbon nanotubes in N*-MW goes far beyond
that of a simple and innocent carrier for the dangling
pyridine active arms. In addition, we have proved that neither
pristine MW carbon nanotubes (as a heterogeneous
system) nor an excess of free pyridine (as a homogeneous
catalyst) shows any appreciable catalytic performance un-
der the optimized reaction conditions (Table 2, entries 9
and 10). While the first “blank” trial rules out any cata-
lytic contribution from the C-nanomaterial as such (in-
cluding that potentially rising from metal impurities pres-
ent in trace amounts within its tridimensional network),
the second experiment unambiguously demonstrates the
existence of synergistic and beneficial effects between the
C-nanocarrier and the covalently grafted N* groups. The
identification of such effects starts from the comprehen-
sion of the underpinning reaction mechanism for the N™-
MW mediated CO, hydroboration. The clear-cut identity of
the surface N-groups along with the well-established
functionalization protocol®® used for their covalent grafting
facilitates the elucidation of the presumed mechanistic
path. The proposed catalytic cycle for the CO, hydro-
boration reaction is outlined in Scheme 2 and supported
by model DFT calculations including thf solvent effects as
a continuum (see the DFT study in the ESI{). The compu-
tational modeling carried out on the plain pyridine
groupi as the catalyst in the presence of CO, and two
equivalents of 9-BBN (Scheme S1}) has confirmed the ki-
netically sluggish CO, conversion (AG* = 26.7 kcal mol™ -
RDS and Table 2 entry 9) into the thermodynamically fa-
vored adduct 1-NPy. The latter is supposed to undergo a
rapid intramolecular hydroboration of the formyl unit to
give 2-NPy through a kinetically and thermodynamically
favored process. This result explains the rapid consump-
tion of the formyl adduct whose presence has never been
detected spectroscopically for any N*-MW mediated cataly-
sis. The last step (third hydroboration) is thermodynami-
cally downhill (AG = -35.4 kcal mol™) to give methyl
borinate 3. The relatively high energy barrier measured
for the first hydroboration step (rate determining step,
RDS)'*“'® justifies the negligible activity of the homoge-
neous pyridine as the catalyst under ambient conditions
(Table 2, entry 9). However, it contrasts with the catalytic
performance of its heterogenized counterpart (N™-MW).
The introduction of a negative charge in the simplified
quantum chemical model based on plain pyridine as the

5836 | Catal Sci. Technol., 2017, 7, 5833-5837
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catalyst unveils an appreciable reduction of the energy
barrier associated with the RDS of the process (Scheme
S1t - red line). Accordingly, it can be inferred that the
nanotubes act as electronic lungs for the surface grafted
pyridine  groups, boosting the nanotube-to-pyridine
electronic density migration. Such an effect perfectly
matches with experimental evidence outlined by Strano
and co-workers on related covalently grafted aryl moieties
at the nanotube sidewall.>® Therefore, a synergistic and
positive interaction between the nanotube framework and
the covalently grafted pyridine arms can be invoked as
the rationale for the largely increased catalytic activity of
the heterogenized heterocycles.

Conclusions

In summary, we have described the first example of a du-
rable heterogeneous catalyst as a metal-free system for
CO, hydroboration to methyl borinate 3 under ambient
conditions. With turn-over numbers close to those claimed
for other metal and metal-free homogeneous catalysts of
the state-of-the-art and its effective re-use in catalysis,
N®-MW candidates as a heterogeneous benchmark for
this process. In addition, a hydroboration mechanism
has been proposed on the joint basis of experimental
data and ab initio simulations, suggesting the key role of
the carbon nanotube carrier as an electronic reservoir for
the dangling pyridine active arms. The latter point paves
the way to the future exploitation of our catalyst technol-
ogy, towards more sustainable leaf-like  photo-
electrocatalytic cells®® for CO, conversion into products
of added value.
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1 The authors have intentionally limited their DFT study to a single pyridine
(bearing a zero and -1 charge) and its interaction with the reagents without in-
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count the unpredictable grafting mode (and related chemical surroundings) of
the heterocycles to its outer surface. Any modelling of the N™-MW real system
would necessarily imply an arbitrary choice of the pyridine chemical surround-
ings depending on its covalent anchoring (radical attack or radical displace-
ment) to the CNT basal plane, edge sites or topological defects.
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