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functionalized graphene oxide-based
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Anthropogenic climate change drastically affects our planet, with CO, being the most critical gaseous
driver. Despite the existing carbon dioxide capture and transformation, there is much need for
innovative carbon dioxide hydrogenation catalysts with excellent selectivity. Here, we present a fast,
effective, and sustainable route for coupling diverse alcohols, amines and amides with CO, via
heterogenization of a natural metal-based homogeneous catalyst through decorating on
functionalized graphene oxide (GO). Combined synthetic, experimental, and theoretical studies
unravel mechanistic routes to convergent 4-electron reduction of CO, under mild conditions. We
successfully replace the toxic and expensive ruthenium species with inexpensive, ubiquitously
available and recyclable iron. This iron-based functionalized graphene oxide (denoted as Fe@GO-
EDA, where EDA represents ethylenediamine) functions as an efficient catalyst for the selective
conversion of CO, into a formaldehyde oxidation level, thus opening the door for interesting molecular
structures using CO, as a C1 source. Overall, this work describes an intriguing heterogeneous
platform for the selective synthesis of valuable methylene-bridged compounds via 4-electron

reduction of CO..

Since Diesel discovered the first application in a combustion-ignition engine
in 1895', industries have employed diesel fuel in motor vehicles, construc-
tion machines, and transportation™. Liquid diesel fuels now account for
95% of transport energy in compression ignition (CI) engines and power
99.8% of worldwide transportation, three because it outperforms gasoline in
terms of torque output and fuel efficiency for spark ignition (SI) engines,
particularly in mid- and heavy-duty applications. Yet, CI engines have a
severe problem with particulate matter emissions, like soot, in addition to
greenhouse gas emissions and other cytotoxicity issues associated with
diesel exhaust™.

Several alternatives like battery electric vehicles, biofuels, and hydrogen
have arisen in recent years®’. While battery electric vehicles are an attractive
option for short-distance transportation'’, high-energy density fuels are
likely to be required for long-distance transportation for the foreseeable
future. Recent studies demonstrate that adding oxygen-containing chemi-
cals to diesel fuel, such as oxymethylene ether (OME), ethanol, and dimethyl

carbonate, efficiently reduces soot emissions'' ™. This precludes not only
diesel engine modification but also pollution reduction in the diesel exhaust
through the appropriate inclusion of fuel additives; simple alcohols or
ethers, on the other hand, do not meet these standards. Oxymethylene
ethers are -O-CH,-linked oligomers that have gained considerable attention
in recent decades because of their inherent properties that could be exploited
as fuel additives''"*. Among the OMEs, methylal or dimethyoxymethane
(DMM) is the first member in the homologous series'” . We can utilize
DMM not only in the perfume and pharmaceutical industries and as a green
solvent but also as a fuel additive or a precursor to producing OMEs by
reacting with formaldehyde**’. Industrially, DMM is made in a two-step
process where heterogeneous mixed-metal catalysts and the latter step
catalyze the former from methanol to formaldehyde. Thereby, a conversion
of formaldehyde to DMM is mediated by the acid catalysts (Formox
process)” or fluid-bed reactor-based process for the synthesis of OMEs from
DMM and formaldehyde™”.
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A [Ru]-based molecular catalyst in a solution state can facilitate DMM
synthesis in one pot via oxidation followed by condensation™. The reductive
method of producing the central CH, unit from CO, using eco-friendly
catalyst will be more attractive because the sustainable conversion of CO,
into fuels and other value-added chemicals is not only economically ben-
eficial but also crucial from an environmental viewpoint>™*’. Numerous
reports described CO, reductive functionalization using hydrosilanes to the
corresponding formaldehyde level product such as bis(silyl)acetals* ™.
Klankermayer et al. developed a metal-based protocol for DAM synthesis
from CO,, alcohols and molecular hydrogen using Ru-based molecular
catalyst through his fundamental and pioneering work (Fig. 1, A)"’. Inspired
by these results, Klankermayer’s group established an elegant strategy for
DMM production from CO,, molecular hydrogen and methanol using a
cobalt-containing system (Fig. 1, B)"". After those significant reports, Trapp
et al. introduced a new methodology for this conversion. These out-
standing outcomes inspire the authors to explore further their investigations
to related backbone-modified tripodal ligand systems having a phosphorous
(H, where R=P) or silicon (F and G, where R=Si-Ph and Si-Me,
respectively)*. Among the various systems, Ru(**Si-Triphos™) coupled
with AI(OTY); (Fig. 1, G) offers the best outcomes for the synthesis of DMM,
although without surpassing more active system (Fig. 1, E)*. Very well-
connected with this study, the same research group displays the power that
multivariate modeling optimization can offer for further improvement of
the efficiency of a catalytic method*. Subsequently, Hashmi et al. developed
a related RuH,(Triphos)(PPh;) system, in combination with Al(OTf); as
acid cocatalyst, for the synthesis of DMM from CO,, MeOH and molecular

metal-free approach for the four-electron reductive functionalization of
CO, using amines (Fig. 1, ])*. More recently, Mandal et al. demonstrated
stable mesoionic N-heterocyclic imines (mNHIs) bearing a highly polarized
exocyclic imine for the metal-free reductive functionalization of CO, into
aminals under the reductive pathway (Fig. 1, K)*. Although the approaches
mentioned above are attractive and take science to a more advanced level,
the usage of homogeneous medium has limited potential for large-scale
synthesis. Recently, other researchers introduced heterogeneous reductive
functionalization of CO, to oxymethylene dimethyl ethers using Ru-based
catalysts (Fig. 1, L and M)™*. Unfortunately, these heterogeneous
approaches require higher temperatures for activation and selective con-
version of CO,. The toxic and expensive ruthenium-based catalysts
potentially hamper their commercialization process. Hence, a promising
protocol needs to be developed for the reductive functionalization of CO, to
fuel based on heterogeneous, recyclable, inexpensive and eco-friendly cat-
alyst; thereby, knowledge acquired in metal-promoted catalysis can be
utilized for potential sustainable applications.

Building on the fundamental studies, we hypothesize that
ethylenediamine-functionalized graphene oxide (GO-EDA) could be con-
structed through direct immobilization on GO for its applications in het-
erogeneous metal-based catalytic transformations. Ru or Fe species can be
deliberately decorated on a layered functionalized GO via the post-synthetic
modification of the GO-EDA using FeO/a-Fe,O; nanorods and RuCl; to
utilize the recyclable active metal sites for the reductive functionalization of
CO, into dialkoxymethane (DAM) and aminals. In concurrence with our
hypothesis, here, we present the synthesis, theoretical modeling, and com-
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Fig. 1 | Background and motivation of reductive functionalization of CO,.

a, b Previous reports on the catalytic reductive functionalization of CO, to CH,-
bridged compounds using homogeneous catalytic systems. ¢ Previous reports on the
catalytic reductive functionalization of CO, to CH,-bridged compounds using

heterogeneous catalytic systems. d Our work on heterogeneous metal-based
reductive functionalization of CO, to OMEs, aminals and other CH,-bridged
compounds under atmospheric conditions.
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Fig. 2 | The schematic illustration for the synthesis of the EDA-functionalized GO and the Fe- and Ru-based functionalized GO.

synthesized from direct immobilization of EDA on GO sheets under sol-
vothermal conditions, followed by metal decoration.

These metal-functionalized graphene oxide-based materials act as
efficient catalysts, allowing for the selective four-electron reduction of CO,
into a formaldehyde oxidation level. The essence of being thermo-
dynamically favorable with 6-electron reduction and kinetically favorable
with four-electron reduction (another challenge) elucidates the exceptional
selectivity of CH,-bridged compounds. More intriguingly, iron is highly
sustainable and environmentally friendly. Iron is one of the most recycled
metals and typically produces the same quality product after recycling.
Considering sustainability, we expand this methodology with an optimal
eco-friendly iron-based catalyst (i.e. Fe@GO-EDA).

Results and discussion

Synthesis and characterization of graphene oxide-based materials
The synthesis of the EDA-functionalized GO and the Fe- and Ru-based
functionalized GO is depicted in Fig. 2. First, the PXRD measurements are
used to evaluate the exact structure of functionalized GO materials,
revealing the formation of layered structures. The X-ray diffraction (XRD)
data of the GO-EDA, Fe@GO-EDA and Ru@GO-EDA samples and the
corresponding d-spacing are depicted in Fig. 3a. The synthesized GO
exhibits a prominent peak located at around 26 = 10.8° (Supplementary
Fig. 2) and the measured interlayer distance is about 0.817 nm, which can be
due to the formation of various oxygenic functional groups on the basal
plane of the graphite™” and absorbed water’'. After successful covalent
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Fig. 3 | Structural characterizations of graphene oxide-based materials. a PXRD
patterns of GO-EDA, Fe@GO-EDA and Ru@GO-EDA. b N, sorption isotherms of
GO-EDA and Fe@GO-EDA at 77 K (inset: pore-size distribution profile, calculated
by using BJH (Barrett-Joyner-Halenda) method). ¢ FT-IR spectra of GO, GO-EDA,

Fe@GO-EDA and Ru@GO-EDA. d TGA of GO-EDA and Fe@GO-EDA. e Raman
spectra of GO, GO-EDA, Fe@GO-EDA and Ru@GO-EDA. f, g The structural
modeling of a-Fe,O; and Fe@GO-EDA with the help of the Materials Studio
program.

functionalization of GO with reactive EDA, we detect a visible broad peak at
higher 26 values (26 =23.8°). The EDA-functionalized GO exhibits a
broad peak caused by the (002) plane, suggesting an amorphous nature,
which strongly reveals the reduction of oxygen in the functional groups
(partially reduced GO by ethylenediamine) and confirms that GO-EDA has
alesser interlayer spacing of about 0.370 nm (dyo;) than the synthesized GO
(0.817 nm) (Fig. 3a, Supplementary Fig. 2); about fairly close to graphite.
In the case of Fe@GO-EDA, with a calculated interlayer separation of
about 0.373 nm, the observed broad peak of very low intensity, induced by

the (002) plane, indicates the existence of m—m stacking (Fig. 3a). Based on
this outcome, we can reasonably conclude that there must be the -
stacking (perhaps to alesser degree) and the conjugation of sp” regions in the
cross-linking areas after metal decoration and lower intensity of the broad
peak may be due to structural failures and collapses after immobilization of
iron and/or high amount of Fe species present in the Fe-based functiona-
lized GO (notably, another contributor may be the low dispersion). The
diffraction peaks located at around 33.28, 39.81, 49.53, 57.41, 62.07, 74.70
and 79.66° correspond to the (104), (006), (024), (122), (214), and (217)
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planes of rhombohedral Fe,O3. Based on the recorded PXRD pattern, the
structural modeling of a primitive rhombohedral cell of a-Fe,O; is con-
ducted with the help of the Materials Studio program (Fig. 3f). The
experimentally observed pattern by the standard JCPDS 89-8104. The peak
located at around 35.94° is related to the (313) plane of tetragonal FeO,
which agrees with the standard JCPDS 89-5894. Rhombohedral Fe,Os is
considered for the structural modeling of the Fe-based functionalized GO
(Fig. 3g) and furthermore, density-functional theory (DFT) calculations are
carried out using this optimized model (i.e. Fe,O;-loaded functionalized
GO) for a better clarification. Theoretical pattern calculated from this model
accords well with the experimental pattern.

Similarly, in the case of Ru@GO-EDA, a visible broad peak located at
26 = 23.8° reveals that the - stacking and the conjugation of sp” regions
were restored in the cross-linking areas during the stitching of graphene
sheets™. In sharp contrast, no prominent Ru/RuO, species peaks can be
detected over the Ru@GO-EDA, which can possibly be due to the high
dispersion or low amount of Ru species present in the Ru-based functio-
nalized GO (Fig. 3a). In GO-EDA, the EDA molecules function as a surface
modifier. The experimentally observed PXRD pattern of the synthesized
GO-EDA is in good agreement with the TEM and XPS measurements
(Supplementary Figs. 3 and 5), further demonstrating the generation of the
stitched layered graphene sheets®.

The porous properties of the GO-EDA and Fe@GO-EDA are assessed by
N, adsorption isotherms measured at 77 K. The GO-EDA and Fe@ GO-EDA
display a typical Type-IV behavior with a hysteresis loop, reflecting their
dominating mesoporous character, guest-accessible BET surface area (Spgr) of
about 272 and 131 m’g ', respectively, and pore volume of 0.274 and
0211 cm’ g" (Fig. 3b). Figure 3b (inset) presents the pore-size distribution
calculated using BJH (Barrett-Joyner-Halenda) method that confirmed the
presence of a well-organized structure of GO-EDA. The FT-IR spectra of GO,
GO-EDA, Fe@GO-EDA and Ru@GO-EDA are represented in Fig. 3c.

For GO, we detect visible characteristic peaks at 1726 cm ™" (assigned to
C=0 stretching vibration present in carboxylic acid), 1629 cm ™ (assigned to
C=C stretching vibration in aromatic ring), 1230 cm™" (related to C-O-C
present in epoxy groups) and 1051 cm™' (assigned to C-O stretching
vibration in epoxy functional groups)*’. More intriguingly, in the case of
GO, the hump-shaped band appears at around 3420 cm ™", which can be due
to O-H stretching vibration present in the carboxylic groups. After the
successful functionalization of GO with EDA molecules, this peak is shifted
to 3401 cm ™', which may be due to the generation of amide groups
(O=C-NH) and the exclusion of O-H groups from the carboxylic acid. The
new band located at around 1635 cm ™' can be due to the overlap of C=N and
C=C bonds. The generation of the peak for C-N vibration (1340 cm™)
along with a much weaker peak for C=O stretching vibration, strongly
confirms the successful covalent immobilization of ethylenediamine on GO
sheets.

The thermal stability of the functionalized materials (GO-EDA and
Fe@GO-EDA) is assessed by thermogravimetric analysis (TGA) at the
temperature range 30-900 °C (Fig. 3d), which reveals that GO-EDA is
thermally stable up to 150 °C (Fig. 3d), in contrast, the Fe@GO-EDA has
good thermal stability up to 230 °C (Fig. 3d). Raman spectra of GO, GO-
EDA, Fe@GO-EDA and Ru@GO-EDA are shown in Fig. 3e. It should be
noted that when metals are immobilized on the GO, the intensity ratio of D
and G band (i.e. Ip/I) usually increases, which can be caused by electronic
interaction between the functionalized GO and metals (i.e. Fe or Ru species).
ICP-AES experiments are used to determine metal content % of iron and
ruthenium in Fe@GO-EDA and Ru@GO-EDA. Fe and Ru contents are
about 3.81 and 4.12 wt% in the fresh Fe@GO-EDA and Ru@GO-EDA,
respectively. We check metal content % of Fe in the recovered catalyst after
the first cycle (3.77 wt%) and fifth cycle (3.76 wt%).

Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) suggest the morphological features of the synthesized
GO-EDA, Fe@GO-EDA and Ru@GO-EDA. To determine the structural
features, morphological (internal morphology), and topographical infor-
mation of these materials, we employ high-resolution transmission electron

microscopy (HR-TEM) after the treatment of ultrasonic stripping, which
reveals the formation of layered materials. As shown in Fig. 4a—f, Fe@GO-
EDA displays a sheet-like morphology, in which the thickness of the sheets
ranges from 10 to 20 um, and the TEM images further confirm this sheet-
like morphology of Fe@GO-EDA (Fig. 4g, h). The HR-TEM image (Fig. 4h)
reveals that the GO layers stack on top of each other, and these sheets are
linked via - stacking to form a 2D-layered network. Notably, the selected
area electron diffraction (SAED) pattern (Fig. 4g, inset), having visible
electron-diffraction spots, suggests the presence of the GO, supporting the
experimental PXRD data. SEM and TEM analyses display that the a-Fe,O5
has nanorods in shape (Fig. 4b-f), suggesting the successful decoration of Fe
species on the functionalized GO.

The energy-dispersive spectrometer (EDS) mapping illustrates the
uniform distributions of C, N, O and Fe in Fe@ GO-EDA (Fig. 4k-0). As
shown in Fig. 5a-f, Ru@GO-EDA displays a sheet-like morphology, in
which the thickness of the sheets ranges from 0.8 to 1.5 um, and the TEM
images further confirm this sheet-like morphology of Ru@GO-EDA
(Fig. 5g, h). As noticed from a magnified view (Fig. 5i), the distance between
two yellow lines suggests the interplanar distance of the (211) plane for
RuO, and the (101) plane for metallic Ru. Furthermore, the energy-
dispersive spectrometer (EDS) mapping illustrates the uniform distribu-
tions of C, N, O and Ru in Ru@GO-EDA, as shown in Fig. 51-p.

X-ray photoelectron spectroscopy (XPS) allows the elucidation of the
surface properties and the interaction between the constituted components
in the functionalized GO materials. The XPS full-scan survey analysis
supports all comprised elements, i.e., C, N, O, Fe and Ru in Fe@GO-EDA
and Ru@GO-EDA (Fig. 6a, e). The XPS Cls spectrum of Fe@GO-EDA
(Fig. 6b) can be well deconvoluted into five components at 284.5 eV
(assigned to the C=C and C-C bonds), 285.6 eV (assigned to the C-N and
C-O bonds), 286.9 eV (assigned to C-O-C in epoxide), and 287.3 eV
(assigned to the C=0 in carboxyl functional groups)>. Moreover, the high-
resolution XPS N1s spectrum of Fe@GO-EDA exhibits two subpeaks with
binding energies of 398.1 and 399.5 eV (Fig. 6¢). The peak at 398.1 eV is
assigned to N-Fe interaction™, whereas the peak at 399.5 eV is ascribed to
C-N bonds. The XPS Ols spectrum of Fe@GO-EDA exhibits two peaks
centered at 532.8 (assigned to C-O) and 531.5¢eV (assigned to C=0), as
illustrated in Fig. 6d. In the case of Ru@GO-EDA, the C 1s spectra overlap
with Ru 3d spectra (Fig. 6f), displaying four main subpeaks located at 288.3,
287.3,286.2 and 284.4 eV corresponding to O-C=0, C=0, C-O/C-N and
adventitious C-C bond, respectively. The signals positioned at 280.6 and
282 eV correspond to Ru’ and RuO,, respectively”.

Moreover, the high-resolution XPS Nls spectrum of Ru@GO-EDA
exhibits two subpeaks with binding energies of 397.9 and 399.7 eV (Fig. 6g).
The peak at 397.9 eV is assigned to N-Ru interaction. In the case of Fe@GO-
EDA, we characterize the supported Fe,O3 by a spin-coupled doublet for
curve fitting of Fe2p;,, and Fe2p, ;, at 714.3 and 727.8 eV, respectively. We
characterize the supported FeO by a spin-coupled doublet for curve fitting of
Fe2ps/, and Fe2p;,; at 711 and 724.3 eV, respectively, which strongly sug-
gests that both Fe’* and Fe’* species are present in the Fe@ GO-EDA*. To
unravel the coexistence of Ru and RuO,, we further analyze the Ru species
by employing XPS (Fig. 6j). The peaks located at 461.0 and 483.8 ¢V are
assigned to metallic Ru, while those at 463.8 and 486.7 eV are related to
RuO,”. Further characterization of the synthesized GO-based materials and
recovered catalyst supports our conclusions (Supplementary Figs. 2-11).

Reaction development and scope

After completing the characterization of Fe@GO-EDA, we examined its
catalytic activity for converting methanol (la) to dimethoxymethane
(DMM, 2a), as shown in Table 1. At the outset, we test Fe@GO-EDA for a
model reductive functionalization of CO, using methanol 1a as a model
substrate and PhSiHj; as a reductant under base- and solvent-free conditions
(Table 1), which, to our delight, delivers 79% NMR yield of DMM in 24 h at
60 °C in the presence of 4.5 equivalent of PhSiH; (relative to 1a) (entry 1). To
further enhance the yield, we conduct the reaction in aprotic polar solvents
such as CH;CN or DMSO (deuterated). The yields are comparable under
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Fig. 4 | Structural characterizations of Fef@GO-EDA. a-f SEM images of Fe@GO-EDA. g, h TEM images of Fe@GO-EDA, inset g: SAED pattern of Fe@GO-EDA. i EDX of
Fe@GO-EDA. j Electron image of Fe@GO-EDA. k Elemental mapping of Fe@GO-EDA for 1 carbon, m oxygen, n nitrogen and o iron.

solvent-free conditions (entries 2 and 3). A quick survey of non-polar sol-
vents like benzene (deuterated) provides DMM in moderate yield (entry 4).
The reaction temperature affects the catalytic outcome of CO, into DMM; a
higher temperature of 25-90 °C appears to impart a favorable effect on the
catalytic outcome, affording 2a in good yields (entries 5-7).

Additional experiments reveal that 10 mg catalyst is required (entries 8,
9). We next screen various hydrosilane reductants; among them, PhSiH; is
the most effective reductant (entries 10, 11). Finally, we examine the reaction
time, and the results suggest that 36 h is required to achieve the higher
conversion of CO, (entries 12-14). We conduct a series of control
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Fig. 5 | Structural characterizations of Ru@ GO-EDA. a—f SEM images of Ru@GO-
EDA. g, h TEM images of Ru@GO-EDA. i Magnified view where the distance
between two yellow lines suggests the interplanar distance of the (211) plane for
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RuO, and (101) plane for metallic Ru. j SAED pattern of Ru@GO-EDA. k Electron
image of Ru@GO-EDA. 1 Elemental mapping of Ru@GO-EDA for m carbon,
n nitrogen, o oxygen and p ruthenium.

experiments with GO or GO-EDA as catalysts. As expected, the GO or GO-
EDA do not provide the desired product DMM 2a or methylformate (MF,
2a’) under atmospheric CO, pressure (entries 15, 16). To further enhance
the yield, we carry out the reaction in the presence of catalytic Ru@GO-
EDA, however the yields are comparable under solvent-free conditions
(entry 18).

Most importantly, iron is highly sustainable and environmentally
friendly. Iron is one of the most recycled metals and typically produces the
same quality product after recycling. Therefore, we thus expand the scope
of this methodology to other substrate classes with our optimal sustainable
metal-based catalyst (i.e. Fe@GO-EDA). Notably, an additional control
experiment without Fe@GO-EDA or Ru@GO-EDA demonstrates no
formation of DMM under the standard conditions (entry 17). Among
various hydrosilanes, PhSiH; (the most typical primary silane) is most
effective (entry 1). We examine a series of silanes, and alkyl silane or
alkoxysilane such as diethylsilane, triethylsilane, methyldiethoxysilane,

trimethoxysilane or triethoxysilane is found to be inactive for the reaction
(entries 19-23). Intriguingly, siloxane such as poly(methylhydrosiloxane)
or 1,1,3,3-tetramethyldisiloxane is noted to be suitable for this transfor-
mation, affording the corresponding product in low-to-moderate yield
(entries 11 and 24).

Further, to check the catalyst reusability, we recover the employed
Fe@GO-EDA catalyst from the reaction mixture via centrifugation, fol-
lowed by washing with organic solvents and drying in vacuo. It should be
noted that the present Fe@GO-EDA can be reused at least five times
(Fig. 7b), and the PXRD pattern of the recovered catalyst supports the
retention of its original structural Integrity (Supplementary Fig. 9). Pore
blockage after fifth run, reducing the active-site accessibility, are thought to
account for the apparent loss of its catalytic activity. Additionally, structure
collapse (another possible contributor to the declined activity) does not
happen, as confirmed from the PXRD pattern of the recovered catalyst.
Next, TEM and SEM suggest the morphological features of the recovered
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Fig. 6 | XPS spectra of graphene oxide-based materials. a XPS full-scan survey
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¢ N1s (Fe@GO-EDA), d Ols (Fe@GO-EDA). e XPS full-scan survey analysis of
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The increase in the carbonyl (C=0) groups in the C1s deconvoluted spectra of
EDA/GO relative to GO, which may be due to the formation of amide bonds from
the reaction of carboxyl groups with EDA.

(Ru@GO-EDA) and h Ols (Ru@GO-EDA). The deconvoluted XPS spectra of i Fe
2p (Fe@GO-EDA) and j Ru 3p (Ru@GO-EDA). The deconvoluted XPS spectra of
k C1s (GO) and 1 C1s (GO-EDA).

Fe@GO-EDA. TEM images of the recovered catalytic system, as presented
in Supplementary Fig. 11 confirm that the morphology of recovered
Fe@GO-EDA remains the same as that of the fresh catalytic system. The
same can be inferred from the SEM image (Supplementary Fig. 10) of the
reused catalyst after the fifth run, consistent with the PXRD pattern of the
reused catalytic system (Supplementary Fig. 9). Additionally, we examine
the conversion rates for the coupling reaction with time in the presence of
Fe@GO-EDA catalyst, and based on the outcome obtained, the kinetic curve
(Supplementary Fig. 99a) is drawn. We use methanol as an alcohol starting
material for DMM synthesis under optimized reaction conditions. Addi-
tionally, we examine the conversion rates of different recycling runs for
selective reductive conversion of CO, to DMM (Supplementary Fig. 99b).

We perform hot filtration test to check the potential leaching of Fe from
Fe@GO-EDA catalyst. To examine the heterogeneous nature of Fe@GO-
EDA, we conducted a hot filtration experiment followed by a leaching test.
The dispersed catalytic system is recovered from the reaction mixture after
12 h, and the reaction is continued with the filtrate for another 12 h at 60 °C.
After a 12h reaction time, the morpholine conversion was 73%, which
changed only very little to 74% after another 12h reaction time. The
morpholine conversion is calculated by 'H NMR spectroscopy of the crude
reaction mixture using anisole as an internal standard. Further, we deter-
mine the Fe content in the filtrate using the atomic absorption spectroscopic
(AAS) technique, which confirms that no detectable Fe is present in the
filtrate. This outcome confirms no leaching of Fe from the surface of
Fe@GO-EDA catalytic system during the reaction.

With the optimized reaction conditions in hand, we expand this
methodology’s scope to other substrate classes and summarize the obtained
results in Table 2 (for NMR spectra see Supplementary Figs. 13-37). Diverse
alcohols provide the desired dialkoxymethanes (DAM) in 78-99% yields

(2a-g). Using methanol in the reaction yields dimethoxymethane (DMM)
with good yield of 79% (2a). However, in the presence of ethanol and »-
propanol, the reaction affords the corresponding products in relatively
higher yields (2b and 2d, 69-99%) in line with the higher boiling points of
these alcohols, which are related to the chain lengths of the alcohols. We
observe the catalytic coupling for aromatic alcohols such as benzyl alcohol
(92%, 2g). Interestingly, cyclic secondary aliphatic alcohols such as cyclo-
hexanol are compatible with the present methodology, yielding the desired
products in good yield (78%, 2f). Notably, isopropyl alcohol is also a suitable
substrate and readily converted into the corresponding product in moderate
yield (55%, 2c).

We extend this approach to couplings between amines or amides
employing CO, and PhSiH; (for NMR spectra see Supplementary
Figs. 38-52). The four-electron reduction of CO, in the presence of sec-
ondary amines affords aminals (for example, 2i and 2j). One morpholine
unit is coupled with another unit, delivering the desired aminal product (2i)
in excellent yield (99%). However, pyrrolidine provides the corresponding
aminal (2j) in excellent yield (99%) via the cleavage of four C-O bonds in
CO, molecule, whereas diethylamine (1h) is noted to be completely
unreactive under the optimized conditions. It should be noted that die-
thylamine (1h) is mono-formylated very poorly, as evidenced by NMR
analysis of the crude reaction mixture. The coupling of amides using CO, is
relatively more complex than amines as amides with pKa ~ —0.5 are less
nucleophilic because of the conjugation of nitrogen lone pair with the car-
bonyl group in amide®.

To our delight, the y-lactam (cyclic amide) affords the corresponding
CH,-bridged product (2k) in 76% isolated yield without forming any
byproduct, such as the complementary N-formylated product. More
intriguingly, we employ the metal active site of the Fe@GO-EDA in
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Table 1 | Fe@GO-EDA-catalyzed synthesis of DMM using CO, and hydrosilane®

Catalyst
CO, (1 atm) o
hydrosilane ("Si-H")
CH;OH Hoe o OcH, ~o b
1 T(°C).t(h) 2a 2
Solvent-free
Entry Catalyst Cat. Si-H Solvent Temp. Time 2a 2a’
amount (°C) (h) Conversion® Yield (%)°
(mg)
1 Fe@GO-EDA 10 PhSiH4 - 60 24 86 79 0
2 Fe@GO-EDA 10 PhSiH5 CDsCN 60 24 76 72 0
3 Fe@GO-EDA 10 PhSiH5 DMSO-ds 60 24 85 80 0
4 Fe@GO-EDA 10 PhSiH3 CsDs 60 24 57 51 0
5 Fe@GO-EDA 10 PhSiH3 - 25 24 16 12 0
6 Fe@GO-EDA 10 PhSiH3 - 40 24 51 46 0
7 Fe@GO-EDA 10 PhSiH3 - 90 24 77 71 0
8 Fe@GO-EDA B PhSiH3 - 60 24 46 41 0
9 Fe@GO-EDA 15 PhSiH3 - 60 24 86 79 0
10 Fe@GO-EDA 10 Ph,SiH, — 60 24 58 52 0
11 Fe@GO-EDA 10 PMHS - 60 24 67 61 0
12 Fe@GO-EDA 10 PhSiH3 - 60 6 59 54 0
13 Fe@GO-EDA 10 PhSiH3 - 60 12 69 63 0
14 Fe@GO-EDA 10 PhSiH3 - 60 36 88 80 0
15 GO 10 PhSiH5 - 60 24 - -
16 GO-EDA 10 PhSiH3 - 60 24 - -
17 - 10 PhSiH3 - 60 24 0 - -
18 Ru@GO-EDA 10 PhSiH3 - 60 24 91 86 0
19 Fe@GO-EDA 10 Et,SiH, - 60 24 0 - -
20 Fe@GO-EDA 10 Et;SiH = 60 24 0 - -
21 Fe@GO-EDA 10 (MeQO);SiH - 60 24 0 — -
22 Fe@GO-EDA 10 (EtO)sSiH - 60 24 0 - -
23 Fe@GO-EDA 10 (EtO).MeSiH - 60 24 0 - -
24 Fe@GO-EDA 10 (Me,SiH).0 - 60 24 47 42 0

“Reaction conditions: catalyst (Fe@GO-EDA or Ru@GO-EDA), 1a (2 mmol), hydrosilane (9 mmol, 4.5 equiv. of “Si-H” relative to 1a).
“The conversions and yields are determined by 'H NMR spectroscopy of the crude reaction mixture using anisole as an internal standard.

designing sustainable transformations using in situ generated CO, in the
coupling of inert primary amides (for example, 11). We attempt the coupling
reaction with CO, using phenol and aniline as starting materials under the
optimized reaction conditions. It is worth mentioning that both of them are
completely unreactive under the optimized reaction conditions. We suc-
cessfully identify and characterize the CH,-bridged products by conducting
GC-MS analysis (Supplementary Figs. 78-89). Notably, we perform 'H
NMR Kkinetic experiments for the coupling of piperidine using CO, (Sup-
plementary Fig. 12).

Under the optimized reaction conditions, we examine the scope of the
present coupling reaction with various long-chain alcohols (Table 3, for
NMR spectra see Supplementary Figs. 53-65). The steric hindrance of long-
chain aliphatic primary alcohols should be mentioned. The steric hindrance
of long-chain aliphatic primary alcohols affects the coupling reaction and
affords the desired products in lower yields. Citronellol (3a), geraniol (3b),
phytol (3¢), geranylgeraniol (3d) and solanesol (3e) are long-chain primary
alcohols. Sterically hindered alcohol substrates are less effective, delivering
the corresponding CH,-bridged products 4a, 4b and 4d in relatively lower
yields (10-81%).

Interestingly, it is known that the initial reaction rate relies on the
structure of the alcohol employed. As the alcohol is more branched, it is less

accessible and less likely to bind to the active site of the catalyst. Phytol (3¢) is
a branched-chain fatty alcohol, and the special conformation of the bran-
ched phytol chain affects the coupling reaction and provides a negligible
yield of the desired product (4c), as confirmed by 'H NMR spectrum of the
crude reaction mixture. Surprisingly, in the case of 3a and 3¢, a considerable
yield of the corresponding product can be achieved by extending the reac-
tion time and heating at 120 °C (4a: 81% and 4c: 66%). Geranylgeraniol (3d)
isa valuable diterpene alcohol in which all four double bonds have E-(trans-)
geometry and provide the corresponding CH,-bridged compound (4d) in
70% isolated yield. It is worth mentioning that solanesol (3e) is completely
unreactive under the optimized conditions due to the crowding of branched
solanesol chains. The reaction rate is also dependent on the alcohol’s line-
arity, length as well as the alcohol position. Therefore, a bulky alcohol
molecule may experience steric hindrance. We can reasonably conclude
from the results that less sterically hindered substrates, like geraniol, are
favored over bulkier substrates.

Mechanistic investigations

To gain insights into the mechanism of the present reductive functionali-
zation of CO,, we design and conduct various control experiments.
Understanding the mechanistic pathway of such Fe@GO-EDA-catalyzed
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Fig. 7 | Optimization of hydrosilane loading and

recyclability chart of Fe@GO-EDA. E F_e@GO'EDA E
a Optimization of hydrosilane loading. : CH-OH PhSiH3, CO, (1 atm) e _0__0. :
b Recyclability chart of Fe@GO-EDA up to five runs : s o P HC™ & CH;
g ; ST . 1a 60 °C, 24 h 2 :
for the catalytic reductive functionalization of CO, ! Solvent-f a -
to dimethoxymethane (DMM) under the optimized T (3 _v_e_rj - 'f? __________________________ ;
conditions. Yield is calculated by "H NMR spectro-
scopy of the crude reaction mixture using anisole as a 100 b 100
an internal standard. Error bars indicate the stan- 79 79 79 79 77 74
dard deviation of the coupling reaction results 80 4 80 - 3 70
obtained from three independent replicates.
£ 60- = 604
% 42 s
> 40- $ 401
20 1 20 4
2
0 0
3 6 9 12 15 0 1 2 3 4 5
PhSiH, (mmol) No. of cycles
Table 2 | Fe@GO-EDA-catalyzed coupling of alcohols, amines and amides using CO,*
Fe@GO-EDA
ROH @ R R R R
or PhSiH5, CO, 0 0 l{l Iil R N lll R
> - ~ or or
RoNH R R - N
2 60 °C, 24-36 h A d RT®TR T W T
RC(=O)NHR Solvent-free 2a-|
1a-l
_0 O. H5;C @) (0] CHs, H,C (0] 0] CH
HsC™ &~ “CH, il 2 3 L 2 ®
2a: 79%®, 24 h 2b: 69%°, 24 h CHs CHs

2c: 55%P, 24 h

OO
HBC/\/O\./O\/\CH3 HaC O g O CHs O/ L J \O

. b . b
2d: 99%°, 24 h 2e:55%",24 h 2f: 78%C, 24 h
SASAOEES RS o™ (™
N N
J K 4
2g9: 92%°, 24 h 2h: 0%P, 48 h 2i: 99%°, 24 h
i [ e X
oL &ed oo
-
2j: 99%°, 24 h 2k: 79%P (76%)°, 36 h 21: 82%°4, 36 h

“Reaction conditions: Fe@GO-EDA (10 mg, 0.00682 mmol based on Fe metal), ROH/R,NH (2 mmol), PhSiHz (9 mmol, 0.97 g, 4.5 equiv. of “Si-H” relative to alcohol or amine or amide).
°Yield is determined by 'H NMR spectroscopy of the crude reaction mixture using anisole as an interal standard.

‘Isolated yield.

“9Performed at 120 °C.

coupling reaction is significant from potential application in designingother ~at §=8.17ppm (‘H NMR, Supplementary Fig. 66) and a peak at
synthetic approaches. We further react the obtained Fe@GO-EDA with 2 §=163.0 ppm ("C{'H} NMR, Supplementary Fig. 67) can be easily assigned
equivalent Ph,SiH, in CDsCN in the presence of CO, and monitor the to a ~-CHO moiety of formoxysilane (Fig. 8b) based on the literature” .
resulting reaction mixture by 'H and "C{'H} NMR spectroscopy. A singlet ~ Next, on adding 2.5 equiv. PhSiH; to a mixture of formoxysilane and
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Table 3 | Fe@GO-EDA-catalyzed coupling of long-chain alcohols by deoxygenation of CO,*

Fe@GO-EDA
PhSiH3, CO,
ROH 5 > R/O\/O~R
Long-chain alcohols 60°C, 24-72h 4a-e
or fatty alcohols Solvent-free
3a-e
CHs CHj; CHs; CH,4
q/\o/\o/\? q\/\o/\o/\?
HsC” “CHj H3C” “CHj HyC” “CHj H;C”~ “CH,
4a: 10%P, 24 h 4b: 72 %° 24 h
81%°9, 48 h
CHg, CHjy CHg CHj CH, CHg CHj CH,4

4c: trace®, 36 h
66%%9, 72 h

4d: 70%° 24 h

CH, CHs CHs CHs
HaC™ X - 0" oV 8/ CHs,

4e: 0%P, 36 h

“Reaction conditions: Fe@GO-EDA (10 mg, 0.00682 mmol based on Fe metal), ROH (2 mmol), PhSiHz (9 mmol, 0.97 g, 4.5 equiv. of “Si-H” relative to alcohol).
“Yield is determined by 'H NMR spectroscopy of the crude reaction mixture using anisole as an interal standard.

‘Isolated yield.
9Performed at 120 °C.

Fe@GO-EDA in the presence of CO,, we detect the fading of the yellow
reaction mixture into a pale-yellow solution. '"H NMR spectroscopic study
supports the presence of bis(silyl)acetal intermediate, as evident from the
appearance of a resonance at § = 5.14 ppm (Supplementary Fig. 69). In the
PC{'H} NMR spectrum of the reaction mixture recorded in C4Dg (Sup-
plementary Fig. 70), the presence of resonance at §=84.2 ppm can be
assigned to the methylene carbon atom of bis(silyl)acetal species, revealing
the formation of a critical intermediate (Fig. 8c)*. The existence of for-
moxysilane and bis(silyl)acetal species in the reaction mixture is further
confirmed by *Si NMR spectroscopy (Supplementary Figs. 68 and 71).

More intriguingly, silylmethoxide competition product is formed
along with the bis(silyl)acetal species (Supplementary Figs. 69 and 70). The
reaction of benzamide with 1 equivalent formoxysilane at 80 °C in the
presence of Fe@GO-EDA and CO, (1 atm) leads to the formation of
N-formylbenzamide (86% isolated yield, Fig. 8d), which is confirmed by '"H
and “C{'H} NMR spectroscopy (Supplementary Figs. 94 and 95, respec-
tively). On the other hand, no reaction occurs when we treat
N-formylbenzamide with PhSiH; and Fe@GO-EDA in the presence of CO,
using acetonitrile-d; as a solvent in the presence or absence of benzamide at
80 °C for 24 h (Fig. 8e, f).

In summary, based on various control experiments and the identifi-
cation of key intermediates by NMR spectroscopic studies, the complete
mechanism for the four-electron reduction of CO, is elucidated (Supple-
mentary Fig. 77). Additionally, the high efficiency of our heterogeneous
catalytic system (Fe@GO-EDA) can be due to the combination of the gas
enrichment (or storage) effect caused by the advantageous mesopore

framework structure, which helps to increase in-pore concentrations of the
substrates and the presence of several iron active sites in the heterogeneous
system. Further insight into the generation of deuterated DMM was
achieved from a labeling experiment employing the catalytic system
Fe@GO-EDA in the presence of CD;OD coupled with CO, and PhSiH;
(Fig. 9e, for NMR spectra see Supplementary Figs. 90-93). Trapping of an
important intermediate (i.e. formaldehyde) is carried out (Fig. 9¢), in which
2,6-diisopropylaniline reacts with CH,O to form the corresponding imine
product, which is confirmed by 'H and “C{'H} NMR spectroscopy (Sup-
plementary Figs. 96 and 97, respectively). Based on this experiment, we can
reasonably conclude that CH,O unit is formed from PhSiH; and CO,.
Further insight into the generation of DMM is achieved from a labeling
experiment employing Fe@GO-EDA in the presence of non-labeled
CH;0H in combination with *CO, and PhSiH; (Supplementary Fig. 98).
Intriguingly, the NMR analysis confirms the expected generation of
C-labeled DMM (i.e., CH;0"CH,OCH3). Based on this control experi-
ment, we can conclude that the methylene carbon (~CH,-) arises from CO,.
We conduct additional control experiments to demonstrate the mechanism
further (Fig. 9).

Based on our control experiments (Figs. 8 and 9) and DFT calculations
(Supplementary Figs. 72-76), we propose a mechanism as elucidated in
Supplementary Fig. 77. First of all, the Si-H linkage present in PhSiHj is
activated by Fe@GO-EDA via Fe-Si interactions, generating the active
silicon species, namely, Si-1a, which is capable of delivering hydride to free
CO, molecule, yielding the intermediate, namely, IM1a (pentavalent silicon
species) via TS-1a. IM1a affords silyl formate IM1 by possible elimination of

Communications Materials | (2024)5:196

11


www.nature.com/commsmat

https://doi.org/10.1038/s43246-024-00639-5

Article

Fig. 8 | Control experiments for the exploration of a) 0] ©] H\ /H o
possible intermediates in four-electron reduction NH Fe@GO-EDA, CO, (1 atm) N’C\N
of CO,. a Fe@GO-EDA-catalyzed coupling reaction 2 DMSO-d.. 120°C. 24 h H H
. . . . -Ues 3
of benzamide in the presence of 4.5 equiv. Ph,SiH,
11 i i 21: 80%
in DMSO-dj to furnish the corresponding CH,- PhaSiH, (4.5 equiv.) °
bridged product. b Fe@GO-EDA-catalyzed reaction
of 2 equiv. Ph,SiH, and CO, in CD;CN to afford H
formoxysilane intermediate. ¢ On adding 2.5 equiv. 4 Fe@GO-EDA + CO, (1 atm) Ph,SiH; (2 equiv.) Sl_/O\C//O
= —_—
PhSiH; to a mixture of formoxysilane and Fe@GO- 2 & ! | Formoxysilane
i e . 10 mg CD4CN, 4 h, 80°C H
EDA in the presence of CO,, bis(silyl)acetal inter- ('H, 1°C NMR)
mediate is formed. d The reaction of benzamide with
1 equivalent formoxysilane in the presence of
Fe@GO-EDA and CO, leads to the formation of ¢) m
N-formylbenzamide. e, f The reaction of o 0
N-formylbenzamide with PhSiH; and CO, using H\Si/ ~cZ Fe@GO-EDA, CO, (1 atm) H, H M H
Fe@GO-EDA does not occur in the presence or Ili - ' SH_ CQ ﬁ3|
absence of benzamide. CgDg, 80°C, 12 h ) o
PhSiH; (2.5 equiv.)
bis(silyl)acetal species
("H, 3C NMR)
d) o) H ? E
He ‘/O\C//O Fe@GO-EDA, CO, (1 atm) o N” 0
NHy Si | > H
H CH3CN, 80°C, 24 h
N-Formylbenzamide, 86%
("H, °C NMR)
(1 equiv.)
e) (0} H
& Fe@GO-EDA, CO, (1 atm)
N” "o P no reaction
H CD5CN, 80°C, 24 h
PhSiH; (2 equiv.)
O (0] H
f) i\ Fe@GO-EDA, CO, (1 atm)
NH, N” o P no reaction
O
+ H CDsCN, 80°C, 24 h (only formylation)
(1 equiv.) PhSiH; (2 equiv.)

Fe@GO-EDA. In order to confirm the promoting effect of the Fe@GO-EDA
catalyst, we calculate the energy of TS1 transition state for direct insertion of
free CO, molecule in the absence of Fe@GO-EDA. The barrier of TS1 is
higher as compared to that of TS-1a and TS-1b with Fe@GO-EDA -cata-
lyzed, which strongly suggest that the Fe@GO-EDA could play pivotal role
in catalyzing this process. Consequently, IM1 is reduced by Si-1a to access
the C° intermediate, namely, bis(silyl)acetal IM2 (via IM2a), which is
transformed into a significant intermediate, namely, IM3 (gaseous CH,O)
via TS3 (cyclic four-membered TS) along with possible elimination of [Si],O
units through intramolecular cyclization and rearrangement catalyzed by
Fe@GO-EDA. IM3 (formaldehyde) is attacked nucleophilically in the
presence of amine (1a), affording an important intermediate IM4 (a-amino
alcohol), which delivers another significant species IM5 (iminium inter-
mediate) with the help of IM1. It is noteworthy to mention that IM2 is
formed after elimination of Fe@GO-EDA from IM2a. Similarly, IM2a is
converted into IM3 (i.e. CH,O) via TS3a (four-membered cyclic TS), where
elongation of Si-O bond facilitated by Fe@GO-EDA occurs (Si-O bond
lengths extended from IM2a to TS3a, ie. 1.8-2 A), along with possible
elimination of Fe@GO-EDA and [Si],O units through intramolecular
cyclization and rearrangement catalyzed by Fe@ GO-EDA.

In our computational study, after generating a significant gaseous
intermediate IM3, the C-N linkage is generated when IM3 is attacked
nucleophilically by amine and abstraction of proton from N atom of 1lato O
atom of IM3, resulting in the formation of a-amino alcohol IM4 via TS4 (a
four-membered TS) with a barrier of 35.4 kcal mol™" (Fig. 10a). We show-
case tandem glassware unit to produce gaseous reductant (Supplementary
Fig. 1), After forming a-amino alcohol IM4, IM1’ (PhSiH,[Fe], an activated

silane by Fe@GO-EDA) interacts with IM4, in which elongation of C-O
bond present in a-amino alcohol results in the formation of an iminium
cation IM5 via TS5 along with possible elimination of PhSiH,OH and
Fe@GO-EDA. Notably, the insertion of the CO, molecule into the Si-H
linkage of Si-1a through TS1a results in PhSiH,[Fe] (IM1’). Interestingly, if
IM4 combines with a second amine unit, an energy barrier of about
47.8 kcal mol ™" needs to be overcome, strongly suggesting that it is an
unfeasible route for affording the desired aminal (Fig. 10e). Additionally, the
C-N bond is produced in presence of water when IM3 is attacked nucleo-
philically by amine and abstraction of proton from N atom of 1a to O atom
of IM3, resulting in the formation of a-amino alcohol IM4 via TS4a (a six-
membered TS), where H,O plays a vital role in forming six-membered cyclic
TS (i.e. TS4a), with a barrier of 21.6 kcal mol '(Fig. 10a).

Additionally, IM5 undergoes nucleophilic addition by HCOO- to
access aminomethyl formate intermediate, namely, IM6. Surprisingly, the
DFT calculation reveals that N-methylated product (thermodynamically
more stable) could be achieved theoretically (Fig. 10a). In the whole route,
the key intermediate is IM6 (aminomethyl formate) to understand aminal
and methylamine production, respectively. IM6 combines with 1a to afford
aminal 1b via four-electron reduction. It should be mentioned that trans-
forming IM6 to the desired product 1b is endothermic by about
0.4 kcal mol™", confirming that it is a reversible step. Furthermore, IM6 can
react with PhSiH,OH to yield the N-methylated product 1c via 6-electron
reduction, as described in Fig. 10a, red line.

In the presence of CO, (1 atm), the net reaction will terminate at the C°
level to access the desired aminal as the final product (namely, 1b), which is
kinetically stable (Fig. 10). It is reported that the aminal is achieved via two
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Fig. 9 | Additional control experiments for the exploration of possible inter-
mediates in four-electron reduction of CO,. a The reaction of aminal with CO, and
PhSiHj; in the presence of Fe@GO-EDA in CH;CN to furnish the corresponding
methylated product. b The reaction of aminal with PhSiH; and Ar in the presence of
Fe@GO-EDA does not occur. ¢ Trapping of formaldehyde intermediate is carried

out, in which 2,6-diisopropylaniline reacts with CH,O to form the corresponding

imine product. d The reaction of morpholine with gaseous reductant and CO, in the
presence of Fe@GO-EDA to furnish the corresponding aminal. e Labeling experi-

ments employing the catalytic system Fe@GO-EDA in the presence of CD;0D or

“CD3;0D/CH;30H coupled with CO, and PhSiH.
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Fig. 10 | DFT-computed reaction pathways. a Potential energy surface for the
formation of aminal. b 2-electron reduction of CO, to silyl formate. ¢ The potential
energy profile for the nucleophilic attack of amine. d The potential energy surface for
reduction of silyl formate to formaldehyde. e Free energy profile for the generation of
aminal employing a second amine unit. f Optimized structures of several

intermediates. The intermediates and transition states (TS) along the reaction
pathway are shown. The energy values and bond lengths given in the figure are in
Kcal/mol. Color code: C (black), N (blue), H (white), Si (yellow), O (red) and Fe
(violet). For clarity, GO-EDA is not shown in the rest of the panels.

Communications Materials | (2024)5:196

14


www.nature.com/commsmat

https://doi.org/10.1038/s43246-024-00639-5

Article

successive nucleophilic attacks of the amine unit toward the C° intermediate,
namely, bis(silyl)acetal®”. Nevertheless, our computational outcomes
reveal that it is an unfeasible route for affording the desired aminal (Fig. 10c).
More intriguingly, Wang et al. demonstrate that formaldehyde formed from
the dissociation of the C’ intermediate is expected for the NHC-promoted
transformation of CO, into methanol with the help of computational
study®*”. Production of formaldehyde in our system is also validated by
conducting the control experiment (Figs. 8 and 9). Consequently, an
alternative mechanistic pathway via formaldehyde route seems to be more
logical (Supplementary Fig. 77).

The CO, transformation into fuel additives, aminals, or some value-
added CH,-bridged compounds is an exceptional platform for sustainable
catalysis, resulting in complete catalytic CO, deoxygenation. Most inter-
estingly, it involves complete C-O bond-breaking and the generation of two
C-H linkages via reduction, followed by the formation of two C-O (in the
case of alcohols) or C-N (in the case of amines or amides) bonds via
subsequent functionalization. Based on experimental results and theoretical
investigations, a plausible mechanism is presented in Supplementary Fig. 77.
However, no reaction occurs when we treat N-formylbenzamide with
PhSiH; and 10 mg Fe@GO-EDA in the presence of CO, using acetonitrile-
d; as a solvent in the presence or absence of benzamide at 80 °C for 24 h.
Typically, researchers synthesize CH,-bridged compounds by conducting
an amine condensation reaction over paraformaldehyde, and an option for
the production of CH,-bridged compounds directly from CO, can depend
on CO; hydrosilylation into a key intermediate, C° bis(silyl)acetal, followed
by nucleophilic addition of the two amine units.

The bis(silyl)acetal having stronger electrophilicity is formed (notably,
precise detection of formaldehyde), and consumption of the most nucleo-
philic reagent is expected to be rapid so that we can synthesize CH,-bridged
compounds with good selectivities. Following this mechanism, the reduc-
tion and functionalization steps are consecutive. Still, their relative rates play
a pivotal role in ensuring the transformation of CO, into the desired
methylene-bridged compound while avoiding by-product formation (i.e.,
silylmethoxide and formamide competition products).

Conclusions

We have successfully developed Fe- and Ru-decorated functionalized gra-
phene oxide materials for the effective sustainable reductive functionaliza-
tion of CO,. These two catalysts can promote the coupling of various O-H
(alcohols) and N-H (amines and amides) functionalities with CO, and
PhSiH; under very mild conditions (solvent-free/cocatalyst-free/base-free
and atmospheric pressure). Most importantly, iron is highly sustainable and
environmentally friendly. Iron is one of the most recycled metals and
typically produces the same quality product after recycling. Considering
sustainability, we expand this methodology with an optimal eco-friendly
metal-based catalyst (i.e. Fe@GO-EDA). Further, we demonstrate that the
heterogenization of metal-based homogeneous catalysts can make the
process sustainable, cost-effective, and environment-friendly with good
recyclability. This study advances the knowledge of sustainable hetero-
geneous catalysis for synthesis. Further work in utility of functionalized
graphene oxide as a heterogeneous catalyst for CO, valorization is currently
ongoing in our laboratory.

Methods

All characterizations are described in detail in the Supplementary Infor-
mation section (SI—“Results and discussion” section). The synthesis of the
EDA-functionalized GO and the Fe- and Ru-based functionalized GO is
depicted in Fig. 2. Bulk EDA-functionalized GO and 45 wt% RuCl;-H,O are
suspended in water, followed by ultra-sonication for 30 min. After that, the
suspension is dried at 100 °C, calcined at 300 °C for 2 h in air, and labeled as
Ru@GO-EDA. Similarly, we successfully decorate a-Fe,O3 nanorods with
FeO on covalently functionalized GO with EDA (Fe@GO-EDA). The Fe- or
Ru-based GO-EDA is found to be utterly insoluble in common organic
solvents such as DMF, DMSO, acetone, toluene, CH;CN, etc. and stable
over a few months at ambient conditions, which confirms its stability in

organic solvents. We characterize the Fe@GO-EDA and Ru@GO-EDA
catalysts by several standard analytical techniques such as X-ray photo-
electron spectroscopy (XPS), transmission electron microscopy (TEM),
field emission scanning electron microscopy (FESEM), energy dispersive
X-ray spectroscopy (EDS), thermogravimetric analysis (TGA),
Brunauer-Emmett-Teller (BET), Fourier-transform infrared spectroscopy
(FT-IR), ultraviolet-visible (UV-vis) spectroscopy etc.

Synthesis of graphene oxide (GO)

We synthesize graphene oxide by oxidation of graphite flakes (Aldrich)
using the following reported method®. In this method, we take a 200 mL
mixture of concentrated H;PO, and H,SO, (20 :180 v/v) in a 500 mL round
bottom flask. Then, we slowly add graphite flakes (1.5 g) to the mixture.
Next, we add KMnOy, (9.0 g) in portions to the above mixture. After that, the
above solution is continued to stir for 16 h at 50 °C. The mixture is then
cooled, followed by adding 3 ml 30% H,O,. Subsequently, it is cooled in an
ice bath for several hours until the appearance of brown coloration. The
mixture is centrifuged, decanted and washed properly with hydrochloric
acid solution (10%), deionized H,O, EtOH one by one. Finally, the obtained
brown graphene oxide (GO) is dried under vacuum at room tempera-
ture (Fig. 1).

Synthesis of Ru/RuO, decorated ethylenediamine functionalized
graphene oxide (Ru@GO-EDA)

GO (1g) is suspended in 50 ml toluene in a 100 ml conical flask and is
sonicated for about 2 h. Then, we add 1.68 mmol of ethylenediamine (EDA)
to the solution, which is further sonicated for 1 h. We synthesize RuO, and/
or Ru-loaded functionalized GO via wet impregnation”. Typically, 200 mg
bulk GO and 45 wt% RuCl;-H,O are suspended in 40 ml water followed by
ultra-sonication (Fisher brand) for 30 min. After that, the suspension was
dried at 100 °C, calcined at 300 °C for 2 h in the air, and labeled as Ru@GO-
EDA. The obtained material is washed several times with water to remove
RuCl; residues (Fig. 1).

Synthesis of a-Fe,03/FeO decorated ethylenediamine functio-
nalized graphene oxide (Fe@GO-EDA)

We synthesize a mixture of a-Fe,O3 nanorods and FeO by hydrothermal
method”. GO (1 g) is suspended in 50 ml toluene in a 100 ml conical flask
and is sonicated for about 2 h. Then, we add 1.68 mmol of ethylenediamine
(EDA) to the solution, which is further sonicated for 1 h. After that, we add
70 mg of a-Fe,03 nanorods/FeO dropwise, and the whole mixture is stirred
for 4 h. In the last step, the mixture is centrifuged, washed thoroughly with
toluene, and dried under a vacuum oven at 100 °C to get Fe@GO-EDA
catalyst (Fig. 1).

Data availability

All the data generated in this study are available within the main text and
Supplementary Information. Data are also available from the corresponding
author upon request.
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