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The synthesis of fuels from CO, has made tremendous progress in recent years, although practical
applications remain limited. Herein, we describe a cyclic process that produces MeOH from CO, via
formamide intermediates, which are initially reduced using NaBH,4 to form methanol and concomitantly
release the corresponding amine, from which the formamide is subsequently regenerated in the

presence of CO,/NaBH4. By tuning the substituents on the formamide/amine, the selectivity of both
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Accepted 6th January 2020 steps can be controlled, allowing the process to proceed in high yields, either in two separate steps or in

a single step process. The observed trends in reactivity were rationalized with a resonance model of the

DOI: 10.1039/c9se01141b formamide, which supports the observed trends in reactivity, and further consolidated by spectroscopy

rsc.li/sustainable-energy and calculations.

Introduction

The accumulation of anthropogenic CO, in the atmosphere is
a major contributor to global warming and poses one of the
greatest challenges facing society today. Anthropogenic activi-
ties concerned primarily with transportation, electricity
production, the cement industry, and uncontrolled deforesta-
tion have led to the spiraling increase and accumulation of CO,
in the Earth's biosphere. The reduction of CO, generally
requires a catalyst to lower the high activation barrier associ-
ated with the process, with sustainable reaction pathways that
afford MeOH (which may be used directly as a fuel, or as a fuel-
additive and also as a versatile synthon) being particularly
attractive." Numerous reports have described the direct hydro-
genation of CO, to MeOH using molecular hydrogen as the
reducing agent employing catalysts based on Ru,** Pd,*® Rh*>"*
and Mn" that operate under relatively harsh conditions. An
alternative reaction pathway involves the reduction of organic
carrier molecules including carbonates,>**** carbamates,” urea
derivatives,'® formates,”> amides'*° and formamides®* to afford
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methanol. Such carbonyl compounds are known to be chal-
lenging to reduce.”* Among them, however, the formamide
reduction approach is gaining increasing attention as highly
efficient and straightforward protocols have been reported for
the N-formylation of amines.**’

The pioneering work from Milstein and co-workers
described the direct hydrogenation of N-formylmorpholine to
methanol and morpholine employing a bipyridyl-based PNN
Ru(u) pincer complex catalyst."”” Subsequently, other catalysts
were reported for this reaction.>®*® However, the reaction
requires additives and as harsh reaction conditions are used the
selectivity is low, e.g., in the presence of groups such as -NO,,
—-OMe, etc. To the best of our knowledge, the use of a conven-
tional transfer hydrogenation agent such as borohydrides has
not been investigated in CO,-based N-formylations and their
subsequent reduction to methanol. Interestingly, a report in
1993 described the reduction of N,N-dimethylformamide (DMF)
to trimethylamine and bis(dimethylamino)methane using
sodium borohydride.* Zinc borohydride also efficiently reduces
amides.*® Very recently, an attractive approach to capture and
transform atmospheric CO, to formate and formoxyborane (and
then to methanol through hydrolysis) under ambient condi-
tions using an intricate system based on N-heterocyclic car-
benes (NHCs) and boranes has been reported.**

It is noteworthy that borohydrides are known to capture and
functionalize CO, under ambient conditions to yield triforma-
toborohydrides,** which are involved in the formylation of
amines using CO, and NaBH,.*® It has also been shown that
NaBH, can reduce carbonyl compounds, e.g., aldehydes and
ketones.** Considering the low costs of borohydrides,**?¢ their
relatively high stability, hydrogen content, and less stringent
safety and storage requirements, we decided to explore the use
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Scheme 1 Reaction pathways showing the conversion of CO, to
MeOH using amines/formamides as relay molecules.

of NaBH, to reductively cleave the carbonyl C-N bond in
formamides to generate the parent amine and methanol as
shown in Scheme 1, and ultimately to design a simple route to
transform CO, into MeOH. Subsequently, we describe
a straightforward approach to rationalize and predict the reac-
tivity amines/formamides employed in the process and show
that electronic effects significantly impact on the reactivity.

Results and discussion
Reduction of formamides

Initially, the reduction of N,N-diphenylformamide (1a) with
NaBH, was investigated as a model reaction in different protic
solvents. The requirement for a proton source is evident from
the reaction shown in Scheme 2. Note that the observed reac-
tivity differs significantly depending on the proton source
(Table S1, ESIt).

Employing diethylene glycol (DEG) as the solvent results in
the rapid conversion of 1a under mild conditions. However,
diethylene glycol also reacts rapidly with NaBH,, leading to
hydrogen gas evolution via the known alcoholysis reaction.’”
Consequently, three equivalents of NaBH, relative to the
formamide were required for full conversion since part of the
NaBH, is directly consumed by the solvent. This side reaction
between the solvent with NaBH, (alcoholysis) was found to be
the main reaction for the other alcohols tested, i.e., methanol,
ethanol, and tert-butanol, (Table S1, ESIf). In contrast, the
reduction was achieved efficiently with 0.8 equivalents of NaBH,
using water as the proton source in combination with DMSO
(DMSO was chosen because of its high boiling point and its
ability to dissolve the substrates and intermediates), although
the reaction proceeds more slowly than in alcohols, DEG and
water/THF mixture (Fig. S1, ESIt). Since the reactivity of N,N-
diphenylformamide is very high, a substrate with intermediate
reactivity, i.e., N-methylformanilide, was used for further

Oy et N )o: NaB(OR); +2H-H + (x-4) ROH
—_— _N. + + Na + —H + (X~
gNg  xROH  RTR THOM (OR)s

Scheme 2 Reduction of formamides with NaBH, in protic solvents.
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optimizations. The DMSO : water ratio was investigated, with
15 vol% water giving the fastest rates, with higher levels of water
leading to faster hydrolysis of NaBH, (Table S2 and Fig. S2,
ESIT). The reaction was studied at different temperatures with
the optimum yield obtained at 90 °C (Table S3 and Fig. S3,
ESI¥). Selective formamide reduction was observed using DMSO
(2 mL with 15 vol% water), NaBH, (0.8-1.8 equivalents) at 90 °C,
and the scope of the reaction was investigated using these
conditions (Table 1).

Exceptional reactivity was observed with substrates 1a and
2a, achieving near quantitative conversion after 1 and 2 h,
respectively. Moreover, with these substrates, only 0.7 equiva-
lents of NaBH, was required. In comparison, substrates 3a-7a
bearing an unsubstituted aryl or an aryl group with weakly

Table 1 Substrate scope for the reduction of formamides®

Time Conversion®? Amine? Methanol?
Substrate (h) (%) (%) (%)
O _H
T
©/ \© 2 99+ 99+ 62
1a
Rou
/©/ I 1 99+ 99+ 72
ON

¢ Reaction conditions: formamide (1.0 mmol), DMSO/water (2 mL,
15 vol% H,0), 90 °C, NaBH, (1.7 equivalents); except for substrate 1b
where 0.8 equivalent borohydride was required. 8 h was selected as
the reaction time which is sub-optimal, but allows clear differences in
reactivity to be ascertained. °Yield determined by 'H NMR
spectroscopy using mesitylene as an internal standard. See Fig. S4-
S11, ESI for the "H NMR spectroscopic quantification of the amines.
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electron-donating substituents (EDG) showed intermediate
reactivity and lower conversions. Benzylic (8a) and aliphatic
formamides (9a and 10a) with EDGs were transformed under
the same reaction conditions. The general reactivity trend is
similar to that reported for formamide hydrogenation.*® The
relative methanol yields were found to be proportional to the
total substrate conversion, and the difference in the amine yield
and (lower) amount of methanol obtained is presumably due to
the formation of formatoborohydride (at ~8.4 ppm), which is
detected by NMR spectroscopy (Fig. S2, ESIT).

Formylation of amines

Having explored the reduction of formamides, we explored
a compatible formylation procedure to regenerate the starting
formamides employing carbon dioxide as a C1 source. The N-
formylation of secondary amines has recently been described
using CO, and NaBH, via a triformatoborohydride intermediate
that acts as the formylating agent.*®* Consequently, the synthesis
of sodium triformatoborohydride was carried out before the
addition of the amine (Scheme 3), and the resulting homoge-
neous solution was used as a ‘formylation reagent’.

With this approach, it was possible to formylate several
amines under milder conditions than those employed in the
previous report.** The substrate scope for the N-formylation
reaction is presented in Table 2 and the observed trend in
reactivity for the N-formylation is essentially the opposite of that
observed for the reduction step, ie., amines with strong
electron-withdrawing substituents (EWGs) (1b, 2b) did not react
whereas amines with EDGs (4b, 6b, 7b) readily reacted within
a few hours affording the desired products in high yield.
Notably, benzylamine and cyclohexylamine (8b, 9b) were the
most reactive amines evaluated. These results are consistent
with previous reports concerned with N-formylation reac-
tions.”**** The products were purified using a simple extraction
procedure involving ethyl acetate/water (see Experimental). To
decipher the fate of the boron atom in NaBH,, *'B NMR spec-
troscopy was used to analyze the system before and after reac-
tion employing a representative substrate, 6a. The appearance
of a broad peak at ~5 ppm after the reduction step indicates the
formation of hydroborate, i.e. [NaBH,_,(OH),] (Fig. S12, ESI{}).

Spectroscopic and DFT studies

Due to the strong influence of the substrate on the reactivity,
comprehensive analysis of the structure and electronic factors is
crucial to understand and develop suitable processes for
sustainable methanol production from CO, using amine/
formamide relay molecules. Therefore, we investigated the
structure-reactivity relationships of the formamides, since they
are the key intermediates. The amide resonance model is

R—NH,

0
S—h
R—NH

Na[BH,] CO,

Na[HB(OOCH
DMSO [HB( )3l

Scheme 3 Stepwise N-formylation of amines via a triformatoborohy-
dride intermediate.

This journal is © The Royal Society of Chemistry 2020

Sustainable Energy & Fuels

Table 2 Substrate scope for the N-formylation of amines”

Entry Substrate” Time (h) Formamide® (%)

H
N

S 1 0
1b

[uny

~oa-NHz 2 48
5 P 4 88
C
6 R 5 97 (92)
7 f 2 26
8 ©/ > 4 46
6b
9 NH, 2 54
10 - /©/ 4 96 (90)°
7b
NH,
11 2 97 (93)°
8b
O/NHZ
12 2 ND (95)°

9b

“ Reaction conditions: amine (1.0 mmol), triformatoborohydride/
activated CO, (1 mmol) in DMSO (1 mL), 70 °C. ? Yield determined by
'H NMR spectroscopy, except for substrate 9b whose H signals
overlap with the solvents (ND = not determined). ¢ Isolated yield in
parenthesis. See the '"H NMR spectra in the ESI, Fig. $13-517, for the
reaction mixtures and Fig. S18-S21 for the isolated products.

generally used to describe their properties, such as geometry
and rotational barrier [resonance structures (I) and (II) in
Scheme 4].* Alternatively, a polarization model [structure (III)
in Scheme 4] has also been used to rationalize their proper-
ties.*>** The electronic properties of the amide bond are ex-
pected to be influenced by substituents (R* and R, Scheme 4)
since they affect the contribution of each canonical structure
concerning the overall resonance hybrid. EWGs favor the type I
structure, whereas EDGs favor the type II structure. In some
cases, when conjugation is not observed, the type III structure is
the most representative.

The substituents are expected to significantly influence the
carbonyl stretching frequency (vco), as previously observed for
lactams.** Changes in vco may be attributed to an intrinsic
change in the carbonyl stretching force constant, and if the
nitrogen lone pair does not participate, a type III structure will
prevail. However, a change in the interaction between the
carbonyl group and the neighboring nitrogen results in type I
and II resonance structures depending on the electronic prop-
erties of the substituent.

Since the magnitude of a stretching force constant can be
qualitatively related to the strength of a bond, any variation in
bond order due to the electronic properties of the substituents

Sustainable Energy Fuels, 2020, 4,1773-1779 | 1775
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Scheme 4 Resonance structures of formamides.

should be reflected in the value of vco. Consequently, the IR
spectra of the formamides shown in Fig. 1a were recorded in
DMSO. The v¢o peaks (Fig. 1b) confirm the strong influence of
the electronic properties of the substituents as significant
differences in the stretching frequencies are observed. The
presence of EWGs localizes the nitrogen lone pair avoiding the

transmittance

IR frequency

T Ll 11ant 1

T
1660

1670 1680 1690 1700
cm™

(c) A
'I! L DL II‘ !I'III III 'III' )

8.0 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8

: O (ppm)

(d)
Oxygen atomic charge
-0.717 -0.718 -0.707 -0.690 -0.688 -0.686 -0.686 -0.682 -0.670 -0.649
C-N Bond order
1.064 1.061 1.049 1.019 1.026 1.015 1.014 1.011 1.009 0.979

Favours
Reduction

Favours
Formylation

Fig. 1 Spectroscopic and computational data of formamides (labeled
using colors): (a) investigated formamides, (b) »co bands, (c) chemical
shift of the carbonylic proton and (d) the calculated oxygen atomic
charges and C—N bond orders. Separated IR spectra of the formam-
ides are provided in Fig. S22, ESI.¥
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polarization present in the type II structure. Instead, resonance
structure type I is dominant and can be considered as
a ‘carbonyl-amine’ (see 1a and 3a stretches in Fig. 1b). This
electronic configuration is evidenced by a stronger C=0 bond
with the vco observed at higher energies with the wavenumber
values being close to that of an aldehyde, i.e., 1705 cm ™" for
phenylacetaldehyde.*® In contrast, EDGs decrease the v¢o value
(see 8a, 9a and 10a stretch in Fig. 1b), which is expected for
a type II resonance structure, and as the C=0O bond order
decreases the C-N bond order increases.

The observed IR stretches of the formamides are in agree-
ment (disregarding steric factors) with the observed reactivity,
i.e., the more electron-rich the C=0 bond, the more reactive the
formamide. Complementary information was acquired from "H
NMR spectroscopy since the electron density at the carbonyl
group affects the chemical shift of the formyl proton (C'HO),
the values of which are schematically represented in Fig. 1c
(spectra were recorded in DMSO-dg). Considering the possibility
of two conformers (cis and ¢rans) in secondary formamides, the
average of both values was used to estimate the overall effect of
the induced field [(chemical shift () of cis-conformer + chem-
ical shift (6) of trans-conformer)/2].

The carbonylic proton in formamides with EWGs is observed
above 8.4 ppm, which is expected due to the high degree of elec-
tron density on the carbonyl group. In contrast, the carbonylic
proton in formamides with strong EDGs appears around 8.0 ppm,
consistent with the type II resonance structure favored by these
formamides, and the lower electron density associated with the
carbonyl moiety. The averaged chemical shifts of the carbonyl
proton correlate well with the observed reactivity for the reduction
and formylation, independent of the degree of substitution.
Hence, the more electron-rich the carbonyl bond, the higher the
'H NMR chemical shift and vice versa. This change in chemical
shift is expected considering the induced magnetic field origi-
nated by C=0 bond which directly affects the neighboring proton
(C'HO), deshielding the 'H to a greater extent when the C=0
bond is more electron rich, and in a lesser extent when the
carbonyl group is electron-poor. Overall, the chemical shifts of the
formyl proton correlate more closely with the reactivity of form-
amides in both the formylation and the reduction reaction steps
compared to the IR vgo values.

Additionally, calculations were performed to further ratio-
nalize the spectroscopic data. The electronic properties of the
formamide bonds were calculated using the Natural Bond
Orbital (NBO) model. The calculated atomic charge on the
carbonyl oxygen and the bond order analysis are included in
Fig. 1d. For formamides with EDGs, the negative charge on the
oxygen atom and C-N bond order are predicted to be high,
which is in agreement with the dipolar resonance structure type
IL. In the case of formamides with EWGs, a low anionic charge
on the oxygen and a low C-N bond order were calculated that
matches with the lower conjugation between the nitrogen lone
pair and the carbonyl bond. The calculations confirm that the
formamide resonance model describes the reactivity more
accurately than the polarization model. More detailed spectro-
scopic and theoretical analyses are presented in Table S4, ESL.{

This journal is © The Royal Society of Chemistry 2020
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Formamides with EDGs favor resonance structure type II,
leading to a decrease in the carbonyl electron density and an
increase in the atomic charge on the oxygen and in the C-N
bond order. As a result, the formamide is more stable favoring
the formylation reaction and disfavoring the reduction reaction.
In the case of EWGS, resonance structure type I is predominant,
destabilizing the formamide and thus favoring the reduction
reaction while disfavoring the formylation reaction. Notably,
the averaged chemical shift of carbonylic proton can be used to
predict the observed yield in the formylation (under a wide
range of experimental conditions). Electrostatic potential (ESP)
maps of the formamides showing the conjugation effect
induced by different substituent groups are provided in
Fig. §23, ESL

Tandem protocol

Based on the structure-reactivity analysis, formamides with
moderate reactivity in both the N-formylation and reduction
reactions such as formanilide (3a), 4-methylformanilide (5a) and
4-methoxyformanilide (7a) were later employed in the tandem
strategy displayed in Scheme 5. These substrates are susceptible
to reduction and reformylation. Here, the initial reduction of the

2.0 NaBH,4 + H,0 CH;0H
step 1
OsH H
T R-N
R H H
step 2

1.2 NaBH, + CO,

Scheme 5 Tandem reduction—formylation of formamides.

Table 3 Tandem reduction—formylation reactions®

Step 1 Step 2

Amine Formamide

yield? Methanol (recovered)
Substrate® [%] yield? [%] yield? [%]

Ron
oy
~o Y 79 64 96

% Reaction conditions. Step 1: formamide (1.0 mmol), DMSO/water (2
mL, 15 vol% water), 90 °C, 16 h, NaBH, (2 equivalents). Step 2:
triformatoborohydride (1.2 M in 0.8 mL DMSO0), 100 °C, 12 h. ? Yield
determined by '"H NMR spectroscopy using mesitylene as internal
standard. "H NMR spectra are provided in Fig. $24-526, ESL.

This journal is © The Royal Society of Chemistry 2020
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formamides (step 1) was followed by in situ formylation (step 2) of
the resulting amine (see Table 3). Slightly modified conditions
were used in the one-pot procedure to raise the yield in the
reduction step (i.e., longer reaction times and two equivalents of
NaBH,). Note that the excess H,O in the solution lowers the
reactivity for the formylation (step 2), probably due to hydrogen
bonding with the amine that hinders nucleophilic attack due to
solvation. By removing the water, the formylation step proceeds
in high yield (Table 3). Integrated protocols employing the cata-
Iytic hydrogenation of formamides have been reported, but these
processes require high temperatures and pressures (above 110 °C
and 40 bar pressure) and employ metal catalysts.>'>*' Here, by
employing the optimum amine, methanol is obtained from CO,
under milder conditions.

Experimental
Materials and methods

Reagents and solvents were obtained from commercial sources
and used without further purification. Technical grade CO, was
obtained from Carbagas AG. 'H and '*C NMR spectra were
recorded on a Bruker DMX 400 NMR spectrometer at 400 MHz
(*H) and 100 MHz (**C) in DMSO-dg. Fourier-transform infrared
(FT-IR) spectra were recorded on a PerkinElmer FT-IR 2000
instrument diluted in DMSO (1 M). All the characteristic NMR
peaks for substrates and products were compared to literature
data**** and/or authentic samples.

General procedure for the reduction of formamides

The reduction of formamides was carried out by dissolving the
appropriate formamide (1 mmol) in DMSO/water (1.7 mL of
DMSO-dg and 0.3 mL of double-distilled water). The reaction
was maintained at 90 °C for the indicated time. Subsequently,
the reaction was cooled in a water bath for 30 min, and the
pressure was slowly released using a needle. Mesitylene
(approximately 0.85 equivalents) was added to the reaction
mixture as an internal standard. A sample was taken and
diluted in DMSO-ds to quantify by NMR spectroscopy. The
yields were determined by 'H NMR spectroscopy from the
integration ratios between aromatic peaks of the amine formed
and the aromatic mesitylene singlet at ~6.7 ppm and/or the
aliphatic mesitylene peak ~2.2 ppm.

General procedure for the formylation of amines

The N-formylation reaction was performed after activating the
CO, (triformatoborohydride synthesis). A stock solution of tri-
formatoborohydride was prepared in a closed microwave vial by
dissolving NaBH, (5 mmol) in dry DMSO (5 mL) and then pres-
surizing with CO, (20 bars). The reaction was maintained at 60 °C
for a period of 3 h yielding a homogeneous solution of HB(O(O)
CH);. The "H NMR spectrum matches that were previously re-
ported.*® To this homogeneous solution (1 mL), the amine
substrate (1 mmol) was added, and the reaction was heated to
70 °C for the indicated time which was then monitored by 'H
NMR spectroscopy. In cases where the full conversion was
observed, 40 mL of water was added to the crude mixture, and the

Sustainable Energy Fuels, 2020, 4,1773-1779 | 1777
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resulting mixture was then extracted using ethyl acetate (3 x 40
mL). The organic layer obtained was then dried with MgSO,,
filtered, and the product was characterized by NMR spectroscopy.

General procedure for the tandem protocol

The reduction protocol described above was slightly modified by
increasing the amount of NaBH, to 2 equivalents, and the reac-
tion time to 16 h. After this step, the reaction was allowed to cool
to room temperature in a water bath for 30 min, and the internal
pressure was slowly released. Mesitylene (internal standard) was
added to this mixture and amine, and methanol was quantified.
Next, the sample was filtered with a Chromafil syringe filter (with
a pore diameter of 0.22 um). The resulting sample was placed
under high vacuum for 4 h in an oil bath at 50 °C to remove the
remaining water and methanol. Then, the triformatoborohydride
solution in DMSO (1.2 M, 0.8 mL) was added to the resulting
mixture, and the reaction was heated at 100 °C for 12 h. Subse-
quent NMR characterizations were performed.

Conclusions

Methanol can be efficiently obtained from CO, in high yield
using amine/formamides as relay molecules. The tandem
procedure allows the synthesis of methanol from CO, and
water, abundant and non-toxic reagents, together with NaBH,.
The reactions proceed in two steps, although it can be
completed in tandem, with optimum results obtained using
a formamide that is both easily reduced and easily regenerated
(Scheme 5). Thus, formanilide, 4-methylformanilide, and 4-
methoxyformanilide were found to be ideal substrates for the
overall process as they provide intermediate reactivity for the
reduction and N-formylation reactions. It was found that the
NMR chemical shift of the formyl proton (C'HO) is an excellent
indicator of reactivity, which is important in the development of
other efficient processes based on this strategy. This strategy
could potentially be combined with direct methanol fuel cells
(where the CO, produced at the anode is known to hamper its
overall efficiency) by enabling a recyclable CO, pathway and
feedback loop to regenerate methanol.
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