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Methanol into Isobutanol

Yagian Liu*,2Pl Zhihui Shao*,! Yujie Wang,™ Lijin Xu,*® Zhiyong Yu,*® and Qiang Liu*!

Abstract: Isobutanol serves as an ideal gasoline additive due to its
good compatibility with current engine technology, high energy
density and high octane number. Herein, we report an efficient and
selective Mn-catalyzed upgrading of ethanol with methanol into
isobutanol. This is the first example of deoxgenative coupling of lower
alcohols to isobutanol by using a homogeneous non-noble-metal
catalyst. This transformation could proceed at very low catalyst
loading with high turnover number (9233) and up to 96% isobutanol
selectivity was also reached.

Sustainable production of liquid fuels from renewable biomass
are receiving increasing industrial and scientific attention, driven
by the diminishing crude oil reserves and ongoing climate
change.l! Bio-ethanol, mainly obtained by the fermentation of
sugar-containing crops, is utilized currently as a blend additive
with conventional gasoline in internal combustion engines.?
However, ethanol is not an ideal alternative to gasoline due to its
low energy density, water solubility and corrosivity to the engine.
Higher alcohols, such as 1-butanol, can alleviate these problems
caused by ethanol, because of their fuel characteristics more
closer to conventional gasoline.®! The most known approach to
production of 1-butanol from bio-feedstocks, ABE fermentation
process, suffers from low conversion and poor selectivity. In this
context, an attractive alternative method is to direct upgrading of
easily available (bio)ethanol into higher alcohols. A number of
homogeneous catalysts based on precious metals (Ru® and Irfl)
with good performances for the upgrading of ethanol into 1-
butanol have been developed. Notably, we recently reported a
more sustainable version of the same transformation by using a
manganese catalyst , in which high selectivity (92%) and a record
turnover number (>110 000) were reached "

Despite significant advances in upgrading of ethanol into 1-
butanol mentioned above, the synthesis of its branched isomer
isobutanol, as an advanced liquid fuel possessing improved
octane number over 1-butanol,® was seldom explored.! The co-
condensation of (bio)ethanol and widely available methanol
provides an attractive route for the synthesis of isobutanol. Using
this strategy, ethanol and methanol undergo sequential
dehydrogenation, aldol coupling, and re-hydrogenation cycle to
yield n-propanol, which occurs the same consecutive coupling
process with methanol to produce isobutanal (Scheme 1). Clearly,
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it is challenging to achieve high selectivity towards isobutanol
rather than various other higher alcohol products. This
transformation was firstly realized via heterogeneous catalysis, in
which high conversion of alcohols could be obtained but suffered
from ether low selectivity, high reaction temperature or high
catalysts loading.*! With respect to homogeneous catalytic
systems, to the best of our knowledge, only a handful of catalysts
based on precious metals have been applied for this
transformation (Figure 1).1:4
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Scheme 1. Proposed route for the co-condensation of ethanol
with methanol into isobutanol.

The replacement of expensive noble-metal catalysts by first-
row base-metals is highly appreciated in terms of sustainability.
Encouraged by the significant achievements in Mn-catalyzed
alcohol dehydrogenation reactions,*? we disclose herein the first
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Firgure 1. Homogeneous metal catalysts for the upgrading of
ethanol with methanol into isobutanol.
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non-noble metal catalyzed upgrading of ethanol with methanol
into isobutanol by using a well-defined manganese catalyst
(Figure 1). Notably, this robust pincer Mn-catalyst achieved the
highest turnover number (9233) and turnover frequency (833 h)
among all these homogeneous catalysts for the synthesis of
isobutanol.

Table 1. Mn-catalyzed upgrading of ethanol with methanol to
isobutanol®

2 MeOH + EtOH

[Mn] (0.05 mol%) )v
> OH ; 2 H,0

NaOMe, 160 °C, 16 h

NaOMe EtOH

Entry  [Mn] (MOI%)  covn. %P Yield %¢ Selectivity %? TON®
1 [Mn]-1 350 36 28 80 558
2 [Mn]-2 350 34 26 76 514
3 [Mn]-3 350 37 25 68 503
4 [Mn]-4 350 38 26 69 521
5 [Mn]-5 350 trace trace - trace
6 [Mn]-6 350 trace trace - trace
7 Mn(CO)sBr 350 0 0 - 0
8 none 350 0 0 - 0
9 [Mn]-1 400 35 28 79 564
10  [Mn]- 300 37 26 68 521

. Br
H, /Br H, /co o H‘N/ peh
N | lPiPr, N1+ (PiPr, C “Mnl 2
C M [ M N
S, N P” | ~co
P” | Yco P” | Yco Ph, o
iPr; co iPr; co
[Mn]-1 [Mn]-2 [Mn]-3
H\ /Cg Me\ /Br\ Me /cg
N7 | PCy, N7 | (PiPr, N/ ‘ “PCy,
C ' n\ [ /Mn\ C /Mn\
P~ | ~co P” | ~co P” | ~co
Cy2co iPr; co Cy2 co
[Mn]-4 [Mn]-5 [Mn]-6

aReaction conditions: 1 mL (17.13 mmol) ethanol, 10.4 mL (256.95 mmol)
methanol, [Mn] (0.00857 mmol, 0.05 mol%), and NaOMe (51.39-68.52
mmol, 300-400 mol%) at 160 °C for 16 h under Ar in 25 mL autoclave.
bTotal conversion of ethanol to all alcohol products. ¢Yield was determined
by GC. 9Selectivity was determined by mmol of isobutanol per mmol of
higher alcohol products. ®TON based on mmol of EtOH converted to
isobutanol per mmol of [Mn] catalysts.

We initially evaluated the reactivity of different Mn-pincer
catalysts in this transformation by reacting 1 mL of ethanol, 10.4
mL of methanol, 0.05 mol% Mn catalysts, and 350 mol% NaOMe
(mol% based on ethanol substrate) at 160 °C for 16 h (Table 1).
It is worth mentioning that the TON, conversion, yield, and
selectivity of these Mn-catalyzed upgrading reactions of ethanol
with methanol were calculated in the same manner as previous
reports for comparison (see Sl for more detail). All the manganese
catalysts shown in Table 1 were prepared as reported in our
previous work.[” 13 |solated dicarbonyl P'PNP-Mn(l)complex
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[Mn]-1 and tricarbonyl P"PNP-Mn(I) complex [Mn]-2 gave similar
results due to the conversion of the tricarbonyl complex [Mn]-2
to dicarbonyl species [Mn]-1 at high temperature (tablel, entries
1 and 2).7 PPPNP-Mn(l) complex [Mn]-3 and ©YPNP-Mn(l)
complex [Mn]-4 displayed comparable ethanol conversion but
lower selectivity of isobutanol than [Mn]-1 (entries 1, 3 and 4).
There was no reaction in the absence of Mn-catalysts or
employing commercially available Mn(CO)sBr as the catalyst,
indicating the importance of the Mn-catalysts and the supporting
pincer ligands (entries 7 and 8). Besides, the N-methylated
complexes [Mn]-5 and [Mn]-6 showed much lower reactivity,
revealing the essential role of the “N-H moiety” for the hydrogen
transfer process (entries 5 and 6). Further increase or decrease
of base loading could neither improve ethanol conversion nor
yield and selectivity of isobutanol for this transformation (entry 9
and 10). In these Mn-catalyzed reactions for the synthesis of
isobutanol, the selectivity was significantly influenced with bases
(Table S1). n-Propanol along with C5, C6 aliphatic alcohols and
C8, C9, C10 aromatic alcohols were also detected in the liquid
fraction as side products when using other strong bases, such as
NaOEt, NaO'Bu or NaOH (Table S1, entries 2, 3 and 4). The
proposed reaction pathways for the generation of these higher
alcohols were discussed in detail in the supporting information
(Scheme S1). Using weaker base, Na,COs, could not promote
this transformation (Table S1, entry 5). Acceptorless alcohol
dehydrogenative coupling (ADC) products, such as ethyl acetate
and methyl formate, were not detected in any of these reactions.
HCOONa and NaOAc could be formed in the solid-phase verified
by NMR analysis, indicating a process of Mn-catalyzed
dehydrogenative coupling of alcohols with hydroxides into
carboxylates was involved.[*4!

We then examined different reaction parameters to improve the
efficiency of this transformation (Table 2 and Table S3). The
choice of bases is of great importance for this Guerbet reaction
process. NaOMe was found to be the optimal base likely because
its protonation product MeOH could be used as the excessive
component for this transformation (Table S1, entry 1). It is
envisioned that the ratio of ethanol and methanol would play a
key role for the selectivity of isobutanol.'°d Specifically, increase
of the amount ethanol from 1 mL to 1.25 mL in combination with
10.4 mL of methanol gave lower yield, conversion and TON for
isobutanol production (table 2, entries 1 and 2). An increase of
methanol amount to 15 mL resulted in lower selectivity of
isobutanol as well (entry 3), in which n-propanol was obtained with
37% selectivity (for more details, see Table S3). Higher TON and
selectivity were observed by increasing reaction temperature
(entries 1, 4, 5 and 6), which could be resulted from more efficient
dehydrogenation of n-propanol and methanol at high temperature.
Notably, increasing reaction time to 48 h could be beneficial to the
conversion, yield as well as selectivity (entry 7).To our delight, up
to 40% yield and 96% selectivity could be acquired under 0.1 mol%
catalysts loading in 48 hours (entry 9). In order to boost the
efficiency of the catalyst, we further investigated the performance
of this Mn-catalytic system at lower catalyst loading. Notably, an
obvious improvement of TON was realized as the decrease of
catalyst loadings without any loss of the selectivity (entries 10 and
11). A synergetic increase of the amount of ethanol and methanol
along with the use of 0.031 mol% of [Mn]-1 resulted in a
remarkable TON of 9233 after 48 hours (entry 13). Moreover, the
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TOF of catalyst [Mn]-1 in this reaction could reach up to 833 h*
for the first 7 hours (entry 12). However, the selectivity for
isobutanol was decreased to 75% along with 25% n-propanol
selectivity.

Table 2. Optimization of the reaction conditions.?

[Mn]-1 (mol%)

)VOH + 2H,0

2 MeOH + EtOH
350 mol% NaOMe, T °C

EtOH Selectivity TON

Enty [Mnl1 T(C) time (h) o Yield (%) T
1 0.05 160 16 36 28 80 558
2b 0.04 160 16 26 20 78 495
3¢ 0.05 160 16 27 16 58 318
4 0.05 140 16 20 7 33 133
5 0.05 180 16 28 25 87 502
6 0.05 200 16 33 27 83 548
7 0.05 180 48 33 29 88 576
8 0.1 180 16 40 36 92 360
9 0.1 180 48 42 40 9 397
10 0025 180 16 27 24 88 950
11 00125 180 16 26 23 89 1873
12¢  0.003125 200 7 24 18 75 5828
139 0.003125 200 48 32 29 91 9233

aReaction conditions: 1 mL (17.13 mmol) ethanol, 10.4 mL (256.95 mmol)
methanol, 0.05 mol% [Mn]-1, and 350 mol% NaOMe at given temperature
and reaction time under Ar in 25 mL autoclave. Conversion, yield,
selectivity and TON were determined in the same way as in Table 1. °1.25
mL (21.41 mmol) ethanol, 280 mol% NaOMe. ¢15 mL MeOH. 9n 60 mL
autoclave, using 4 mL ethanol, 41.6 mL methanol.

In summary, we have developed an effective and sustainable
synthesis of advanced biofuel isobutanol via upgrading of
(bio)ethanol with methanol. This transformation was realized by
using a well-defined pincer PNP Mn-catalyst, reaching a
remarkable turnover number (9233) and turnover frequency (833
h1).
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Manganese-Catalyzed Selective
Upgrading of Ethanol with Methanol
into Isobutanol

Isobutanol is currently an desired gasoline alternative because of its compatibility with modern engine technology, high energy density
and octane number. In this work, we disclosed here the first homogeneous non-noble metal catalyst for a sustainable production of
isobutanol by upgrading of (bio)ethanol and widely availble methanol. This transformation could proceed at an very low catalyst loading
with remarkable turnover number (9233) and up to 96% isobutanol selectivity was also reached.
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