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ABSTRACT: We report several ruthenium catalysts incorpo-
rating mixed donor phosphine-amine ligands for the upgrade 
of ethanol to the advanced biofuel n-butanol, which show 
high selectivity (≥90%) at good (up to 31%) conversion. In 
situ formation of catalysts from mixtures of [RuCl2(η6-p-

cymene)]2 and 2-(diphenylphosphino)ethylamine (1) shows 
enhanced activity at initial water concentrations higher than 
those of our previously reported diphosphine systems. 
Preliminary mech-anistic studies (electrospray ionization 
mass spectrometry and nuclear magnetic resonance 
spectroscopy) suggest the possibility of ligand-assisted proton 
transfer in some derivatives.  
KEYWORDS: biofuels, ethanol upgrading, butanol, ruthenium, Guerbet catalysis 

 
 

■ INTRODUCTION  
Obtaining liquid fuels from renewable biomass sources 
remains an important component of future energy provision.1 
Bio ethanol has long been used as a sustainable replacement 
for conventional gasoline, often in the form of a blend of the 
two. However, ethanol has a number of significant drawbacks 
compared to gasoline: it has a lower energy density (70% of 
that of gasoline), it can be corrosive to current engine 
technology and fuel infrastructure, and it readily absorbs water 
leading to separation and dilution problems in storage tanks. 
Higher alcohols such as butanol have fuel properties that more 
closely resemble those of gasoline and can alleviate many of 
these problems associated with ethanol.2 For example, n-
butanol is essentially noncorrosive and immiscible with water; 
the energy density of butanol is also closer to that of gasoline 
(90%). This improved performance has led to butanol being 
termed an “advanced biofuel”, and the commercial availability 
of this material as a green “drop-in” alternative to gasoline is 
gathering pace.3 However, the bulk synthesis of butanol from 
biosustainable feedstocks remains challenged by low 
conversion and variable selectivity.4 
 

Our approach has been to seek “Guerbet” type catalysts 
for the conversion of readily available ethanol into this 
more advanced biofuel.5 This methodology is sometimes 
termed “borrowed hydrogen” chemistry.6 In a typical 
catalytic reaction scheme, an alcohol is dehydrogenated to 
form an aldehyde, which then undergoes aldol coupling 
before the resultant product is rehydrogenated to give a 
longer chain alcohol (Scheme 1).  

Unfortunately, ethanol is a specifically difficult substrate for 
this chemistry,7 primarily because base-catalyzed aldol con-
densation of acetaldehyde is notoriously difficult to control,  

 
 
Scheme 1. Guerbet Reaction  
 
 
 
 
 
 
 

 
leading to mixtures of oligomeric and polymeric products.8 These 
factors combine to make achieving good selectivity in ethanol-to-
butanol conversion extremely challenging. Some progress has 
been reported in work by Ishii using a homogeneous iridium 
catalyst, [Ir(COD)(acac)], in the presence of a phosphine ligand, 
the additive 1,7-octadiene, and an alkoxide base to achieve n-
butanol selectivity of up to 67% at 12% conversion.9 As expected, 
longer chain alcohols are formed as side products of uncontrolled 
aldol reactions. More recently, heterogeneous catalysts that 
achieve selectivity of up to 80% at 25% ethanol conversion have 
been reported.10 In addition, iridium catalysts that can be used in 

water and air have been reported.11 We reported a new family of 
homogeneous ruthenium-based catalysts that demonstrated a step 
change in performance, achieving the upgrading of ethanol to n-
butanol at >94% selectivity at good conversion.12 Key to this high 
selectivity was the use of small bite angle 1,1-bis-
(diphenylphosphino)methane (dppm) ligands, diphosphines with 
larger bite angles being less eff ective. As part of our  
 
 
 

  



 
investigation into a wider variety of ligands, we have discovered 
that mixed donor P−N ligands are also highly selective. 

■ RESULTS AND DISSCUSSION  
Our initial catalyst screening utilized the same procedure we 
reported for diphosphine ligands: [RuCl2(η6-p-cymene)]2 as a 
catalyst precursor with a range of P−N donor ligands (Chart 
1), sodium ethoxide base, and a run time of 4 h at 150 °C.  
 
Chart 1. Ligands and Complexes Used in This Study  
 
 
 
 
 
 
 
 
 
 

 
Results are listed in Table 1. Liquid phase selectivities to n- 
butanol are reported in line with previous reports for direct 
comparison.9,11,12 

Comparison of ligand 1 with dppm (compare runs 1 and 
2) reveals that 1 has a very similar performance under these 
conditions. Further investigation under a more varied set of 
conditions reveals that 1 off ers certain advantages in terms 
of maintaining good conversion and selectivity compared 
to those of dppm at higher water concentrations (compare 
runs 3 and 5); this off ers distinct technological advantages 
in industrial application. However, when the concentration 
of water is increased further, both systems give similar 
results (compare runs 4 and 6).  

Some catalyst decomposition is observed through all runs, 
so that the reaction solution after 4 h has a black turbid 
appearance. In our previous paper,12 we reported that the use 
of bis-chelate ruthenium complexes such as trans-
[RuCl2(dppm)2] provided more stable catalysts, albeit at the 
cost of rate. When 2 equiv of 1 was used in conjunction with 
[RuCl2(η6-p-cymene)]2, we were pleased to find that the 
reaction still proceeded with very high selectivity (94.3%) to 
give an n-butanol yield of 20.8% after 4 h (run 7). This 
compares favorably to our dppm system that gives 
considerably lower n-butanol yields over 4 h.12 In all runs 
with 2 equiv of ligand, the final reaction mixture is clear 
yellow, with little to no evidence of ruthenium metal 
deposition, suggesting a homogeneous system.  

Ligand 1 clearly has the potential to be deprotonated under 
these reaction conditions and operate via an “outer sphere” 
mechanism that is common for catalysts of this type in 

hydrogen transfer reactions.13 This is believed to be the case 
here as will be discussed later, and suggested ligands 2 and 3 
with partial and full methylation of the amine may provide 
insights. The performance of 2 (run 8) is very similar to that of 
1, whereas 3 (run 9) gives reduced conversion and selectivity, 
albeit not the dramatic switch in performance that may have 
been expected if an outer sphere mechanism is essential. 
Given the good performance of dppm, the fact that ligand 
deprotonation is not critical but may facilitate catalysis seems 
reasonable. The related ligands 4 and 5 also perform well; 5 
(run 11) with a conversion of 31.4% and 92.7% selectivity 
outperforms even the dppm catalyst. Unfortunately, this 

 
Table 1. Ruthenium-Catalyzed Conversion of Ethanol to n-
Butanol  
 
 
 
 

 
  conversion (%) selectivity 

TONc run catalyst [yield (%)]a (%)b 

1 1 + 25.1 (21.9) 91.1 251 

2d [RuCl2(η6-p-cymene)]2     
dppm + 20.4 (17.5) 90.0 204 

3e [RuCl2(η6-p-cymene)]2     
1 + 9.8 (9.8) >99 98 

4f [RuCl2(η6-p-cymene)]2     
1 + 4.9 (4.9) >99 49 

5e [RuCl2(η6-p-cymene)]2     
dppm + 5.7 (5.3) 95.1 57 

6f 
[RuCl2(η6-p-cymene)]2     

dppm + 4.3 (4.0) 95.2 43 
 [RuCl2(η6-p-cymene)]2     
7 2 equiv of 1 + 22.7 (20.8) 94.3 227 
 [RuCl2(η6-p-cymene)]2     
8 2 + 23.8 (18.8) 84.9 238 
 [RuCl2(η6-p-cymene)]2     
9 3 + 16.7 (12.1) 79.6 167 
 [RuCl2(η6-p-cymene)]2     
10 4 + 19.7 (17.5) 92.4 197 
 [RuCl2(η6-p-cymene)]2     
11 5 + 31.4 (28.1) 92.7 314 
 [RuCl2(η6-p-cymene)]2     
12 6 23.6 (20.5) 90.8 236 
13 7 18.8 (17.1) 93.5 188 
14g 1 + 20.5 (18.0) 91.7 205 
 [RuCl2(η6-p-cymene)]2   

12.4h 
 

15 8 13.3 (1.6) 133 
16 10 21.1 (19.5) 95.1 211  

aTotal conversion of ethanol to Guerbet products (see the Supporting 
Information), with the yield of n-butanol in parentheses. bTotal 
selectivity to n-butanol in the liquid fraction determined by gas 
chromatography. cTurnover number (TON) based on millimoles of 
substrate converted to products per millimole of Ru. dData taken from 
ref 12. dppm = 1,1-bis(diphenylphosphino)methane. eWith 1.84 mL 
of water added (5% by volume). fWith 3.89 mL of water added (10% 
by volume). gWith 10 g of 3 Å molecular sieves added. hThe major 
product is ethyl acetate (see the Supporting Information).  
 
particular ligand decomposes during the run to yield traces 
of foul-smelling 3-methylindole, making it an unattractive 
derivative for further development. The ruthenium 
complexes [RuCl(η6-p-cymene)(1)]Cl 614 and [RuCl2(1)2] 
715 (Chart 1) may be preformed by known methods before 
the catalysis is conducted. Under our standard catalytic 
conditions, identical results within error compared to those 
of in situ-formed catalysts are obtained (compare runs 1 
and 12 and runs 7 and 13).  

Perhaps the most surprising feature of these catalysts is that 
they yield n-butanol as the major product and yet are similar to 
reported ruthenium catalysts based on tridentate P−N−P ligands 
that produce only ethyl acetate in excellent selectivity.16 A closer 
examination of the full mass balance for our catalysts reveals that 
some acetate products are formed as solid sodium acetate 
byproducts; for example, run 1 results in 1.16 g or 14.1 mmol of 
sodium acetate in addition to liquid products.17 This result is 

consistent with the hydrogen also produced during the reaction18 

and implies parallel Cannizzaro19 or Tishchenko type20 pathways 
(Scheme 2) in addition to Guerbet chemistry. 

  

http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b01327/suppl_file/cs5b01327_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b01327/suppl_file/cs5b01327_si_001.pdf
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Scheme 2. Tishchenko (a) and Cannizzaro (b) Type 
Pathways for the Formation of Sodium Acetate  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As expected, the generation of free water facilitates these side 
reactions, and conducting a standard run in the presence of 3 Å 
molecular sieves considerably reduces acetate make (0.53 g, 6.4 
mmol) while retaining excellent conversion and selectivity within 
the liquid fraction to n-butanol (run 14). We remained 

 
surprised that no n-butanol product was reported with 
tridentate ligand complexes given our observations and further 
speculated that the diff erent reaction conditions employed in 
this ethanol to ethyl acetate catalysis (typically lower temper-
ature and an open vessel to allow hydrogen to escape) might 
be influential. We therefore tested the tridentate ligand 
complex 8 (Chart 1) under our conditions (run 15). Even under 
these conditions, ethyl acetate is produced in a yield higher 
than that of n-butanol (5.4% yield, 40.6% selective) in stark 
contrast to runs with our catalysts. This implies a genuine 
ligand eff ect on selectivity, and defining the origin of this 
eff ect is an ongoing objective.  

In Situ Monitoring of Catalyst. To gain mechanistic insight, 
particularly into the active form of the catalyst and the origin of 
the excellent selectivity observed, a series of ongoing catalytic 
runs were studied using a combination of 1H and 31P{1H} nuclear 
magnetic resonance (NMR) spectroscopy and electrospray 
ionization mass spectrometry (Figure 1). Reaction conditions were 
changed slightly to simplify this study and allow the use of low-
pressure vessels, so that a reaction temperature of 78 °C was used. 
Under these conditions, the catalyst still converts ethanol to n-
butanol with good selectivity (96.7%), albeit at much lower 
conversion after 4 h (see the Supporting Information); 
nevertheless, the products obtained, being very similar to those 
from a standard run, lead us to believe the same catalytically 
active organometallic species are present. The precatalyst 6 is 

observed before addition of base with a distinct 31P{1H} NMR 
spectroscopy resonance at 61.4 ppm; mass spectrometry reveals a 
parent ion peak at m/z 500.08 due to [RuCl(η6-p-cymene)(1)]+. 
Upon addition of NaOEt at room temperature, the ethoxide 

complex [Ru(η6-p-cymene)(1)(OEt)]+ is not observed, and the 

only species visible in the NMR spectrum is a hydride [δp = 74.0 

ppm; δH = −9.01 ppm (d, 2JPH = 45 Hz)], the mass spectrum of 
which  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. In situ monitoring of ruthenium complex 6 by electrospray ionization mass spectrometry. 
  

http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b01327/suppl_file/cs5b01327_si_001.pdf
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corresponds to that of [Ru(η6-p-cymene)(1)(H)]+ (9; m/z 466.12). 
After a 15 min heating, other species are also observed in the 
mass spectrum, specifically a signal at m/z 492.14. Initially, we 
proposed the formation of an amido carbonyl complex, [Ru(η6-p-
cymene)(Ph2P(CH2)2NH)(CO)] + (exact mass of m/z 492.10), in 
which the phosphinoamine ligand is deprotonated at nitrogen; the 
decarbonylation of alcohols by related ruthenium species is 
known, and we presumed a similar process was operating here.21 
However, upon isolation of this species and further analysis 
[infrared, 13C{1H}, and two-dimensional NMR spectroscopy (see 
the Supporting Informa-tion)], the balance of evidence suggests 
this species may be a metalated alkyl amine complex (Scheme 3) 
in which a CHCH3  
 
Scheme 3. Evolution of the Ruthenium Precatalyst  
 
 
 
 
 
 
 
 

group has inserted into the Ru−N bond, [Ru(η6-p-cymene)-

(Ph2P(CH2)2NHCHCH3)]+ 10, which is also consistent with 
the MS data (exact mass of m/z 492.14). Complex 10 is 
catalytically active, giving a yield and a selectivity similar to 
those of complex 6 (run 16), and our working hypothesis is 
that 10 is an off -cycle catalyst resting state. After 40 min, 
virtually all of the hydride is converted to 10, which is 
persistent throughout the reaction time (22 h). After 22 h, a 
multitude of species is observed: species 10 as well as 
compounds consistent with bis-chelate complexes (m/z 
617.16, 645.17, and 673.20) formed via ligand redistribution 
reactions. As shown previously, bis-chelate complexes are 
catalytically active for this process (Table 1, run 13). Of 
particular interest is the observation of mass spectrum data 
consistent with a bis-chelate complex containing a bound C4 
dioxygenated fragment (m/z 645.17); this opens the tantalizing 
possibility of a metal-templated aldol condensation, something 
we have previously suggested might be a reason for the 
excellent selectivity of these systems. Attempts to isolate and 
further study such species are underway. 

■ CONCLUSION  
We have explored the use of mixed donor phosphine-amine 
ligands in the ruthenium-catalyzed upgrading of ethanol to the 
advanced biofuel n-butanol; these systems achieve 
performance that matches that of our previously reported 
ruthenium−1,1-bis(diphenylphosphino)methane catalysts, as 
well as giving certain advantages in terms of water tolerance. 
Preliminary mechanistic studies suggest the possibility of 
ligand-assisted proton transfer in some derivatives. The 
reasons for the excellent selectivity of such catalysts on the 
production of n-butanol as opposed to ethyl acetate, observed 
in very similar systems, are an area of continuing study. 
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