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Catalytic coproduction of methanol and glycol in
one pot from epoxide, CO,, and H,t

Jotheeswari Kothandaraman @22 and David J. Heldebrant {2 *a°

An atom (100%) and energy-efficient approach to coproduce two commodity chemicals, methanol and
glycol, has been demonstrated for the first time using H,, CO,, and epoxide as feeds. A basic medium
used for CO, capture, polyethyleneimine (PElggo), is shown to facilitate the formation of a key reaction
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intermediate, cyclic carbonates.

Upon hydrogenation of cyclic carbonates in the presence of

a homogenous Ru-PNP catalyst, a 1: 1 mixture of methanol and glycol is produced. This approach has
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Carbon capture and utilization (CCU) has gained significant
attention recently as it is considered as a possible strategy to
mitigate anthropogenic CO, emissions.* CO, can be a C; source
to produce various chemicals such as formic acid, methanol,
formate ester, polymers, and cyclic carbonate based on the
reaction temperature and starting materials.>* Among these
products, methanol is a commodity chemical that can be used
as a feedstock to produce olefins, ethers, fuel blends, acetic
acid, and other products.?”® Industrially, methanol is produced
from syngas mixture in the presence of Cu-based catalyst at
high temperature and high pressure (Scheme 1).° The reaction
byproduct, water, is separated from methanol by distillation

(a) Industrial methanol production route
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Scheme 1 Commercial routes to produce methanol and glycols.
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been demonstrated in one pot by adding all the required reactants directly or stepwise. The stepwise
addition of reactants resulted in good yields (>95% for PG and 84% for methanol) and selectivity of products.

and is not utilized in the process, which lowers the net theo-
retical atom efficiency to ~73%.

Ethylene glycol and propylene glycol are used as automotive
antifreeze, chemical feedstocks for polyester production, and
for other miscellaneous applications.”® Glycols are typically
produced by hydrolysis of epoxide in excess water under acidic
conditions at high temperature (>150 °C). In addition, the
hydrolysis product stream is often contaminated with oligo-
mers of glycols because the product glycol reacts faster with
epoxide than water. The use of excess water (~20-fold molar
excess) is necessary to reduce the formation of higher homo-
logues, and there is an energy penalty associated with separa-
tion of glycol(s) from excess water and oligomers. In the case of
ethylene oxide-to-ethylene glycol conversion, a two-step Shell
OMEGA process involving first the formation of cyclic carbonate
and subsequent hydrolysis of cyclic carbonate to ethylene glycol
is practiced industrially to improve the selectivity (Scheme 1).°
However, the process still involves an energy-intensive separa-
tion process to remove excess water from the product.

We hypothesized that combining the two processes and
coproducing methanol and glycol in one pot, the separation
associated with excess reagents or byproducts could be avoided,
as the byproduct from one reaction is indirectly used as feed for
another. Furthermore, the unique reactivity of the captured CO,
(anionic species) is exploited to ring open the epoxide to form
cyclic carbonate, which then is hydrogenated to produce two
commodity chemicals at the same time (methanol and glycol)
with a theoretical 100% atom efficiency. Approaches for
combined methanol and glycol production from epoxide have
been explored by others in the literature;' however, those
processes are not atom-efficient because they use a hydrosilane
as a reducing agent, which results in the formation of a stoi-
chiometric amount of chemical waste. Several reports have also
been reported on coproduction of methanol and glycols from
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carbonates,” but none using CO,, epoxide and H, directly to the
best of our knowledge.

We have previously demonstrated that the amines and
amino alcohols used for CO, capture also promote the hydro-
genation of CO, to formate and methanol.***"* In this study, we
wanted to investigate if such amines and amino alcohols can
catalyze the coproduction of methanol and glycol in absence of
any additives, by assisting in situ formation of cyclic carbonate,
an important intermediate that can later be hydrogenated to
methanol and glycol. First, monoethanol amine (MEA), the
most commonly used post-combustion CO, capture solvent was
studied as a catalyst for the formation of propylene carbonate
(PC) from CO, and propylene oxide (PO). MEA produced a very
small amount of cyclic carbonate at 110 °C (entry 1, Table 1).
When a pre-combustion capture solvent, diethyl ethanol amine
(DEEA), was used (entry 2, Table 1), only traces of cyclic
carbonate was observed by 'H NMR experiment. We have
previously shown that DBU hexylcarbonate (switchable ionic
liquid) catalyzes the reaction of CO, to epoxides.*”” However,
amidines were not used for this study because they tend to
degrade at elevated temperatures under reductive
conditions.**

4-Dimethylaminopyridine (DMAP) was identified as one of
the reactive bases that ring open epoxides via epoxide activation
pathway (Scheme 2).*> Under our reaction conditions, a cyclic
carbonate conversion of 58% was obtained with a good selec-
tivity for PC (entry 3, Table 1). A high boiling polyamine
(branched polyethylenimine, PEIgo,) was also screened under
the same reaction condition, and a cyclic carbonate conversion
of 54% was achieved. Unlike DMAP, which was reported to first

Table 1 Propylene carbonate formation from CO, and PO?

Organqcalalyst o

):0 +CO, ﬂj: >c=o
0
PO PC
Amines
Ny
- mea OH N N(\N"‘
N N £ V\HM,,
oMo | P PElggo
DEEA
DMAP
Temperature
Entry Organocatalyst (°Q) PC yield (%)
1 MEA 110 0.2
2 DEEA 110 Traces
3 DMAP 110 58
4 PEI (300 mg) 110 54
5 PEI (100 mg) 110 11
6 PEI (100 mg) 25 0
7 PEI (100 mg) 140 97

“ Reaction conditions: PO = 20 mmol, MEA = 10 mol%, DEEA =
5 mol%, DMAP = 10 mol%, PEls, = 300 mg (entry 4) and 100 mg
(entry 5, 6 and 7), THF (5 g, 5.6 mL), initial CO, pressure at room
temperature = 30 bar, yields were calculated based on the amount of
PO (20 mmol) used. 1,3,5-Trimethoxybenzene (TMB) was added as an
internal standard.
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activate the epoxide, PEIgq, is expected to activate the CO,, first
via CO, activation pathway (Scheme 2) and subsequent nucle-
ophilic attack of the carbanion on the epoxide, opens the ring
and cyclizes to carbonate.

Upon the reaction of CO, with amines similar to the case of
PEIg0, a carbamic acid species, [-HN'CO, ] is first formed,
which then exists in equilibrium with carbamate, [-NH']
[FNCO, " ]. Therefore, in addition to the CO, activation pathway
described in Scheme 2, mechanism A, involving carbamic acid
intermediate, a competing reaction mechanism involving
[-NH'] [-NCO, ] ion pair is also expected to occur. A DFT
calculation of the reaction mechanism for the formation of
cyclic carbonate from CO, and PO in the presence of DBU
hexanol mixture suggested that after the initial activation of
CO,, the [DBUH '] [C4H;30CO, "] ion pair ring opens the epoxide
(and not the [C¢H;,30CO, ™ | anion) and forms PC.*? Similarly, in
the case of PEI, the [-NH'] [-NCO, ] carbamate ion pair ring
opens the epoxide and liberates PC and regenerates [-NH']
[FNCO, ] carbamate under CO, atmosphere.

PEIs are used widely for CO, capture studies that are per-
formed both from concentrated sources and air.****** In addi-
tion, PEIs are known for their high thermal stability, low
volatility, and high amine content. Therefore, PEI4,, was chosen
for further optimization. Lowering the PElg,, concentration
significantly decreased the cyclic carbonate conversion to 11%
(entry 5, Table 1). At room temperature, there was no detectable
amount of PC observed, and the PO remained unreacted (entry
6, Table 1). Increasing the temperature to 140 °C resulted in
increased cyclic carbonate yield of 97% with a selectivity of
>99% (entry 7, Table 1). While superbase and DMAP catalyzed
cyclic carbonate formation from epoxide and CO, has already
been identified in the literature,">*® to the best of our knowl-
edge, high yield production of cyclic carbonate in the presence
polyamine is reported for the first-time in this study.

In the absence of a metal catalyst and only in the presence of
PElg, there was no formation of methanol or propylene glycol
(PG) (Table 2, entry 1). Several Ru-based catalysts have been
identified in the literature for hydrogenation of carbonyl
moieties, from which we screened a selected number of cata-
lysts for hydrogenation of in situ formed PC." Among the
catalysts screened (Table 2, entry 2-4 and Fig. 1), the Ru-PNP
pincer catalyst with the aliphatic backbone (catalyst 3)
provided good yields for PG (>99%) and methanol (84%), which

This journal is © The Royal Society of Chemistry 2020
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Table 2 One-pot, one-step vs. two-step CO, hydrogenation to methanol and PG**¢

P

H
PhsP_ | _PPhy

u
PhgP” | “H
co

1

Ru catalyst __of

H
PElgoo N H,
0 +C0, ——— c=0 2 o= + CH;0H
step (a) O/ step (b) OH
0 PC

1,2-PD

CH;0H
Entry PO (mmol) Metal catalyst CO,/H,” (bar) PC (%) PG (%) (%)
1° 20 + PEI — 20/50 96 — —
2 Entry 7, Table 1 1 60 87 13 —
3 Entry 7, Table 1 2 60 4.8 95 58
4 Entry 7, Table 1 3 60 0 >99 84
5 20 3 20/50 9 54 17
6° 20 3 20/50 9 78 31
7 20 + PEI 3 20/50 12 84 32

¢ Reaction conditions: THF = 5 g (5.6 mL), 7= 16 h, PO = 20 mmol, catalyst = 0.02 mmol, PEI4,, = 100 mg, 7= 140 °C, the final reaction mixture
from entry 7, Table 1 was hydrogenated in entries 2, 3, and 4 for 16 h. ? Initial CO, and H, pressure at room temperature. ° 24 h. ¢ 36 h. ¢ Yields were
calculated based on the amount of PO (20 mmol) used. TMB was added as an internal standard. No detectable amounts of formate/formyl amides

were observed by "H NMR in the case of entries 1-6.
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Fig. 1 The rate of hydrogenation of propylene carbonate (in situ
formed) in the presence of catalysts 1-3.

corresponds to a turn over number of 1000 based on the
amount of glycol formed. No detectable amounts of formate/
formyl esters/amides were observed by 'H NMR (Fig. S47). Gas
chromatographic analysis of the vented gas showed small
amounts of CO in addition to H, and CO, (entry 4, Table 2).
Also, subjecting a 1:1 mixture of PG and methanol to our
experimental reaction conditions (140 °C, 16 h, 60 bar H,, THF
solvent) and venting resulted in the 1 : 0.9 ratio of glycol and
methanol. Therefore, the relatively low methanol yield
compared to the PG yield was attributed to (a) methanol loss
during depressurization, and (b) decarbonation of methanol.
Next, we attempted combining the steps (a) and (b), which
are the PC and PG (and methanol) formation steps, respectively.
Even in the absence of PEIo,, methanol and glycol were formed,

This journal is © The Royal Society of Chemistry 2020

albeit at a lower reaction yield (entry 5, Table 2). Some of the PO
remained unreacted (29%), and intermediates such as PC (9%)
and formyl esters (11%) were also observed by "H NMR exper-
iments. Longer reaction time resulted in improved PG and
methanol yields (entry 6, Table 2), and 6.5% of the PO remained
unreacted. Interestingly, the concentration of intermediates, PC
(9%) and formyl esters (11.5%), produced remained
unchanged.

Addition of PEI,, increased PG and methanol yields (entry 5
vs. entry 7, Table 2). There was no remaining unreacted PO.
However, PC (12%) and formyl esters and amides (11%) were
observed by "H NMR. The low methanol yields compared to PG
in the case of entries 2, 3 and 5-7, Table 1, were due to (a)
incomplete hydrogenation of PC to formyl ester intermediates,
and (b) side reactions involving CO and methyl formate
formations.

The addition of a metal catalyst for the second step required
disassembly of the pressurized reactor, which may not be
economical for practical application. Therefore, we attempted
to add the metal catalyst in step (a) along with PO, PEI(, and
CO, (Table 3). The H, was introduced only in step (b). Addition
of catalysts 2 or 3 did not change the rate of formation of cyclic
carbonate (Fig. S31). The catalyst 3 formed methanol with good
selectivity compared to catalyst 2. The PG and methanol yields
of >99% and 82%, respectively, were obtained based on "H NMR
(Fig. S27). The calculated yields by GC-MS and 'H NMR were in
agreement. No formyl esters/amides products were observed for
both the entries in Table 3.

The use of excess of PEIg, (20 times excess, 2 g, nitrogen of
PEI : PO ratio of 2), resulted in mostly direct reaction of amine
with epoxide and no detectable amount of methanol or cyclic
carbonate was observed. Therefore, excess amine cannot be

RSC Adv, 2020, 10, 42557-42563 | 42559
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Table 3 Sequential addition of CO, and Hy*

R talyst
u catalys! OH

PEley  H,
0 +C0, —> ——— + CH30H
16h 16h on
PO

PG

CH,OH
Entry PO (mmol) Metal catalyst PC (%) PG (%) (%)
1 20 + PEI 3 0 >99 82
2 20 + PEI 2 Traces >99 10

% THF = 5 g (5.6 mL), total time including cyclic carbonate formation (16
h) and hydrogenation (16 h) steps = 32 h, catalyst = 0.02 mmol, PEIs, =
100 mg, initial CO, : H, = 20 bar: 50 bar (total initial pressure at room
temperature = 70 bar) and T = 140 °C. Yields were calculated based on
the amount of PO (20 mmol) used. TMB was added as an internal
standard. No detectable amounts of formate/formyl amides were
observed by "H NMR.

used for this process, which limits the use of this process for
combined capture and conversion, where at least 1 : 1 ratio of
amine : epoxide needs to be used.

A plausible mechanism for the formation of methanol and
glycol is shown in Scheme 3 based on our experimental obser-
vation and other reported works in the literature.'®**>% A
series of intermediates, such as PC (Step i), Int. B (Step iii), and
formaldehyde (Step v), are involved in the reaction mechanism.
There are two possible equilibriums: (1) Int. A = Int. B (Step ii)
and (2) Int. C = formaldehyde and ethylene glycol (Step iv).

Upon initial activation of pre-catalysts 2 and 3 in the pres-
ence of a base, activated catalyst species 2a and 3a are formed
(Scheme 3). Heterolytic cleavage of H, on 2a and 3a yield
dihydride complexes 2a’-H, and 3a’-H,, respectively. The
hydrogenation of PC, Int. B, and formaldehyde is catalyzed by
dihydride complexes 2a’-H, and 3a’-H, by a very well investi-
gated metal-ligand cooperation via dearomatization (2a)/
aromatization (2a’-H,) or N-H site deprotonation (3a)/
protonation (3a’-H,).'****%'*¢1” The hydrogenation of each

intermediate species (carbonate, formate ester, and
Step (a) Stepi Stepii
o o O M
CO, N\ Cat. H C
P e e —C
Base 2 0 o
° o OH
PO PC IntA H nt.B
Hz
Cat.| Stepiil
Step v Step iv
o o\c/H
CHyoH ~—22 I | SoH
¢ Hy O 7 H
H H OH
formaldehyde \[ nt.
'OH
Hy Metal-ligand cooperative pathways for complexes 2and 3 Hy
tBu 1Bu tBu H H H
H/ H H H y . ]
H 1 tBu il tBu HistBu |y, FPh 0 Ph W Ph
Ui base 1/ Ui N | Dplpn| base  NC| g, | 2,
N-Ru—co (— { N-mu—co N-Ru—CcO RU — Ru [ ru
V! Hel A=/ i p”|>co | el =P” “co P~ “co
Nl N N H Pl Cl L™ PhTLH
EUE, Et Et Et Et Ph e
2 2aH, 3 3 3aH,
M \_/R«
HM "%
B, H ﬂ\
R ) R o R o R

R=H or O-alkyl

Scheme 3 Plausible mechanism for the formation of methanol and
1,2-propylene glycol.
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formaldehyde) was already reported in the literature by different
groups in the presence of catalysts 2 and 3.%%*¢*'> The reac-
tivity for these intermediates was expected to decrease with
decreasing electrophilicity in the following order: formaldehyde
> formate ester (Int. B) > PC."*? The protic hydrogen from the
“CH,” and “NH” cooperative sites of the ligands in dihydride
complexes 2a’-H, and 3a’-H, interact with the carbonyl moieties
of PC (Step i), Int. B (Step iii), and formaldehyde (Step v) and
assist the nucleophilic attack by Ru-H and subsequent forma-
tion of Int. A, Int. C, and the final product, methanol.

Catalyst 3 was previously studied for CO, and CO hydroge-
nation to methanol via formamide intermediate (Scheme 4).
Because we have both CO, and H, in our reaction, we wondered
if this competing reaction is occurring in our reaction medium.
To understand this, we performed operando magic angle spin-
ning (MAS) ">C NMR at 140 °C under 60 bar CO, : 3H, pressure
(Fig. 2)."* PC was the first intermediate that was formed, and the
methanol concentration increased with increasing PC concen-
tration. Formaldehyde was not observed, which suggests that it
undergoes hydrogenation readily. There were multiple small
signals that appeared between 158-168 ppm, which we attrib-
uted to formate esters and amides. Similar to what we previ-
ously observed for the experiments in Table 2 (entries 5 and 6,
Table 2), the concentration of these broadly assigned formate
esters and amides did not change with reaction time. Informed
simply by the *C NMR, we could not disregard the direct
hydrogenation of CO, via the formamide pathway. However, the
methanol yields never exceeded the glycol yields in any experi-
ments. In addition, methanol was observed in experiments that
did not have PElg, (entries 5 and 6, Table 2) and where the
formamide could not be formed. Therefore, hydrogenation of
CO, via cyclic carbonate (PC) is likely the major pathway. Unlike
the formamide route (reaction (a), Scheme 4), no H, is wasted in
the formation of water as a byproduct. Ultimately, with H,
recycling, coproduction could result in a theoretical 100% atom
efficiency.

Thermodynamically, the coproduction of methanol and
glycol (—32.3 keal mol ") is more favorable than the individual
reactions of —11.8 kcal mol ™" for direct CO, hydrogenation to
methanol and —20.5 kcal mol™" for hydrolysis of propylene
oxide to PG. The energetics for the formation of methanol
through CO, hydrogenation is compared with the coproduction
route in Fig. 3. The presence of alcohols and amines is known to
promote the formation of methanol in CO, hydrogenation as
the reaction proceeds via formamide and ester inter-
mediates.*»¥* The hydrogenation of ester and formamide are

(a) CO, hydrogenation via formamide

H, H,
Cat. Cat. Cat.
COz+ H, ———> HCOOR;NH,* —— R,N-CHO — > HCHO —— CH,0H
RoNH -H,0 -R;NH
R=H or alkyl
(b) CO hydr via for id
co—22 g n-cHo—Cat
CTREEAY CH30H
-R,NH

Scheme 4 CO, and CO hydrogenation via formamide intermediate.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 In situ 13C MAS NMR of the one-step, one-pot reaction of PO
with 3CO, and H, in the presence of catalyst 3. Reaction conditions:
240 mg propylene oxide + 60 mg PElggo + 2.4 mg catalyst 3 in THF-dg
(1 mL) at 140 °C. *3CO, : H, = 15 bar: 45 bar (total initial pressure at
room temperature = 60 bar).

H,CO + CH;0H
HCO,CH; 8.5
3.6 3.8 =
0 i i
——HCO,H

.| (@) COx+H, -8.0
3 et -11.8
£ HCO,N(CHj3), —
=~ CH50H
© 0
Ll —
= (b) CO, % PO
>
1 -11.9
g -14.9 m
) 21 2
g 251/ Int.A -23.3/ 4+ PG
g — int B o
‘T‘: PC ’ -32.3
« CH;OH

Reaction Coordinate

Fig. 3 Energetics for the coproduction of methanol and PG. Relative
energies given are enthalpy of reactions, calculated from the method
developed by S. W. Benson's group.? (a) and (b) are conventional and
coproduction routes, respectively.

the rate limiting steps, which was identified by us and oth-
ers.**? The N-formamide is 11.8 kcal mol ' more stable than
the ester intermediate and, accordingly, the ester is relatively
more reactive than the formamide during hydrogenation.

A similar thermodynamic stability study of the intermediates
involved in the coproduction process showed that propylene
carbonate is the most stable intermediate and thus PC was the
main intermediate identified by operando **C NMR (Fig. 2). The
formaldehyde formation step is thermodynamically uphill from
the starting materials (CO, and H,) in the case of direct CO,
hydrogenation; consequently, excesses of amines and alcohols
are necessary to drive the reaction forward although they
further complicate the separation process. On the other hand,
in the case of the coproduction approach, a 1:1 mixture of
glycol and methanol is produced without the need for excess
alcohol or amine, therefore easing the separation process.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

Two commodity chemicals, methanol and propylene glycol,
were produced directly from CO,, H,, and epoxide for the first
time in one pot. PEIgy, was used for carbon capture and as an
organocatalyst for the formation of a cyclic carbonate interme-
diate that was then hydrogenated in the same pot in the pres-
ence of Ru-PNP catalysts to produce methanol and propylene
glycol. Operando “*C NMR analysis showed the formation of
mainly PC and small amounts of ester and amide intermediates
under experimental reaction conditions. Unlike the low-
temperature (<150 °C) direct CO, hydrogenation process in
which an excess of alcohols and amines is used, the copro-
duction approach formed methanol along with glycol in good
yields (>95% for PG and 84% for methanol) at 140 °C in the
presence of a catalytic amount of amine and the Ru-PNP cata-
lyst. In addition, the coproduction approach reduces the energy-
intensive water separation process involved in the individual
reactions. Based on this proof of concept study, a convenient
separation of methanol and glycol can be achieved by designing
a heterogeneous catalyst and solid-supported amine.
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