
 

   

 

The Catalytic Mitsunobu Reaction: A Critical Analysis of the Current State-of-the-Art  

Rhydian H. Beddoe,a Helen F. Sneddonb and Ross M. Denton*a 

The Mitsunobu reaction is widely regarded as the pre-eminent method for performing nucleophilic substitutions of alcohols with inversion of configuration. 

However, its applicability to large-scale synthesis is undermined by the fact that alcohol activation occurs at the expense of two stoichiometric reagents – 

a phosphine and an azodicarboxylate. The ideal Mitsunobu reaction would be sub-stoichiometric in the phosphine and azodicarboxylate species and 

employ innocuous terminal oxidants and reductants to achieve recycling. This Review article provides a summary and analysis of recent advances towards 

the development of such catalytic Mitsunobu reactions.

1. Introduction 

Bimolecular nucleophilic substitution (SN2) reactions of alcohols 

are fundamental transformations in organic chemistry as they allow 

bond construction with inversion of stereochemistry. Ideally, such 

reactions would involve the direct substitution of a hydroxyl group 

with a nucleophile. Unfortunately, the poor leaving-group ability of 

the hydroxide anion and low electrophilicity of the hydroxyl-bearing 

carbon results in a substantial kinetic barrier for this hypothetical 

substitution process. In addition, nucleophiles that are also Brønsted 

basic may be able to deprotonate the alcohol preventing 

substitution. To overcome these issues, an alcohol must typically be 

converted to a more activated functionality, most commonly a halide 

or sulfonate ester, before nucleophilic substitution can occur. This 

requirement for an activating agent results in the generation of 

stoichiometric quantities of waste, which impacts negatively on the 

atom economy of these processes. 

Stoichiometric phosphorus-mediated SN2 reactions of alcohols, 

are unique in that both activation and displacement steps occur in 

one pot. The most widely-used of these procedures is the Mitsunobu 

reaction,1 a “redox condensation”,2 in which a hydroxyl-containing 

substrate, usually of a primary or secondary alcohol, is substituted 

with an acidic pro-nucleophile.3 The activation of the alcohol is 

achieved by reaction with a stoichiometric Morrison-Brunn-Huisgen 

betaine intermediate (1), which is formed by the in-situ reaction of 

triphenylphosphine and an azodicarboxylate reagent, generating the 

key alkoxyphosphonium salt (2) (Scheme 1). This intermediate is 

kinetically and thermodynamically unstable with respect to attack of 

the nucleophilic counter anion with inversion of stereochemistry.4 

The Mitsunobu reaction exhibits excellent substrate scope, which 

encompasses a range of nitrogen,5 oxygen,1a-c,6 carbon,7 and sulfur8 

pro-nucleophiles, and as such has become a vital toolbox reaction for 

synthetic chemists. However, the production of two by-products and 

the high energy nature of the azodicarboxylate reagent limits the use 

of the reaction on-scale and Mitsunobu couplings are often 

“designed out” of final synthesis routes to active pharmaceutical 
ingredients.9 

In light of these well-documented issues, numerous creative 

strategies have been developed that allow chromatography-free 

purification of a crude Mitsunobu reaction mixture.10 Notable 

 

Scheme 1. The Mitsunobu reaction, with key intermediates and commonly 

used pro-nucleophiles.  

Scheme 2. A general strategy for a catalytic Mitsunobu reaction whereby the 

phosphine and azodicarboxylate are regenerated in-situ by reduction and 

oxidation respectively. 

 
examples include Brønsted base/acid tagged reagents,11 polymer 

bound phosphine and azo species12 and reagents containing fluorous 

tags.13 In addition, Mitsunobu-active phosphorane reagents14 that 

facilitate azo-free Mitsunobu reactions have been identified, 

however, the broad pro-nucleophile scope has proved difficult to 

replicate using this approach. 

More recent studies, seeking to tackle these problems, have 

sought to recycle the required stoichiometric reagents in-situ using 

milder, less hazardous terminal oxidants and reductants. This 

approach allows the phosphine or azodicarboxylate components to 

be used in sub-stoichiometric quantities (Scheme 2). However, the 

successful implementation of such reactions is challenging and 

centres on the identification of mutually compatible terminal 

oxidants and reductants that will affect chemoselective redox 

reactions.15 



 

 

 

 

Herein, we present a summary of the recent progress that has 

been made towards the development of catalytic Mitsunobu 

reactions including metrics-based comparisons between the 

stoichiometric process and catalytic variants.16,17 

2. Azodicarboxylate Recycling 

 The first example of a Mitsunobu protocol utilising a sub-

stoichiometric azodicarboxylate reagent, was reported by Toy in 

2006.18 The redox strategy was predicated on the known oxidation 

of hydrazines using hypervalent iodine reagents.19 Toy’s reaction 

(Scheme 3) made use of di(acetoxy)iodobenzene as the external, 

 

 Scheme 3. Toy’s azo-recycling strategy. 

Scheme 4. The substrate scope of Toy’s catalytic Mitsunobu reaction.

 sacrificial oxidant. The typical hydrazine waste product associated 

with the Mitsunobu reaction was therefore replaced with 

iodobenzene and acetic acid; by-products which can be easily 

separated from a reaction mixture by distillation, rather than by 

chromatography. 

A short optimization sequence, using 4-nitrobenzoic acid and 2-

phenylethanol as model substrates, revealed that 10 mol% 

diethylazodicarboxylate (DEAD) could be used in combination with 

two equivalents of triphenylphosphine and di(acetoxy)iodobenzene 

to yield the first catalytic Mitsunobu system. The conditions were 

shown to tolerate both primary and secondary alcohols, with the 

latter proceeding with moderate-to-high levels of inversion (Scheme 

4). It is noteworthy that a competing reaction with the acetic acid by-

product was observed, and this limited the range of compatible 

carboxylic acid pro-nucleophiles. An additional redox reaction 

involving the phosphine and di(acetoxy)iodobenzene results in a 

potentially Mitsunobu active dioxyphosphorane; however, the 

authors demonstrated that the background reaction in the absence 

of the diazodicarboxylate was not a significant pathway to the 

product. In a second publication, Toy and co-workers revisited the 

 Scheme 5. Taniguchi’s catalytic Mitsunobu reaction with oxidative recycling. 

Scheme 6. The substrate scope of Taniguchi’s original catalytic Mitsunobu 
reaction. 

 
catalytic reaction and developed an improved procedure in which 4-

nitro and 3,5-dinitrobenzoic acids were used as pronucleophiles.20 

These studies represented a significant advance since they 

constituted the first fundamental change to the Mitsunobu protocol 

since 1967 and provided a stimulus for other research groups.  



 

 

 

Perhaps surprisingly following Toy’s initial breakthrough this 
potentially rich area received no further attention until 2013 when 

Taniguchi and co-workers investigated an alternative oxidation 

system for the in-situ recycling of the azodicarboxylate reagent. 

Building on their own studies on the aerobic oxidation of 

carbazates,21 they developed a working catalytic system to recycle a 

Mitsunobu-active arylazocarboxylate in-situ, using an iron 

Scheme 7. The substrate scope of Taniguchi and Košmrlj’s second-generation 

catalytic Mitsunobu reaction. 

phthalocyanine co-catalyst, with oxygen as the terminal oxidant 

(Scheme 5).22 Arylhydrazinecarboxylates with electron deficient aryl 

groups, e.g. 4 and 5, were demonstrated to give the desired 

Mitsunobu activity, with 4 giving the best yields and levels of 

stereochemical inversion.23 

In this system, the sole by-product of the oxidative recycling is 

water, which was removed from the reaction mixture using activated 

molecular sieves. Unlike the Toy procedure, the oxidant does not 

generate acetic acid as a competing pro-nucleophile and this allows 

a broader pro-nucleophile scope, which includes carboxylic acids, 

phenols, and activated amines. Generally, good yields were obtained 

with both primary and secondary alcohols and the expected 

inversion of stereochemistry was observed for substrates containing 

stereogenic centres (Scheme 6). 

In a second comprehensive publication, Taniguchi, Košmrlj and 

co-workers carried out further optimisation, which included a 

Hammett study of the key elementary step involving the reaction 

between the arylhydrazinecarboxylate and phosphine, leading to the 

Morrison-Brunn-Huisgen betaine intermediate.24 The resulting 

second-generation catalytic reaction (Scheme 7) encompasses an 

expanded and impressive range of pronucleophiles, tolerates 

sterically hindered alcohols, affords excellent levels of 

stereochemical inversion and can be carried out under milder 

reaction conditions. 

3. Combined Azodicarboxylate and Phosphine 

Recycling: a “Fully Catalytic System”? 

 The work described in the foregoing section highlights the 

advances that have been made in terms of removing a toxic and high 

Scheme 8. a) O’Brien’s design blueprint for a catalytic Wittig reaction and b) 
O’Brien and Aldrich’s phosphine recycling system. 

Scheme 9. The sole example of O’Brien’s procedure, catalytic in phosphine. 



 

 

 

 

Scheme 10. Substrate scope for Aldrich’s procedure. 

energy stoichiometric oxidant from the Mitsunobu coupling. 

However, this progress notwithstanding, the Mitsunobu reaction is 

notorious for the production of phosphine oxide waste and the 

conspicuous challenge of a reaction catalytic in phosphine remained. 

Contemporaneous with the work of Toy and Taniguchi, a number of 

research groups were tackling this challenge in the broader context 

and reporting catalytic variants of other key phosphorous(V)-

mediated transformations using silanes as chemoselective terminal 

reductants.25 The first example of this was a catalytic Wittig reaction 

developed by O’Brien and co-workers (Scheme 8a).26 

Shortly after this key publication, O’Brien applied this strategy to 
the Mitsunobu reaction and, in the patent literature, disclosed an 

esterification reaction in which substoichiometric phosphine oxide 6 

(20 mol%) was used as a putative precatalyst in combination with 

phenyl silane and stoichiometric diisopropylazodicarboxylate 

(Scheme 8b).27 

While it is clear here that esterification has occurred in a 

Scheme 11. The intended blueprint for Aldrich’s ‘fully catalytic’ system, 
whereby both the azo and phosphine reagents are recycled. 

Scheme 12. Substrate scope of Aldrich’s ‘fully catalytic’ procedure. 

reasonable yield, (Scheme 9) an inversion of configuration – a key 

attribute of the Mitsunobu esterification – was not demonstrated 

and, therefore, alternative esterification pathways (including silicon- 

mediated) cannot be ruled out. It should be noted that while the 

conventional Mitsunobu reaction has been the subject of detailed 

theoretical and mechanistic studies,4p,4r,4s,4t the catalytic variants 

described in this section have not been studied in detail (with the 

exception of Taniguchi and Košmrlj’s system, Schemes 5 and 7.) 

Therefore, while the effect of variables such as pKa of the 

pronucleophile and steric demands of the alcohol are clear in the 

conventional system care must be taken when analysing the catalytic 

reactions. 

This single but potentially important example was revisited by 

Aldrich and co-workers in 2015 and two further catalytic Mitsunobu 

protocols emerged, the first of which demonstrated phosphine 

recycling using the O’Brien reductive approach.28,29 Using 4-

nitrobenzoic acid and benzyl alcohol as model substrates, the 

authors first established that the desired Mitsunobu coupling 

occurred in the presence of 10 mol% phosphine oxide 6, phenylsilane 

and stoichiometric quantities of diisopropyl azodicarboxylate (DIAD).  

 

Scheme 13. a)  A reinvestigation of the substrate scope of Aldrich’s ‘fully 
catalytic’ system, carried out by the Taniguchi group; b) The key control 

experiment: the hydrazine is not required for product formation. 

These occurred with comparable yields to a control 

experiment,which employed a traditional Mitsunobu protocol, using 

stoichiometric triphenylphosphine and DIAD reagents. The scope for 

this procedure was shown to tolerate both primary and secondary 

alcohols. Most importantly chiral non-racemic secondary alcohol 

substrates gave products of high enantiomeric efficiency, with 

inversion of stereochemistry (Scheme 10).In a second study Aldrich 

and co-workers sought to integrate their phosphine recycling 

method with the Taniguchi iron- phthalocynanine azo recycling 

system to yield a ‘fully catalytic system’ (Scheme 11).28 The 

realisation of this strategy hinged on the compatibility of the silane 

reductant and the iron-phthalocyanine oxidation system, which 

would be expected to be highly challenging.29 A short optimisation 



 

 

 

sequence, using 4-methoxybenzyl alcohol and 4-nitrobenzoic acid as 

model substrates, revealed the requirement for 5 Å molecular sieves 

and an oxygen-enriched atmosphere to achieve acceptable yields. 

The substrate scope of this provocative double catalytic process was 

limited and, once again, did not include the inversion of a chiral non-

racemic secondary alcohol.  
This tantalizing possibility was investigated by Taniguchi, Košmrlj 

and co-workers30 in which the mechanism of the double catalytic 

system was probed. The study began by revisiting the esterification 

of benzyl alcohol (Scheme 13a). While the authors were able to 

obtain the product, the yield (36-40% over three runs) was found to 

be inferior to the originally reported 68% (Scheme 12); however, the 

double catalytic system was qualitatively reproducible. A pivotal 

control experiment (Scheme 13b) was then preformed in the 

absence of the hydrazine. Surprisingly, the corresponding ester 

product was obtained in a very similar yield of 36%, indicating that 

the hydrazine does not participate in the fully catalytic system and, 

therefore, the cycle depicted in Scheme 11 is not operational. 

Further important experiments were carried out in an attempt to 

expand the scope and provide additional mechanistic insight. An 

esterification of (−)-ethyl lactate afforded a very low 4-7% yield of 

product with 68-82% enantiomeric excess in favour of the retention 

product.  

Finally, an esterification with 3-phenylpropan-1-ol also gave a 

very low yield of the corresponding ester. While these experiments 

do not eliminate the possibility of the doubly catalytic Mitsunobu 

reaction depicted in Scheme 11 being achieved, they clearly indicate 

that this ideal system is yet to be realized in practice. The successful 

implementation of such as system will depend upon the 

identification of mutually compatible terminal oxidants and 

reductants and remains an important challenge. 

4. Efficiency of the Catalytic Reactions 

 A major deterrent to carrying out Mitsunobu reactions at scale is 

the waste generation and inherent inefficiency associated with the 

consumption of two stoichiometric reagents and the removal of the 

by-products so obtained. Since the Mitsunobu reaction is a “redox 
dehydration”, a stoichiometric terminal reductant and oxidant will 
always be required for the catalytic Mitsunobu procedures discussed  

Figure 1. RME values for the stoichiometric Mitsunobu procedure, the Toy 

procedure (Scheme 3), the Taniguchi procedure (Scheme 5) and the Aldrich 

procedure (Scheme 8) contrasted with RME values for established 

esterification, N-alkylation and O-alkylation methods. 

 
in this review. Therefore, any improvements in atom economy or 

waste generation are explicitly linked to the nature of the terminal 

oxidants and reductants employed. For example, although the Toy 

procedure allows for the Mitsunobu reaction to operate with sub-

stoichiometric quantities of DEAD, two equivalents of 

di(acetoxy)iodobenzene are required for re-oxidation, increasing the 

total amount waste generated. In contrast Taniguchi’s procedure, in 
which oxygen is the terminal reductant, represents a more efficient 

protocol. Nevertheless, the process still requires super-

stoichiometric quantities of triphenylphosphine. 

The reaction mass efficiency (RME) metric31 allows for a simple 

quantitative comparison of the newly developed methods (Figure 1). 

The RME value of a conventional stoichiometric Mitsunobu reaction 

(from 9 selected examples from ref. 2a)32 was calculated to be 21%. 

In comparison with this benchmark figure the Toy procedure gave a 

reduced RME score (13 %) – a result of super-stoichiometric 

triphenylphosphine and terminal oxidant. Only modest 

improvements in RME scores were seen for both the Taniguchi 

procedure and Aldrich’s method sub-stoichiometric exclusively in the 

phosphine reagent (Scheme 10) with RME scores of 26 % and 27% 

respectively.33 

Given that the Mitsunobu reaction is mainly used for 

esterification, the O-alkylation of phenols and N-alkylation the RME 

values of the catalytic reactions were compared with other 

established methods for these types of bond formation, which were 

calculated to be 67%, 60% and 58% respectively by Constable and co-

workers.34 Finally, an N-alkylation reaction using the ‘borrowing 
hydrogen’35,36 method was calculated to have a RME value of 66%. 

The calculated values reveal a significant efficiency gap between all 

of the existing Mitsunobu protocols and the other competitive 

methods listed in the lower half of Figure 1. While some of this gap 

can be offset through the “added value” of the Mitsunobu reaction 
in terms of predictable stereochemical inversion and wide substrate 

scope, there is still much room for improvement and efficiency gain. 

Ultimately, such gains will come from the use of lower molecular 

weight redox reagents or, potentially, from alternative approaches 

to catalysis. 



 

 

 

 

Conclusions 

The Mitsunobu reaction is widely used in academic and industrial 

laboratories and has, until recently, been used in its original form, 

which dates back to 1967. Throughout this review we have 

highlighted the progress made towards the development of catalytic 

Mitsunobu reactions, beginning with the work of Toy. As this field 

continues to expand and new procedures emerge it is very likely that 

innovative reaction design will result in a series of Mitsunobu 

reactions whose efficiencies will exceed those of competitive 

methods and the true potential of this reaction will be realised for 

large-scale synthesis.9 
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