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Towards the Upgrading of Fermentation Broths to Advanced 

Biofuels: A Water Tolerant Catalyst for the Conversion of Ethanol 

to Isobutanol 

Katy J. Pellow,
a
 Richard L. Wingad

a
 and Duncan F Wass*

a 

Isobutanol is an ideal gasoline replacement due to its high energy density, suitable octane number and compatability with 

current engine technology. It can be formed by the Guerbet reaction in which (bio)ethanol and methanol mixtures are 

converted to this higher alcohol in the presence of a ruthenium catalyst and under basic conditions. A possible limitation 

of this process is catalyst water tolerance; a twofold problem given that water is produced as a by-product of the Guerbet 

reaction but also due to the need to use anhydrous alcoholic feedstocks, contributing significantly to the cost of advanced 

biofuel production. Isobutanol formation with pre-catalyst trans-[RuCl2(dppm)2] (1) has been shown to be tolerant to the 

addition of water to the system, achieving an isobutanol yield of 36% at 78% selectivity with water concentrations typical 

of that of a crude fermentation broth. Key to this success is both catalyst tolerance to water itself but also to the use of a 

hydroxide rather than an alkoxide base; other catalysts explored are less effective with hydroxides. Alcoholic drinks have 

also been used as surrogates for a fermentation broth, the use of lager as the ethanol source yielding 29% isobutanol at 

85% selectivity in the liquid phase. 

Introduction 

The need to find sustainable alternatives to liquid fossil 

fuels for transportation is crucial both from an environmental 

perspective as well as to ensure energy security for the 

future.
1
 The most widely used alternative to gasoline is 

bioethanol, derived from the fermentation of biomass.
2
 But 

bioethanol is by no means the ideal gasoline replacement; it is 

corrosive to engine technology, has a significantly lower 

energy density than gasoline and its hygroscopic nature leads 

to storage problems.
3
 By contrast, butanols have fuel 

characteristics much closer to that of conventional gasoline 

and are often considered ‘advanced biofuels’ because of this 

superior performance.
4
 Biosustainable routes to butanol, such 

as the ABE (acetone-butanol-ethanol) process, remain 

challenging.
5
 Our group has investigated converting readily 

available (bio)ethanol to n-butanol using homogeneous 

ruthenium catalysts with either P-P bidentate or mixed donor 

P-N ligands, achieving excellent selectivity at good conversion 

for this transformation.
6
 There have been several other recent 

examples of the conversion of ethanol to n-butanol using 

homogeneous ruthenium or iridium catalysts which 

demonstrate similar performance.
7
 This area, and related 

heterogeneous approaches, have been extensively reviewed 

over the last few years.
8
 

We recently reported that our family of ruthenium 

catalysts are also capable of converting ethanol/methanol 

mixtures to isobutanol with high ethanol conversions to 

Guerbet alcohol products (>75%) and excellent selectivity for 

isobutanol formation (>99%), the first homogenous catalysts 

for this reaction.
9
 Heterogeneous systems have been known 

since 1990
10

 and very recently a homogenous ruthenium(II) 

bis(phosphino-phosphinine) pre-catalyst has been reported.
11

 

Our interest in forming isobutanol lies in the fact that it offers 

improved fuel properties over n-butanol, such as a higher 

octane number and energy density (98% of that of gasoline).
12

 

A Guerbet-type mechanism was proposed (Scheme 1) for the 

formation of isobutanol; this “borrowed hydrogen” process 

requires two cycles (ethanol/methanol to propanol, 

propanol/methanol to isobutanol) and consequently two 

equivalents of water are produced as the only by-product. 

Clearly, it is important that Guerbet catalysts demonstrate 

good water tolerance so as not to be poisoned by this by-

product. Another important consideration in terms of 

sustainable technology is the recovery of ‘dry’ bioethanol from 

a typical fermentation broth (Figure 1). This is achieved by  

Scheme 1 Co-condensation of ethanol and methanol via Guerbet chemistry. 
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distillation, yielding typically 95.6 wt% ethanol when corn-

starch is used.
13

 Molecular sieves are then used in the final 

drying process to yield >99% pure ethanol. This is a highly 

energy intensive process, in fact during the production of first 

generation bioethanol, typically over half of the energy is 

consumed in the drying procedures.
7b

 It is clear that using a 

fermentation broth rather than analytically pure ethanol as a 

substrate in ethanol-to-butanol catalysis would be highly 

desirable (Figure 1, Ideal Pathway), and could significantly 

impact the economics and sustainability of such a process. 

Removing the need to dry ethanol before upgrading to butanol 

means that only one drying step is required in which the water 

from the fermentation broth and formed during the Guerbet 

cycle can be removed in a single purification step. The 

water/isobutanol separation by distillation is also much easier 

to achieve than ethanol/water distillation. Even using 

approximately 95 wt% ethanol could lead to benefits in this 

regard (Figure 1, Alternative Pathway). Unfortunately, many 

Guerbet catalytic systems are reported to lose activity and 

selectivity in the presence of water.
6c, 7e, 14

 Water can 

potentially lead to catalyst decomposition or solubility issues, 

and deactivation of alkoxide bases to often inactive 

hydroxides.
10b, 15

 Water may also promote the formation of 

carboxylate salts and esters in competing reactions, lowering 

product selectivity and the basicity of the reaction mixture.
7d, 

14b, 16
 Indeed a recent review by Wang and Cao highlights that 

the vast majority of bioethanol upgrading systems utilise 

anhydrous feedstocks, with attempts to use “wet” ethanol 

showing only limited success.
17

 Xu and Mu et al. have 

developed immobilised iridium catalysts capable of converting 

either ethanol to n-butanol or mixtures of ethanol and 

methanol to isobutanol in aqueous conditions with impressive 

yields and selectivity; however, the system is limited by long 

reaction times that are needed to ensure high ethanol 

conversion.
7b, 10d

  

In our preliminary communication of homogeneous 

methanol/ethanol to isobutanol catalysts
9
 we focused on our 

standard catalyst screening conditions (using analytically pure 

methanol/ethanol) without studying these systems with more 

realistic alcohol/water mixtures, and probing the all-important 

effect of water levels and base selection and concentration. 

We now report in detail the effect of these parameters with 

several ruthenium based catalysts, showing that surprisingly 

good conversions can still be achieved with trans-

[RuCl2(dppm)]2 (1) at high levels of water. In addition, 

experiments with alcoholic beverages, used as surrogates for 

fermentation broths, reveal that 1 can also tolerate biogenic 

impurities.  

Results and Discussion 

Catalyst screening 

We have previously reported the use of ruthenium pre-

catalysts 1 and 2, which utilise P-P or P-N bidentate ligands, to 

upgrade ethanol/methanol mixtures to isobutanol in high 

yield and excellent selectivity (Table 1, Entries 1 and 9).
9
 In 

this paper we have investigated the impact of using wet 

ethanol/methanol mixtures on these two catalysts and also 

pre-catalyst 3 which exploits a P-N-P tridentate ligand. 

Complex 3 is a commercially available hydrogenation/ 

dehydrogenation pre-catalyst which shows excellent activity in 

related alcohol conversions and therefore we felt it may 

perform well in our system.
18

 We employed our standard 

reaction conditions of sodium methoxide base, a methanol to 

ethanol molar ratio of 14.4:1 (to prevent homocoupling of 

ethanol), a catalyst loading of 0.1 mol% (relative to ethanol) 

and a reaction temperature of 180 °C. Performance of catalyst 

3 is comparable to that of catalyst 2 after two hours (Entry 

12).‡ An increase in reacPon Pme led to a modest increase in 

both yield and selectivity for isobutanol formation (Entry 13). 

Accompanying the formation of liquid Guerbet products using 

pre-catalysts 1-3 was the formation of solid products; sodium 

formate, carbonate and acetate, and associated significant 

hydrogen evolution. The origin of these products will be 

discussed in the following section. 

 

Base investigation 

With a selection of catalysts in hand, we first considered 

the choice of base before attempting to add water to the 

system. Addition of water to the reaction mixture results in 

conversion of sodium methoxide base to methanol and sodium 

hydroxide. In our previous communication we reported that a 

combination of 1 and co-catalyst NaOH was able to efficiently 

convert ethanol/methanol mixtures to isobutanol
9
 even 

though hydroxide has proven to be detrimental in other 

Guerbet systems.
10b, 15

 Given the high activity of 1 with 

hydroxide base, we felt this warranted further investigation 

with other catalysts. Performing the catalysis with complex 2 

and sodium hydroxide as the base did result in a decrease in 

both yield and selectivity compared to when sodium 

methoxide was the co-catalyst, however, a reasonable 

isobutanol yield is still produced (Table 1, Entry 10). 

Contrastingly, use of sodium hydroxide as the base with 

catalyst 3 resulted in only a trace amount of propanol being  

Figure 1 The drying stages involved in obtaining anhydrous ethanol for catalytic 

upgrading.
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Table 1. Conversion of ethanol/methanol to isobutanol. 

 

 

 

 

 

 

Entry
a 

Catalyst Base (mol%) 
Added 

Water (mL) 

Ethanol 

Conversion (%)
b 

Yield (Selectivity) (%)
c 

Isobutanol n-Propanol Other 

1
d
 1

 
NaOMe (200) - 67 65 (98) 1.2 (1.8) 0.8 (0.7) 

2
d
 1

 
NaOH (200) - 74 71 (96) 2.8 (3.8) 0.5 (0.3) 

3
d
 1

 
NaOH (200) 0.62 74 71 (97) 2.2 (3.0) 0.4 (0.3) 

4 1 NaOH (150) - 75 72 (96) 2.4 (3.2) 0.8 (0.5) 

5 1 NaOH (100) - 67 59 (90) 5.3 (8.2) 2.6 (2.0) 

6 1 NaOH (50) - 17 11 (68) 3.9 (25) 2.4 (7.7) 

7 1 NaOC(O)H (200) - 0.2 0.1 (42) 0.1 (58) - 

8 1 Na2CO3 (200) - 0.2 0.1 (57) 0.1 (43) - 

9
d
 2

 
NaOMe (200) - 49 39 (86) 3.1 (6.8) 6.6 (7.2) 

10 2 NaOH (200) - 39 28 (74) 8.6 (23) 2.5 (3.3) 

11
 

2 NaOH (200) 0.62 19 10 (55) 7.7 (41) 1.5 (3.9) 

12 3 NaOMe (200) - 48 36 (82) 4.7 (11) 7.1 (7.9) 

13
e
 3

 
NaOMe (200) - 53 44 (89) 2.4 (4.8) 6.7 (6.7) 

14 3 NaOH (200) - 0.2 - 0.2 (100) - 

15
 

3 NaOH (200) 0.62 1.0 0.3 (48) 0.2 (20) 0.5 (32) 
a 

Conditions: 1 mL (17.13 mmol) ethanol, 10 mL (247.13 mmol) methanol, 0.1 mol% [Ru], base (mol% as stated) (mol% based on ethanol substrate), 180 °C, 2 h. 
b 

Conversion of ethanol based on total amount of liquid products obtained as determined by GC analysis. 
c 

Total yield and selectivity of Guerbet products in the liquid 
fraction as determined by GC analysis. 

d 
Previously

 
reported by us.

9
 
e 

20 h. 

 

formed in the liquid fraction as the sole Guerbet product 

(Entry 14). As with the reaction with alkoxide base, hydrogen 

was generated over the course of the reaction evidenced by a 

pressure increase in the autoclave, concurrent with sodium 

formate, carbonate and acetate precipitation from the 

reaction mixture.§ Beller et al. have previously reported that 

catalyst 3 in an open system readily converts ethanol to ethyl 

acetate, which, if formed in our system, may then be 

converted to sodium acetate and ethanol by sodium 

hydroxide.
18

 The same group have also demonstrated that 

methanol undergoes water/hydroxide assisted 

dehydrogenation to carbon dioxide (trapped as carbonate 

under basic conditions) using catalyst 3, with formate being 

observed as an intermediate.
19

 The use of hydroxide base in 

our system presumably promotes similar processes, with the 

formation of these products being favoured over Guerbet 

coupling with pre-catalyst 3. 

In comparison the use of hydroxide base with catalyst 1 

actually led to a small increase in isobutanol yield compared to 

using sodium methoxide and high selectivity was maintained 

(Entry 2).
9
 Significant levels of hydrogen, sodium carbonate 

and formate products were still produced over the course of 

the reaction but compared to catalyst 3 it appears these 

processes do not dominate over Guerbet-type reactions.§ 

Heating methanol only (to prevent Guerbet coupling), catalyst 

1 and sodium hydroxide under our standard conditions 

resulted in the formation of significant residual pressure in the 

autoclave and the precipitation of sodium carbonate from the 

reaction mixture (see ESI, Section 4.1†). However, carrying out 

the same experiment with sodium methoxide instead of 

sodium hydroxide base did not result in precipitation of solids 

from the reaction mixture nor any observable residual 

pressure (See ESI, Section 4.2†).§§ These results, in line with 

Beller’s earlier work, demonstrate that water/hydroxide is 

essential for formate and carbonate formation. Rapid 

formation of water as a consequence of the Guerbet reaction 

in our standard isobutanol forming system using sodium 

methoxide as base therefore results in these same products 

being formed, even in an initially hydroxide free system.  

Reduction of the sodium hydroxide base loading to 150 

mol% with pre-catalyst 1 maintains activity (Entry 4) but 

reducing the base loading further has a detrimental impact; for 

example, a reduction in sodium hydroxide to 50 mol% resulted 

in only an 11% isobutanol yield at 68% selectivity over other 

liquid products (Entry 6). It has previously been proposed that 

stoichiometric alkoxide base loadings are needed due to base 

degradation over time by the water produced, forming 

catalytically-inactive hydroxide.
10b

 Clearly this cannot be the 

case when using catalyst 1 since sodium hydroxide is still an 

effective base. However, we do observe the further reaction of 

sodium hydroxide to sodium carbonate during catalysis, via 

sodium formate. Crucially, neither sodium formate nor  
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carbonate are effective bases in our system (Table 1, Entries 7 

and 8), a major issue being their insolubility in the reaction 

mixture as well as the lower pKa. So, a high concentration of 

sodium methoxide (or hydroxide) is required at the beginning 

of each reaction to ensure appreciable amounts of active 

alkoxide (or hydroxide) remain during the reaction before this 

is degraded to inactive carbonate. 

 

Water tolerance investigations 

The water tolerance of catalysts 1 and 2 was examined. We 

have previously reported that catalyst 1 is tolerant to the 

addition of low levels of water (0.62 mL, 2 equivalents relative 

to ethanol) at the beginning of the reaction (Table 1, Entry 3).
9
 

Addition of water in the same way when using catalyst 2 had a 

more detrimental effect on the activity and selectivity for 

isobutanol formation (Table 1, compare entries 10 and 11). 

This was perhaps surprising given the better performance of in 

situ formed pre-catalyst [RuCl2(η
6
-p-cymene)]2/2-

(diphenylphosphino) ethyl-amine over [RuCl2(η
6
-p-

cymene)]2/dppm in ethanol homocoupling to n-butanol in the 

presence of water.
6c

 As the water concentration was 

increased, to a level similar to that found in fermentation 

broths, a decrease in both isobutanol yield and selectivity was 

observed with catalyst 1 (Figure 2, Table S1†), but acceptable 

yields and selectivity were still achieved. For example, with the 

addition of 5 mL of water to the system (equivalent to a molar 

methanol:ethanol:water ratio of 14.4:1:16.2) an isobutanol 

yield of 36% at high selectivity (78%) was obtained. This level 

of water is typical of a fermentation broth; the ethanol content 

of which may be as high as 15 wt% from corn starch 

feedstocks.
13a

  

The addition of water to the system will lower the 

concentration of the base. As we have shown that a lower 

initial base loading results in loss in activity, this same trend is 

expected on addition of water. Burk et al.
15b

 also observed this 

effect, noticing that in lowering the initial alkoxide 

concentration in the heterogeneous rhodium-catalysed 

conversion of n-butanol to 2-ethyl-1-hexanol, the rate of 

product formation significantly decreased. A reaction was also 

carried out using catalyst 1 with air-saturated solvents and 5 

mL of water (Table S1†). Although a further drop in activity 

was observed compared to a nitrogen saturated system, a 

good isobutanol yield (27%) and selectivity (82%) was still 

achieved. 

 

Analysis of the solid side-products 

Solid side-products are often ignored in this area of 

catalysis, with selectivity being defined as selectivity within the 

liquid fraction. Clearly, as well as giving misleadingly high 

figures of merit, this ignores products that can give insight into 

competing reaction mechanisms. Analysis of the solid side-

products formed in our system confirmed them to be 

comprised of predominantly sodium formate, carbonate and 

hydroxide, with small amounts of sodium acetate and 

methoxide formed (Table 2, ESI Table S4). The production of 

significant amounts of sodium hydroxide when using sodium 

methoxide as the base (Entry 1) is consistent with the high 

levels of water produced in the Guerbet reaction, converting 

the methoxide base to hydroxide. Comparison of entries 1 and 

2 shows that a similar composition of solids is produced on use 

of either sodium hydroxide or methoxide base. With increased 

addition of water to the system, there is a reduction in sodium 

formate and carbonate formation. This is consistent with the 

lower residual hydrogen pressure in the autoclave observed 

with increased addition of water. For example, entry 2 

produced a residual pressure of 8 bar, whilst entry 5 resulted 

in a residual pressure of 5 bar. This trend in reduction in side-

product formation with increased addition of water follows 

that of isobutanol formation, demonstrating the decrease in 

catalyst activity with increasing water addition. 

 

Catalyst stability, role of the base and mechanism 

In order to investigate the stability of the transition metal 

complex to water, pre-catalyst 1 was heated in an 

ethanol/methanol mixture without base under our standard 

conditions. This led to the conversion of 1 into two major 

species identified as trans-[RuH(CO)(dppm)2]Cl (4) and  

 Table 2. Analysis of the solids obtained from the post-reaction mixture. 

Entry
a Water 

(mL) 

Composition of Solid (wt%)
d 

Sodium 

Hydroxide
 

Sodium 

Formate
b 

Sodium 

Carbonate
c 

1
e 

- 37 19 37 

2 - 49 12 35 

3 0.62 43 10 39 

4 5 57 9 33 

5 20 60 15 23 
a 

Analysis of the solid collected from the post reaction mixture. Conditions: 1 mL 
(17.13 mmol) ethanol, 10 mL (247.13 mmol) methanol, 0.1 mol% 1, 200 mol% 
NaOH (mol% based on ethanol substrate), water as stated, 180 °C, 2 h. 

b 
Amount 

of sodium formate formed calculated by NMR spectroscopy using DMSO as 
standard. 

c 
Amount of sodium carbonate formed calculated from microanalysis 

for inorganic carbon. 
d 

Other solid products are sodium acetate and methoxide 
(see ESI Table S4†) with the remaining solid presumed to be sodium hydroxide. 

e 

200 mol% NaOMe 

0
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20

30

40

50

60

70

80

90

100

34.42
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trans-[RuCl(CO)(dppm)2]Cl (5) (see ESI, SecPon 5.1†).
20

 These 

carbonyl complexes are presumably formed by 

decarbonylation reactions of ethanol or methanol.
7d, 21

 No 

Guerbet products are formed confirming the need for basic 

conditions and suggesting that the carbonyl species poison the 

catalysis unless base is present to remove the carbonyl ligand. 

Milstein et al. have reported the formation of an off-cycle 

carbonyl species, [RuH(CO)2(PNP
iPr

)], incorporating a de-

aromatised P-N-P pincer ligand, which can be converted to a 

coordinatively unsaturated active ethanol to n-butanol catalyst 

by loss of CO under basic conditions.
7d

 Likewise, Szymczak et 

al. proposed the deactivated catalyst in their ethanol to n-

butanol system to take the form of a ruthenium-carbonyl 

species.
7e

 Carrying out the same reaction but with addition of 

0.62 mL of water also resulted in the formation of 4 and 5 as 

well as increased amounts of an unidentified cis-diphosphine 

complex. The similarity in these experiments implies water 

does not have a detrimental impact on the pre-catalyst, at 

least in the absence of base. This stability is perhaps not 

surprising given that the synthesis of pre-catalyst 1 is carried 

out in aqueous conditions.
22

 A second experiment in which 

pre-catalyst 1 was heated in methanol with sodium hydroxide 

(ethanol omitted to prevent Guerbet coupling) revealed that 

carbonyl complexes 4 and 5 were not detected (See ESI, 

Section 4.1†). This suggests base depletion via the mechanisms 

outlined previously can have the added detrimental effect of 

leading to deactivation of the transition metal species to these 

inactive carbonyl complexes. The same major transition metal 

species, observed by 
31

P{
1
H} NMR spectroscopy, were formed 

with or without the addition of water to the basic system (See 

ESI, Section 5.3†). The three major peaks (16.5, 22.1 and 35.7 

ppm) are also observed in the 
31

P{
1
H} NMR spectrum of the 

post-reaction mixture of a standard isobutanol forming 

reaction. (See ESI, Fig. S8†). We have previously reported that 

ruthenium-hydride complexes are the likely catalytic resting 

species in our systems.
6a, 6c

  

 

Scheme 2 illustrates proposed alternative reaction 

pathways which the formaldehyde generated can follow; 

either Guerbet condensation or a methanol dehydrogenation 

pathway resulting in the formation of sodium formate and 

carbonate. The consumption of base into Guerbet-inactive 

sodium formate and carbonate base eventually leads to 

deactivation of the system. Detailed mechanistic studies of 

methanol dehydrogenation involving catalyst 3 and derivatives 

have been carried out elsewhere.
19, 24

 Presumably similar 

routes may be operating with 1 and mechanistic studies are 

currently underway to further examine these competing 

processes along with the Guerbet mechanism. Examination of 

the proposed mechanism highlights the importance of the 

base in activation of the ruthenium catalyst, in mediating the 

aldol condensation and in regenerating off-cycle ruthenium 

carbonyl species.   

 

Table 3. Using alcoholic drinks as the ethanol source 

Entry
a
 

Ethanol 

Source 

(ABV)
b 

Ethanol 

Conversion 

(%)
c 

Yield (Selectivity)
d 

Isobutanol Other 

1 Raki (45) 79 72 (93) 7.1 (7.2) 

2 Gin (41.2) 71 64 (91) 6.9 (8.8) 

3 
Brandy 

(36) 
67 61 (91) 6.4 (9.0) 

4 Port (20) 51 44 (87) 6.9 (13) 

5 
Sherry 

(17.5) 
48 41 (86) 7.2 (14) 

6 

White 

Wine 

(13.5) 

45 39 (88) 5.9 (12) 

7 
Red Wine 

(13.5) 
47 40 (86) 6.8 (14) 

8 
Lager 

(8.5) 
35 29 (85) 5.9 (16) 

9 Ale (5) 14 9.9 (74) 4.1 (26) 
a 

Conditions: Ethanol source (17.13 mmol), 10 mL (247.13 mmol) methanol, 0.1 
mol% 1, 200 mol% NaOH (mol% based on ethanol substrate), 180 °C, 2 h. 

b 
See 

ESI general experimental informaPon† for further details of alcoholic drinks used 
in this study. 

c 
Conversion of ethanol based on total amount of liquid Guerbet 

products obtained as determined by GC analysis. 
d 

Total yield and selectivity of 
Guerbet products in the liquid fraction as determined by GC analysis. 

Towards fermentation broths 

Commercial alcoholic drinks provide a useful surrogate for 

ethanolic fermentation broths, essentially being produced in 

the same way and containing both water and other impurities 

such as unfermented sugars. The tolerance of catalyst 1 to a 

variety of ethanol sources was tested (Table 3). The ethanol 

content (ABV) varied from 45% to 5% but in each case the 

same amount of ethanol (17.13 mmol) was added to the 

reaction in place of pure ethanol. Remarkably, catalyst 1 was 

tolerant to the use of these ethanol sources, the trend in terms 

of both yield and selectivity simply following water content 

(See ESI, Figure S1 and Table S2†). This has significant 

implications in that the other components such as sugars and 

sulfites appear to have little effect on catalyst activity.  

Xu and Mu et al. have reported that ferulic acid, a common 

biogenic component in fermentation broth derived from 

inulin, is detrimental to isobutanol forming activity using a 

heterogeneous iridium catalyst, decreasing ethanol conversion 

by 60%.
10d, 25

 In contrast, addition of trans-ferulic acid to our 

system did not cause any loss in catalyst activity (See ESI, Table 

S1†). 

 

Scheme 2 Proposed reaction pathways for formaldehyde generated during 

catalysis 
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Conclusions 

The pre-catalyst trans-[RuCl2(dppm)2] (1) was found to be 

unique amongst the catalysts screened in its ability to 

transform aqueous ethanol/methanol mixtures to isobutanol 

in good yield and excellent selectivity. Key to this catalysts 

success is both the tolerance to water but also the ability to 

utilise hydroxide rather than alkoxide base. Catalysts 2 and 3 

incorporating P-N and P-N-P ligands respectively, lose both 

yield and selectivity under these same conditions, a major 

problem being the promotion of competing side reactions 

resulting in the formation of inactive formate and carbonate 

salts. The tolerance of our system to both water and other 

biogenic impurities is a step forward in converting crude 

fermentation broth to an advanced biofuel, significantly 

lowering the total cost of biofuel production. 

Experimental  

Materials 

Complexes 1
22

 and 2
26

 were prepared according to 

literature procedures. Catalyst 3 was purchased from Sigma-

Aldrich and used as received. All reagents were purchased 

from commercial suppliers and used without further 

purification unless otherwise stated in the ESI. Full 

experimental details can be found in the ESI.† 

Typical procedure for the Guerbet coupling of 

ethanol/methanol to isobutanol and product analysis: Taking 

Table 1, entry 2 as an example (mol% relative to ethanol 

substrate): trans-[RuCl2(dppm)2] (1) (0.016 g, 0.017 mmol, 0.1 

mol%) and NaOH (1.37 g, 34.26 mmol, 200 mol%) were added 

to a clean, oven dried PTFE sleeve equipped with a stirrer bar 

in air. The PTFE sleeve was then sealed within the autoclave 

which was evacuated and re-filled with nitrogen three times. 

Methanol (10 mL, 247.13 mmol) and ethanol (1 mL, 17.13 

mmol) were injected into the autoclave through an inlet 

against a flow of nitrogen. The autoclave was sealed and 

placed in a pre-heated (180 °C) aluminium heating mantle for 2 

h. After 2 h the autoclave was cooled in an ice-water bath. 

Once at room temperature, any residual pressure was released 

from the autoclave. A portion of solution was then passed 

through a 1 cm plug of acidic aluminium oxide and analysed by 

GC-FID (100 μL sample, 25μL n-pentanol standard, 1 mL of 

methanol).  

The above procedure was modified to add degassed water 

along with the ethanol and methanol substrates or to replace 

analytically pure ethanol with the desired alcoholic beverage 

(equivalent to 17.13 mmol ethanol) as required. 

Acknowledgements 

Glenn Sunley and Russell Taylor (both BP) are thanked for 

useful discussions. The EPSRC Bristol Chemical Synthesis 

Centre for Doctoral Training (KJP) and the EPSRC UK Catalysis 

Hub (RLW) are thanked for funding. 

Notes and references 

‡ 2 h was chosen as the standard reaction time as production of 
isobutanol significantly slowed after this time in kinetic 
experiments with complex 1 (See ESI, Section 3†). 

§ After cooling the autoclave to room temperature, the residual 
pressure, when using pre-catalyst 3 and NaOH base, is 22 bar 
whereas with pre-catalyst 1 it is 8 bar. This indicates higher 

formate/carbonate formation with pre-catalyst 3. 
§§ On removing the volatiles from the post-reaction mixture, 
small amounts of formate and carbonate were observed by NMR 

spectroscopy, presumably due to trace amounts of water from 
the solvent. 

1. a) A. J. Ragauskas, C. K. Williams, B. H. Davison, G. 

Britovsek, J. Cairney, C. A. Eckert, W. J. Frederick Jr, J. P. 

Hallett, D. J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy, R. 

Templer and T. Tschaplinski, Science, 2006, 311, 484-489; 

b) M. Guo, W. Song and J. Buhain, Renewable Sustainable 

Energy Rev., 2015, 42, 712-725. 

2. J. Goldemberg, Science, 2007, 315, 808-810. 

3. M. Balat, Energy Convers. Manage., 2011, 52, 858-875. 

4. B. G. Harvey and H. A. Meylemans, J. Chem. Technol. 

Biotechnol., 2011, 86, 2-9. 

5. a) E. M. Green, Curr. Opin. Biotechnol., 2011, 22, 337-343; 

b) C. Jin, M. Yao, H. Liu, C.-f. F. Lee and J. Ji, Renewable 

Sustainable Energy Rev., 2011, 15, 4080-4106; c) J. C. Liao, 

L. Mi, S. Pontrelli and S. Luo, Nature Rev. Microbiol., 2016, 

14, 288-304; d) A. Prakash, R. Dhabhai and V. Sharma, 

Curr. Biochem. Eng., 2016, 3, 37-46. 

6. a) G. R. M. Dowson, M. F. Haddow, J. Lee, R. L. Wingad 

and D. F. Wass, Angew. Chem. Int. Ed., 2013, 52, 9005-

9008; b) G. R. M. Dowson, M. F. Haddow, J. Lee, R. L. 

Wingad and D. F. Wass, Angew. Chem., 2013, 125, 9175-

9178; c) R. L. Wingad, P. J. Gates, S. T. G. Street and D. F. 

Wass, ACS Catal., 2015, 5, 5822-5826. 

7. a) K. Koda, T. Matsu-ura, Y. Obora and Y. Ishii, Chem. Lett., 

2009, 38, 838-839; b) G. Xu, T. Lammens, Q. Liu, X. Wang, 

L. Dong, A. Caiazzo, N. Ashraf, J. Guan and X. Mu, Green 

Chem., 2014, 16, 3971-3977; c) S. Chakraborty, P. E. 

Piszel, C. E. Hayes, R. T. Baker and W. D. Jones, J. Am. 

Chem. Soc., 2015, 137, 14264-14267; d) Y. Xie, Y. Ben-

David, L. J. W. Shimon and D. Milstein, J. Am. Chem. Soc., 

2016, 138, 9077-9080; e) K.-N. T. Tseng, S. Lin, J. W. 

Kampf and N. K. Szymczak, Chem. Commun., 2016, 52, 

2901-2904. 

8. a) J. T. Kozlowski and R. J. Davis, ACS Catal., 2013, 3, 1588-

1600; b) A. Galadima and O. Muraza, Ind. Eng. Chem. Res., 

2015, 54, 7181-7194; c) D. Gabriels, W. Y. Hernandez, B. 

Sels, P. Van Der Voort and A. Verberckmoes, Catal. Sci. 

Technol., 2015, 5, 3876-3902; d) H. Aitchison, R. L. Wingad 

and D. F. Wass, ACS Catal., 2016, 6, 7125-7132. 

9. R. L. Wingad, E. J. E. Bergström, M. Everett, K. J. Pellow 

and D. F. Wass, Chem. Commun., 2016, 52, 5202-5204. 

10. a) W. Ueda, T. Kuwabara, T. Ohshida and Y. Morikawa, J. 

Chem. Soc., Chem. Commun., 1990, 1558-1559; b) C. 

Carlini, M. Di Girolamo, A. Macinai, M. Marchionna, M. 

Noviello, A. M. R. Raspolli Galletti and G. Sbrana, J. Mol. 

Catal. A: Chem., 2003, 200, 137-146; c) E. S. Olson, R. K. 

Sharma and T. R. Aulich, Appl. Biochem. Biotechnol., 2004, 

113-116, 913-932; d) Q. Liu, G. Xu, X. Wang and X. Mu, 

Green Chem., 2016, 18, 2811-2818. 

11. R. J. Newland, M. F. Wyatt, R. L. Wingad and S. M. 

Mansell, Dalton Trans., 2017, 46, 6172-6176. 

Page 6 of 7Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
2 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

A
D

E
L

A
ID

E
 o

n 
02

/1
0/

20
17

 1
4:

19
:0

7.
 

View Article Online
DOI: 10.1039/C7CY01553D

http://dx.doi.org/10.1039/c7cy01553d


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

12. A. M. Brownstein, in Renewable Motor Fuels: The Past, 

the Present and the Uncertain Future, Butterworth-

Heinemann, Oxford, 2014, ch. 5, p. 47. 

13. a) L. M. Vane, F. R. Alvarez, L. Rosenblum and S. 

Govindaswamy, Ind. Eng. Chem. Res., 2013, 52, 1033-

1041; b) J. R. Kwiatkowski, A. J. McAloon, F. Taylor and D. 

B. Johnston, Ind. Crops Prod., 2006, 23, 288-296. 

14. a) T. Riittonen, E. Toukoniitty, D. K. Madnani, A.-R. Leino, 

K. Kordas, M. Szabo, A. Sapi, K. Arve, J. Wärnå and J.-P. 

Mikkola, Catalysts, 2012, 2, 68-84; b) P. L. Burk, R. L. 

Pruett and K. S. Campo, J. Mol. Catal., 1985, 33, 1-14; c) I.-

C. Marcu, D. Tichit, F. Fajula and N. Tanchoux, Catal. 

Today, 2009, 147, 231-238; d) T. L. Jordison, L. Peereboom 

and D. J. Miller, Ind. Eng. Chem. Res., 2016, 55, 6579-

6585. 

15. C. Carlini, A. Macinai, A. M. Raspolli Galletti and G. Sbrana, 

J. Mol. Catal. A: Chem., 2004, 212, 65-70. 

16. a) R. Miller and G. Bennett, Ind. Eng. Chem., 1961, 53, 33-

36; b) T. Matsu-ura, S. Sakaguchi, Y. Obora and Y. Ishii, J. 

Org. Chem., 2006, 71, 8306-8308. 

17. Q. Zhang, J. Dong, Y. Liu, Y. Wang and Y. Cao, J. Energy 

Chem., 2016, 25, 907-910. 

18. M. Nielsen, H. Junge, A. Kammer and M. Beller, Angew. 

Chem. Int. Ed., 2012, 51, 5711-5713. 

19. a) M. Nielsen, E. Alberico, W. Baumann, H.-J. Drexler, H. 

Junge, S. Gladiali and M. Beller, Nature, 2013, 495, 85-89; 

b) Q. Liu, L. Wu, S. Gülak, N. Rockstroh, R. Jackstell and M. 

Beller, Angew. Chem. Int. Ed., 2014, 53, 7085-7088. 

20. a) A. Santos, J. Lopez, J. Montoya, P. Noheda, A. Romero 

and A. M. Echavarren, Organometallics, 1994, 13, 3605-

3615; b) G. Smith and D. J. Cole-Hamilton, J. Chem. Soc., 

Dalton Trans., 1984, 1203-1208. 

21. D. Morton, D. J. Cole-Hamilton, I. D. Utuk, M. Paneque-

Sosa and M. Lopez-Poveda, J. Chem. Soc., Dalton Trans., 

1989, 489-495. 

22. J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896-904. 

23. J. A. Ayllón, C. Gervaux, S. Sabo-Etienne and B. Chaudret, 

Organometallics, 1997, 16, 2000-2002. 

24. a) E. Alberico, A. J. J. Lennox, L. K. Vogt, H. Jiao, W. 

Baumann, H.-J. Drexler, M. Nielsen, A. Spannenberg, M. P. 

Checinski, H. Junge and M. Beller, J. Am. Chem. Soc., 2016, 

138, 14890-14904; b) M. Lei, Y. Pan and X. Ma, Eur. J. 

Inorg. Chem., 2015, 2015, 794-803; c) X. Yang, ACS Catal., 

2014, 4, 1129-1133. 

25. P. Anbarasan, Z. C. Baer, S. Sreekumar, E. Gross, J. B. 

Binder, H. W. Blanch, D. S. Clark and F. D. Toste, Nature, 

2012, 491, 235-239. 

26. P. D. L. Saudan, J. J. Riedhauser and P. Wyss, US. Pat. Appl. 

Publ., 2010, US20100280273 A1 20101104. 

 

Page 7 of 7 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
2 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

A
D

E
L

A
ID

E
 o

n 
02

/1
0/

20
17

 1
4:

19
:0

7.
 

View Article Online
DOI: 10.1039/C7CY01553D

http://dx.doi.org/10.1039/c7cy01553d

