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Chapter 1  
 

An Introduction into 
Organophosphorus Catalysis 

 

 

 
 

 

Abstract 

The conversion of oxygen-containing compounds is often achieved by the use of phosphorus 
reagents. The newly formed phosphine oxide bond delivers the enthalpic gain that drives 
reactions such as the Wittig, Mitsunobu and Appel reaction to completion. However, 
phosphine oxides are recognized as undesirable waste products and in the past decade, 
several methods have emerged that address this issue by in situ regeneration of the 
phosphorus reagent. This chapter defines organophosphorus catalysis, introduces the two 
distinct strategies and the underpinning research that led to these advances. The potential of 
this emerging field in chemistry is shown and new developments that may stimulate further 
research are described.  
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1.1 Discovery of Phosphorus and its Use in Chemistry 

Since its discovery in 1669 by the alchemist Brand, the chemical element phosphorus has 
served mankind through many centuries.(1) Due to its bad reputation – it is for example the 
main constituent in explosives and nerve gases – phosphorus has often been named the 
Devil’s element. Still, as we will see throughout this chapter and thesis, it has served and will 
continue to serve mankind in many beneficial ways.  

The name phosphorus comes from the Greek word for “light-bearer” and this name 
indirectly reveals one of the most important properties of the element and the reagents 
containing it. In nature, phosphorus occurs solely in its oxidized form (PV), but it was in fact 
the reduced form (PIII) that was discovered and emitted the light that was observed by its 
name-givers. Although the alchemists at that time did not know its origin, we can now 
readily explain the light phenomenon as a result of the reaction of phosphorus with oxygen, 
that is paired with the formation of the P=O bond and a large enthalpy gain of 130 
kcal/mol. Current chemistry with phosphorus reagents is still very much based on this same 
phenomenon: the tendency of phosphorus to form a strong P=O bond. Famous reactions 
such as the Wittig,(2) Mitsunobu(3) and Appel(4) reaction thrive on the formation of 
phosphine oxides, as the products are substantially higher in energy than the reactants (e.g. 
bond energies of C=C (147 kcal/mol) vs. C=O (191 kcal/mol) and C!Cl (79 kcal/mol) vs. 
C!O (86 kcal/mol)).(5) 

The use of phosphorus in organic synthesis has been well established in the previous 
century. Pioneered by August Michaelis and Aleksandr Arbusov, as reflected in their named 
reaction,(6) it was further developed by numerous organophosphorus chemists, most notably 
by Georg Wittig who shared the Nobel Prize in 1979 for “his development of the use of 
phosphorus-containing compounds into important reagents in organic synthesis”.(7) The 
Wittig, Mitsunobu and Appel reactions are ranked highly on the list of useful organic 
transformations and the importance of the phosphorus element is clearly underlined by the 
widespread use of these reactions in industrial processes as well.(8)  

Despite the popularity of phosphorus-mediated reactions, some major drawbacks are 
associated with the typical formation of stoichiometric amounts of phosphine oxide waste. 
Most notable drawbacks are the poor atom economy and a significantly hampered 
purification of the desired product(s). Although the purification issue may be addressed by 
immobilization(9) of the phosphorus reagent or selective extraction(10) after the reaction, 
harsh reagents and conditions are required to regenerate the phosphines (vide infra). For 
this reason, phosphine oxides are typically simply discarded, even at an industrial scale. An 
additional argument against the use of stoichiometric amounts of phosphorus reagents is the 
depleting phosphate rock (natural phosphorus source) so that prices of phosphorus reagents 
are likely to steadily increase over the coming years.(11) These facts are clearly important 
drivers to use substoichiometric amounts of the phosphorus reagent or to use non-
phosphorus based alternative reagents.(12) Although some progress has been made by 
replacing phosphorus for arsenic reagents, even in substoichiometric amounts or in 
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immobilized form, the use of arsenic is undesirable due to its toxicity.(13) Fortunately, during 
the last decade, remarkable progress has been made in the catalytic use of phosphorus 
reagents. This chapter comprehensively discusses the methods developed for phosphorus 
catalysis, as well as the underpinning research. Although the term organophosphorus 
catalysis may cover many different reaction types, the overview given here is restricted to 
chemistry involving the application of substoichiometric amounts of phosphorus-containing 
organic molecules that drive reactions by forming the corresponding phosphine oxide in the 
process.  

1.2 Manifolds in Organophosphorus Catalysis 

Since the emergence of organophosphorus catalysis, two manifolds can be distinguished, as 
defined by Denton: redox-neutral and redox-driven ones (Figure 1.1).(14) The difference 
between both manifolds lies in the formal oxidation state of the phosphorus reagents during 
the catalytic cycle. More specifically, the redox-neutral strategy involves the in situ activation 
of a PV reagent (by deoxygenation), without affecting the phosphorus oxidation state (Figure 
1.1, left), while in the redox-driven approach, phosphorus is shuttled between PV and PIII 
throughout the catalytic cycle (Figure 1.1, right) by including a strong reductant. In this 
review, first an overview is provided of the methods for phosphine oxide activation by 
deoxygenation, and their use in catalytic reactions. The second part of the review describes 
the methods for in situ phosphine oxide reduction and their use in redox-driven catalytic 
processes. 

 
Figure 1.1 Redox-neutral and redox-driven manifold. 

1.3 Phosphine Oxide Bond Character 

Clearly, both the redox-neutral and the redox-driven process involve an in situ conversion of 
phosphine oxide and therefore, the nature of the phosphine oxide bond will be reviewed 
before discussing the various reactions with phosphine oxides. Since an excellent review on 
this topic has been written by Gilheany,(15) this paragraph will only summarize the topics 
that are relevant for the sections and chapters that follows. 

Phosphine oxides are usually represented with a P=O double bond, although most estimates 
give a bond order greater than two. Furthermore, even though the P=O bond is polar, its 
dipole moment is much less than that of the N!O bond of amino oxides while its bond 
strength is greater. This is suggestive of at least a pentavalent phosphorus atom. For years, 
theoretical discussions have focused on how to overcome the octet rule and the identification 
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of the orbital involved. While structure 1a (Figure 1.2) meets the octet rule, there is 
evidence that the charge is not only localized on oxygen. As a consequence, structure 1b 
better resembles the electronic properties and the question remains which orbitals interact 
with the oxygen lone pairs. 

 
Figure 1.2 

The ambiguity of the phosphorus oxide structure resembles the multivalency of the first row 
transition metals which has been explained by the occupation of d orbitals. Although a 
similar explanation has been used for phosphine oxides, a clear distinction has to be made 
between inner and outer d orbitals. In the first row transition metals, 3d, 4s and 4p orbitals 
are involved. The 3d electrons are clearly required for the description of the molecular wave 
function, as they lie within the charge cloud of 4s and 4p electrons and are also occupied in 
the ground state of the metal. For phosphine oxides, however, occupation of d orbitals 
would involve the 3s, 3p and 3d orbitals (Figure 1.3 A). In this case, these outer d orbitals 
are not occupied in the ground state and their involvement in bonding is thus much more 
problematic. Since the emergence of ab initio calculations, which have been verified by 
physical methods, the d orbital involvement has been dismissed and three alternative views 
have been developed (Figure 1.3 B, C and D), all based on lone pair back bonding into the 
LUMO (σ*) of the phosphine PR3 bonds. Support for the back bonding model is found for 
example in the negative relationship between P!O bond length (and thus bond strength) 
and the RPR bond angle (i.e. a large RPR angle leads to shortening of the P!O bond). 
Furthermore, the P!O bond length increases over the series Me3PO < Cl3PO < F3PO as a 
consequence of decreasing overlap with antibonding σ* orbitals. 

   
Figure 1.3 

In the traditional view, the P!O double bond involves one σ bond and two " bonds by back-
donations (Figure 1.3 B, one " bond depicted). In this case, the phosphorus lone pair forms 
one σ bond with oxygen and the remaining charge on oxygen is back-donated to the PR3 σ* 
orbitals to create a partial triple bond. An alternative to the latter view involves again one σ 
bond, but in this case the remaining charges form an ionic bond. This basically implies that 
all three oxygen lone pairs interact with phosphorus so that three " bonds are created 
through electron density back-donation (Figure 1.3 C). A third, less accepted view includes 
neither σ nor " bonds, but three Ω bonds (or banana bonds) that symmetrically position 
electron densities between the P and O atoms (Figure 1.3 D). This causes the remaining 
oxygen lone-pair to point outwards. Although several computational studies support the 
latter theory, it is still regarded as an unorthodox representation. From all models, it can be 
concluded that the true nature of the phosphine oxide bond is highly polar and probably 
best visualized as having a bond character in between that of a double and a triple bond. 
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Hence, its representation can either be P=O or P≡O with classical notation of multiple 
bond. While P≡O better depicts the involvement of three electron pairs, P=O better 
represents its bond strength and reactivity. Based on the latter, throughout this chapter and 
thesis, the PO bond will be depicted and referred to as a double bond: P=O. 

1.4 Deoxygenation of Phosphine Oxide for Redox-Neutral Catalysis 

The redox-neutral organophosphorus approach involves the deoxygenation of phosphine 
oxide, either to a temporary PV-intermediate that requires further conversion, or directly to 
the desired reagent. As described in the previous paragraph, the phosphine oxide bond is 
polarized and the considerably nucleophilic oxygen can therefore react with various strong 
electrophiles such as isocyanates, acid chlorides and triflic anhydride. Examples of each of 
these reagents will be discussed in the next paragraphs.  

In 1962, Campbell and Monangle reacted 2-phospholene oxides 2a and 2b with isocyanates 
for the synthesis of (polymeric) carbodiimides (Scheme 1.1a).(16) In this particular case, the 
phosphine oxide is deoxygenated via [2+2]-cycloaddition and subsequent release of CO2. 
The resulting iminophosphorane 3 then reacts with a second isocyanate to yield the desired 
carbodiimide.(17) It was shown that certain phosphine oxides have entirely different effects 
on isocyanates, an observation that proved to be important for further research.(18) However, 
it was not until 2008 that Marsden et al. showed that isocyanate activation of phospholene 
2b can effectively be followed up by an intramolecular aza-Wittig reaction with a remote 
carbonyl functionality (Scheme 1.1b). This reaction proceeds well by virtue of the fact that 
the second isocyanate reaction of the intermediate iminophosphorane is relatively slow.(19) 
Several heteroaromatic phenanthridines (4a) and benzoxazoles (4b) were effectively 
synthesized in this way.  

 
 

A similar example of phosphine oxide deoxygenation was provided by Masaka and Fukui, 
who used oxalyl chloride or trichloromethyl chloroformate (TCF) to generate 
chlorotriphenylphosphonium chloride 5 (Scheme 1.2, route A or B, respectively).(20) 
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Considering the relatively inert phosphine oxide, both conversions proceeded remarkably 
fast (minutes), even at room temperature. In the case of TCF, only 0.5 equivalent was 
required for full conversion as the concomitantly formed phosgene also deoxygenates 
phosphine oxide, a reaction used for example by BASF at an industrial scale for the 
reduction of Ph3P=O to Ph3P (Scheme 1.2 C and vide infra).(21) Masaki and Kakeya have 
shown that chlorine under CO pressure also leads to formation of chlorophosphonium 
chloride in a strongly exothermic reaction (Scheme 1.2 D).(22) Chlorophosphonium chlorides 
can be used for several applications,(4b) but is now mostly known for the conversion of 
alcohols into alkyl chlorides (Appel reaction).(4a,23) 

 
Scheme 1.2 Deoxygenation of Ph3PO to Ph3PCl2 by different reagents. 

Deoxygenation with oxalyl chloride has been exploited for organophosphorus catalysis by 
Denton et al., who initially used it for the development of a catalytic chlorination of alcohols 
(Scheme 1.3a).(14,24) Mechanistic studies verified that an "Appel-type" mechanistic pathway 
is operative (i.e. via a phosphonium alkoxide intermediate), rather than a mechanism 
involving activation of alcohol via esterification with oxalyl chloride.(14) However, the 
undesired esterification reaction of the alcohol with the oxalyl chloride is actually 
predominant when both reagents are mixed in a 1:1 ratio. It can however be effectively 
suppressed by the slow addition of alcohol to premixed triphenylphosphine oxide and oxalyl 
chloride. Although it has been observed that tris(4-fluorophenyl)phosphine oxide gives a 
slightly higher turnover number and turnover frequency, triphenylphosphine oxide is 
cheaper, more readily available and thus the catalyst of choice for this reaction and the other 
reactions based on the same principle. One of these reactions is the bromination of alcohols. 
In this case, clean conversion necessitated a combination of LiBr and oxalyl chloride, as 
oxalyl bromide gave poor yields. Furthermore, the choice of the cationic counterion turned 
out to be critical in suppressing competing attack of chloride (released from oxalyl chloride). 
In a similar “Appel-type” reaction, epoxides were opened with oxalyl chloride to yield the 
corresponding 1,2-dichlorides. In all the above examples, stereospecificity was demonstrated 
by the use of enantiomerically enriched alcohols and/or epoxides that all showed inversion of 
the respective stereocenters. In an additional catalytic Ph3PO/(COCl)2 application, Denton 
also successfully demonstrated dehydration of oximes to nitriles (Scheme 1.3b), but 
mechanistic investigations revealed that in this case the substrate reacted directly with oxalyl 
chloride to intermediate 7, and the precise role of phosphonium chloride 5 remains unclear. 
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Although triphenylphosphine oxide offers advantages such as low costs and availability, so 
far deoxygenation always required the highly reactive oxalyl chloride, which significantly 
narrows the scope and possibilities of the system. Therefore, ideally a milder deoxygenation 
method should be developed, to allow for introduction of alternative nucleophiles. 

 
Scheme 1.3 Catalytic applications of Ph3PO and oxalyl chloride. a) Use of the Appel reaction principle 

for chlorination, bromination or epoxide opening (ROH is chlorohydrin intermediate). b) Oxime 

dehydration to nitrile with Ph3PO. 

Hendrickson et al. showed that triflic anhydride is also able of deoxygenating phosphine 
oxide in a similar fashion as oxalyl chloride (Scheme 1.4), leading to the formation of the so-
called "POP" or Hendrickson's reagent (8).(25) Stoichiometric amounts of "POP" reagent 
have been shown to effectively hydrate for example ketones, carboxylic acids and diols.(26) 
More importantly, it has also been investigated for application in Mitsunobu reactions, but 
these studies showed that for secondary alcohols competitive elimination is more dominant 
with the Hendrickson’s reagent than under Mitsunobu conditions.(27) To date, the use of 
Hendrickson’s deoxygenation method has not led to applications in organophosphorus 
catalysis. 

 
Scheme 1.4 Formation of Hendrickson's or "POP" reagent (8) by deoxygenation of Ph3PO.(25) 

1.5 Reduction of Phosphine Oxides 

The reduction of phosphine oxide, for in situ regeneration of phosphine, is key to the redox-
driven catalytic manifold. However, due to the strength of the P=O bond, reduction to 
phosphine typically requires significant encouragement. Conditions which facilitate this 
reduction can be categorized as follows: 

1. Activation-reduction of PV compounds 
2. Reduction of P=O with metal hydrides 
3. Reduction of P=O with silanes 
4. Catalyst-mediated reduction of P=O with silanes 
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As described in paragraph 1.4, a phosphine oxide can be deoxygenated with various highly 
reactive reagents to yield a chlorophosphonium chloride (5). Even though the phosphine 
oxide bond has then already been broken, high temperatures are typically still required for 
the subsequent reduction of phosphonium chloride to phosphine. Nevertheless, the reaction 
can be performed at multi-ton scale, as exemplified by the BASF reduction of 
triphenylphosphine oxide with phosgene and aluminum in an extremely efficient process 
(Table 1.1, entry 1).(21,28) Tanaka et al. have shown that reduction with aluminum can be 
greatly accelerated by the addition of PbBr2.(29) Other chlorination methods together with 
alternative reductions have also been published. For instance, the combined action of 
chlorine and carbon monoxide (Scheme 1.2 D) on TPPO gives 5, which can subsequently 
be isolated and reduced with hydrogen at 98 bar and 160 °C (Table 1.1, entry 2).(22) Direct 
Ph3PO hydrogenation can be achieved with a Bi/TiO2 catalyst under extreme temperatures, 
although the "catalyst" has to be regenerated with hydrogen after it is oxidized in the 
process. The latter system should therefore be considered as a batchwise, indirect 
hydrogenation procedure (entry 3).(30) 

Table 1.1 Overview of methods for the reduction of phosphine oxides via 5 or with metal hydrides. 

Entry PV compound Reagents (equiv) Conditions Yield (%) Ref. 
1 Ph3PO COCl2/Al 100 °C (COCl2);  

130 °C, 1.5 h (Al) 96 (21) 

2 Ph3PO Cl2 (1)/CO/H2 59 bar, 25 °C (Cl2/CO);  
98 bar, 160 °C (H2) 86 (22) 

3 Ph3PO Bi/TiO2 + H2 500 °C 73% (30) 
4 Ph3PO (COCl)2 (1) 

electrochem. AlBr3, (Al)-(Pt), 50 mA 72 (32a,b) 

5 Ph3PO TMS-Cl (3) 
electrochem. 

Bu4NBr, (Zn)-(Cu), 100 
mA 89 (32b-d) 

6 Ph3PO TMS-OTf (6) 
electrochem. (Al)-(Pt), 50 mA 66 (32b) 

7 Ph3PO Me-OTf (1) 
electrochem. (Al)-(Pt), 50 mA 11 (32b) 

8 Ph3PO (COCl)2 (1-2) + 
LAH (1.2) 

25 °C, 20 min. (COCl)2 
-78 °C, instant (LAH) 86 (33) 

9 
 

[Et3O]BF4 
(1.2) +  

NaBH4 (3) 
40 °C, 2 h. [Et3O]BF4 
25 °C, 1 h (NaBH4) 76 (34) 

10 Ph3PO LAH (2) 80 °C, 4 h 54 (36b) 
11 Ph3PO LAH(2) + 

CeCl3(1.5) 40 °C, 30 min 95 (37) 

12 Ph2P(Me)O MeOTf (1.1) +  
LAH (2.5) rt, 2 h (MeOTf); 0 °C 95 (35) 

13 Ph3PO DIBAL (4) + 
Cy3PO (1) 72 °C, 16 h 91 (38) 

14 Ph3PO AlH3 (1.1) 66 °C, 30 min 95 (39) 

15 
 

BH3∙SMe2 (5) 63 °C, 3 days 100 (40) 
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As an alternative to stoichiometric reducing agents, electrochemical reduction has been 
explored but attempts for the direct electrochemical reduction of triphenylphosphine oxide 
failed due to competitive P!C bond cleavage.(31) However, when the phosphine oxide is first 
deoxygenated with oxalyl chloride or silylated in situ with TMSOTf or TMSCl, reasonable 
to good yields of phosphine can be isolated (entries 4-6).(32) Methylation with methyl triflate 
has also been investigated, but yielded only 11% of phosphine (entry 7). 

The deoxygenation of phosphine oxide to chlorophosphonium chloride 5 can offer 
additional advantages other than the ease of reduction. The group of Gilheany exploited the 
insolubility of 5 to separate phosphine oxide from the reaction mixture after it was generated 
in Appel and Wittig reactions.(33) To this end, the phosphine oxide was reacted with oxalyl 
chloride and the resulting salt (5) separated by filtration. They furthermore showed that the 
phosphonium salt could be reconverted back into the phosphine by addition of lithium 
aluminum hydride (LAH) at low temperatures (entry 8). In a succeeding report it was 
shown that reduction of 5 is also possible with NaBH4 (entry 9).(34) Furthermore, alkylation 
of phosphine oxide with [Et3O]BF4 (Meerwein's salt) and subsequent chemical reduction 
with NaBH4 can also give good yields (Scheme 1.5). An additional advantage of the latter 
procedure is that the reaction proceeds (in contrast to the oxalyl chloride method) in a 
stereospecific fashion, similar to the procedure developed by Imamote et al. (vide infra).(35) 
Nevertheless, stereospecificity is probably more important for the synthesis of chiral 
phosphines than for possible future applications in organophosphorus catalysis. As an 
alternative to Meerwein’s salt, MeOTf and [Me3O]BF4 can also be used. 

 
Scheme 1.5 Enantiospecific reduction of phosphine oxide by alkylation and subsequent reduction with 

NaBH4.(34) 

Metal hydrides such as LAH have also been employed for the direct reduction of phosphine 
oxides.(36) The reaction with triphenylphosphine oxide is, however, low yielding (entry 10) 
and additives such as Lewis acids are a prerequisite for good conversion. In particular, the 
hard Lewis acid CeCl3 gives fast reduction with LAH at reasonably low reaction 
temperature (entry 11), but has the disadvantage that enantiopure phosphine oxides give 
racemic phosphines (not shown).(37) Enantiospecificity can be achieved by methylation (with 
MeI or MeOTf) prior to LAH reduction (entry 12).(35) Reactive DIBAL also enables direct 
phosphine oxide reduction, but requires a scavenging Lewis base to neutralize the 
concomitantly generated Lewis acid tetraisobutyldialuminoxane, which inhibits reduction by 
coordinating to the phosphine oxide (entry 13).(38) As a decoy, 1 equivalent of 
tricyclohexylphosphine oxide can be used to reach full conversion. Alternatively, alane 
(AlH3) can be used without any additives (entry 14).(39) The group of Kechlevich reported 
the reduction of strained five-membered cyclic phosphine oxides with borane-dimethyl 
sulfide complex (entry 15) and since six-membered ring analogues failed to react, it was 
postulated that the driving force for the deoxygenation is the decreased ring strain in the 
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pentacoordinate intermediate 10 (Scheme 1.6).(40) A significant drawback of the borane 
reduction is the incompatibility of the method with functional groups such as double bonds 
and amides. For instance, reduction of 9 gives 100% conversion, but a mixture of products is 
obtained due to partial reduction of the double bond (Scheme 1.6). 

  
Scheme 1.6 Borane reduction of five-membered ring phosphine oxides. 

The reducing agents reviewed thus far also react with various other functional groups 
making them unsuitable for application in an in situ phosphine oxide reduction strategy. A 
different class of compounds, i.e. silanes, have shown such selectivity and are therefore 
reviewed separately in the next paragraphs and in Table 1.2.  

As early as in 1964, Korte et al. reported the reduction of phosphine oxides with silanes 
(Table 1.2, entries 1-6).(41) The required temperatures are a clear indication of the relatively 
low intrinsic reactivity between phosphine oxides and silanes. For example, phenylsilane is 
more reactive than poly(methylhydrosiloxane) (PMHS), but both reagents still require 
considerably high temperatures for effective conversion and preferentially neat conditions 
(entries 1 and 3). The fact that cyclic phosphine oxides are reduced at a lower temperature 
than the non-cyclic ones (entry 5) is an important observation since, as we will see later, 
cyclic phosphines have turned out to be instrumental in driving the redox-driven 
organophosphorus catalytic manifold forward. In the subsequent year (1965), the same 
group reported that the use of trichlorosilane allows reduction in solution at lower 
temperatures (entries 7 and 8). It was furthermore reported that the necessity of 2 
equivalents of trichlorosilane could be avoided by the addition of an amine base to suppress 
decomposition of trichlorosilane by the concomitantly generated HCl.(42) The same year, 
Horner and Balzer performed the same reaction with optically active phosphine oxides and 
noticed a difference in the optical activity of the product depending on the presence or 
absence of triethylamine (Scheme 1.7).(43) Mechanistic explanations where given in the same 
paper and more thorough mechanistic investigations were later undertaken by Mislow et 
al.,(44) who suggested suggested that trichlorosilane is deprotonated by triethylamine, 
followed by back-side attack of the resulting trichlorosilyl anion (Scheme 1.7 A), rather than 
coordination of trichlorosilane to oxygen prior to transfer of hydride (Scheme 1.7 B). An 
alternatively proposed mechanism involves the formation of perchloropolysilane ([SiCl2]n) 
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from dichlorosilylene (SiCl2), another known reducing agent. In fact, hexachlorodisilane is 
capable of reducing phosphine oxides with high reaction rates (Table 1.2, entry 9).(45) In a 
more recent publication, Krenske disclosed computational studies that support the 
mechanistic inversion proposal made by Mislow et al.(46) Furthermore, it is noteworthy that 
Marsi investigated the stereochemical outcome of reduction with phenylsilane and found 
retention of stereochemistry.(47) Similar stereochemical observations for reactions between 
phenylsilane and bridged ring systems containing phosphine oxides were reported by Quin 
et al.(48) 

 
Scheme 1.7 Reduction of optically active phosphine oxide by trichlorosilane with (A) and without (B) 

amine base. 

Although the combination of HSiCl3 and Et3N provides acceptable results for the reduction 
of reactive phosphine oxides, several challenging substrates (e.g. sterically hindered and/or 
electron-poor phosphine oxides) have been found to require high temperatures and long 
reaction times. In the group of Spencer, it was found that the cumbersome conversion is 
possibly due to a trichlorosilane-mediated oxygen transfer reaction back onto the 
phosphonium intermediate, thereby potentially leading to a slower reaction (Scheme 1.8). 
Indeed, by adding two equivalents of sacrificial PPh3, the reaction could be effectively driven 
to completion.(49) For example, phosphine oxide 12 could be reduced much faster with 
HSiCl3/PPh3 (20 h, 88%) than with HSiCl3/Et3N (5 days, 72%). 

 
Scheme 1.8 Reduction of challenging phosphine oxides with PPh3/HSiCl3 as developed by Spencer et 

al.(49) 
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Table 1.2 Direct reduction of phosphine oxides with silanes. 

Entry PV compound Reagents (equiv) Conditions Yield (%) Ref. 
1 Ph3PO PMHS 280-300 °C, 2 h, neat 86 (41) 
2 Ph3PO PMHS 218 °C, 2 h, solution 65 (41) 
3 Ph3PO PhSiH3 120 °C, 2 h, neat 82 (41) 
4 Ph3PO Ph2SiH2 120 °C, 2 h, neat 90 (41) 
5 

 

PhSiH3 80 °C, 2 h, neat 82 (41) 

6 

 

PMHS 250 °C, 2 h, neat 88 (41) 

7 Ph3PO HSiCl3 (2) 80 °C, 2 h 98 (42) 
8 Ph3PO HSiCl3 (1) + Et3N (1) 80 °C, 2 h 85 (42) 
9 

 

Si2Cl6 (1.3) 80 °C, 15 min. 91 (44b,45) 

10 Ar3POa HSiCl3 (20)/PPh3 (2) 100 °C  90 (49) 
(a) Challenging substrates such as electron-poor BINAP(O)2 substrates; PMHS = 
poly(methylhydrosiloxane) 

In 1997, Lawrence et al. published the titanium-catalyzed reduction of phosphine oxides by 
triethoxysilane and PMHS (Table 1.3, entries 1 and 2), which allowed lower reaction 
temperatures and shorter reaction times.(50) The observed retention of configuration was 
rationalized by proposing a titanium hydride intermediate that reacts with the phosphine 
oxide (Scheme 1.9a). Unfortunately, reaction with PMHS is slow and only triethoxysilane 
allows substoichiometric amounts of catalyst Ti(Oi-Pr)4 to reach full conversion (Table 1.2, 
entry 1). Additionally, triethoxysilane is not preferred due to its toxicity and the potential 
formation of highly dangerous SiH4.(51) For this reason, Lemaire investigated 
tetramethyldisiloxane (TMDS) with Ti(Oi-Pr)4 as this would offer advantages in both 
isolation of the product and reactivity of the silane (Table 1.3, entry 3).(52) Indeed, faster 
reactions allowed for less catalyst and reducing reagent, but for good yields, the temperature 
still had to be raised to 100 °C and precautions for the evaporation of TMDS had to be 
taken (i.e. sealed tube or portion-wise addition). Based on EPR and UV-studies, the same 
group postulated a mechanism in which the Ti(Oi-Pr)4-generated silyl radical 13 reacts with 
the phosphine oxide (Scheme 1.9b),(53) thereby clearly rejecting a mechanism involving a 
titanium hydride intermediate and hydrogen gas emission as proposed by various other 
groups.(50,54) Instead, it was suggested that the formed silanol, upon dimerization, generates 
water from the system which can trap any radicals formed. Indeed, in the presence of a 
drying agent (e.g. Na2SO4 or molecular sieves) a high conversion is obtained at a lower 
temperature with less reducing reagent (Table 1.3, entry 4). Although low temperatures and 
small amounts of reagents can be used, Ti(Oi-Pr)4-catalyzed reduction is not compatible 
with sensitive functional groups such as esters and double bonds as these are also reduced.(45) 
The same issue applies to IrBr3-catalyzed reduction, also developed by Lemaire et al., 
despite significantly lowered catalyst loadings (Table 1.3, entry 5).(55)  
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Scheme 1.9 Proposed mechanisms for the Ti(Oi-Pr)4-catalyzed reduction of phosphine oxide with 

hydrosiloxanes based on a) a titanium hydride reducing species (Lawrence)(50) and b) a silyl radical 

reducing species (Lemaire).(53) 

In 2012, excellent functional group compatibility was in fact achieved by the group of Beller 
with Cu(OTf)2 as catalyst (Table 1.3, entries 6-7) and either TMDS (more reactive) or 
PMHS (less reactive) as reductant.(56) Although the mechanism is unknown, in situ 
generation of Stryker’s reagent [(PPh3)CuH]6 as the reducing agent was excluded, thereby 
dismissing a potential role of a reactive [Cu!H] species as in the copper-catalyzed 
hydrosilylation of ketones.(57) For the first time, functional groups such as ketones, esters and 
olefins were tolerated during the metal-catalyzed phosphine oxide reduction. Functional 
group tolerance was extended only several months later by the same group, to include amide,  
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Scheme 1.10 Lewis acid-catalyzed phosphine oxide reduction. 

nitrile and imine moieties.(58) Key to the last-mentioned process was the use of phosphate 
diesters and diethoxymethylsilane, to form the putative Lewis acid 14 as the active catalytic 
species (Scheme 1.10). Although the precise mechanism remains unknown, more 
electronegative Lewis acids were more reactive in the reduction reaction. 
Diethoxymethylsilane was found to be the preferred reducing agent, although other silanes 
such as PMHS could also be used. Both these phosphate diester-catalyzed and the 
previously discussed copper-catalyzed reactions will most likely find application in future 
organophosphorus catalysis, given the fact that all in situ reduction strategies thus far rely on 
silane reduction, which in several cases lacks functional group tolerance as will be discussed 
in the next paragraph. 

Table 1.3 Catalytic reduction of phosphine oxides with silanes. 

Entry PV compound(a) Reagents (equiv) Conditions Yield (%) Ref. 
1 Ph3PO Ti(Oi-Pr)4(0.1)/(EtO)3SiH (3) 67 °C, ca. 1 h 86 (50) 
2 Ph3PO Ti(Oi-Pr)4 (1)/PMHS (10) 67 °C, ca. 1 h 93 (50) 
3 Ph3PO Ti(Oi-Pr)4 (0.1)/TMDS(b) (2.5) 100 °C 100 (52) 
4 Ph3PO Ti(Oi-Pr)4 (0.1)/TMDS (1.2)/ 

Na2SO4 (10 wt%) 
60 °C 100 (53) 

5 Ph3PO IrBr3 (0.01)/TMDS (1.5) 100 °C 84 (55) 
6 Ph3PO Cu(OTf)2 (0.1)/TMDS (3) 100 °C, 10-24 h 96 (56) 
7 Ph3PO Cu(OTf)2 (0.1)/PMHS (6) 100 °C, 10-24 h 88 (56) 
8 Ph3PO (4-NO2C6H4O)2PO2H (0.15)/ 

(EtO)2SiMeH (4) 
110 °C, 24 h 99 (58) 

(a) Exemplary compound selected from a range of substrates; (b) TMDS = tetramethyldisiloxane; (c) 
MCH = methylcyclohexane 

1.6 Redox-Driven Organophosphorus Catalysis 

In 2009, the group of O’Brien disclosed the first redox-driven organophosphorus catalytic 
cycle in order to improve the Wittig reaction.(59) The Wittig reaction is a particularly 
challenging reaction to be converted into a catalytic process due to the fact that sensitive 
functional groups such as aldehydes, esters and α,β-unsaturated carbonyls are commonly 
present in substrates and/or products. It was shown that the key to obtain the required 
selectivity in the reduction step was the combination of precatalyst 15 and diphenylsilane 
(Scheme 1.11a). As described in the preceding section, cyclic phosphine oxides are more 
readily reduced then their non-cyclic analogues. The slightly more reactive phenylsilane 
(instead of diphenylsilane) gave only trace amounts of product due to side reactions, 
confirming that a mild reducing agent is essential. A catalytic cycle was proposed as depicted 
in Scheme 1.11b, involving in situ reduction of 15 by diphenylsilane to regenerate the 
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phosphine. The phosphine in turn is alkylated and deprotonated to generate the required 
ylid. Unfortunately, in contrast to typical Wittig reactions with triphenylphosphonium 
ylids,(60) only E/Z-mixtures of olefin were obtained, which in selected cases could be 
isomerized in situ by phosphine to >95% E/Z (Scheme 1.11c). Trimethoxysilane was also 
shown to be effective, but slightly lower yields and poorer E/Z-ratios were obtained (61%, 
70:30). Even though a variety of (hetero)aromatic and aliphatic olefins were synthesized, 
only ylids stabilized by electron-withdrawing groups could be used. Nevertheless, this first 
effective demonstration of the potential of an in situ phosphine oxide reduction strategy has 
served as an important inspiration for the research described in this thesis. 

 
Scheme 1.11 a) The catalytic Wittig reaction developed by O’Brien et al.(59) with b) proposed catalytic 

cycle and c) exemplary products. 

Another example of in situ phosphine oxide reduction, disclosed by Woerpel et al., involves 
the phosphine-catalyzed reduction of alkyl silyl peroxides.(61) In this particular case, the 
combination of Ti(Oi-Pr)4/TMDS allowed the use of triphenylphosphine (see: the work of 
Lawrence and Lemaire in the preceding paragraph). It was demonstrated by Woerpel et al. 
that the silylated peroxide substrates are not directly reduced by Ti(Oi-Pr)4/TMDS, thus 
PPh3 is indeed a prerequisite. Furthermore, NMR experiments with 17O-labeled substrates 
proved the specific role of the phosphine catalyst and supported the mechanism depicted in 
Scheme 1.12, although the precise mechanism of phosphine oxide reduction remains 
unclear. EPR experiments revealed an intermediate TiIII species, postulated to arise from 
either a titanium(IV) hydride or from a titanium(IV) species serving as a single-electron 
acceptor. However, the functional group tolerance remains limited to (silyl) ethers and 
protected ketones since unprotected ketones, esters, amides and carboxylic acids are 
susceptible to reduction under the reaction conditions.(51,54a) 
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Scheme 1.12 Proposed catalyzed cycle of the phosphine-catalyzed alkyl silyl peroxide reduction by 

Woerpel et al.(61) 

1.7 Conclusions 

From the examples described above, it becomes clear that organophosphorus catalysis, with 
the purpose of extending the power of classical phosphine-based reactions that thrive on the 
formation of phosphine oxide, is still in its early stages. Only a handful of successful 
applications of either a redox-neutral or redox-driven approach have been reported and the 
methods involved still remain limited in substrate scope. Nevertheless, the diversity of 
phosphine-mediated reactions involved, clearly shows the potential of in situ reduction. 
Furthermore, the rapid advances in phosphine oxide reduction with more environmentally 
benign reducing agents and under milder conditions can further stimulate the in situ 
phosphine oxide reduction strategies and there is little doubt that new and improved 
protocols will emerge in the coming years. 

1.8 Research Aim and Context 

To facilitate the movement of society towards a more sustainable world, the origin of the 
chemical feedstock and thereby its chemical composition is changing. The use of biomass, 
not only as a resource for fuel but also for chemicals, has prompted chemists to investigate 
new and improved methods for the conversion of such materials to chemicals that are 
currently used. Just by the simple consideration of the atomic composition of bio-based 
materials, the high abundance of oxygen and the effectiveness of phosphorus reagents to 
react with such materials, one can expect an enlarged role for these reagents in the future. 
The research described in this thesis falls within the CatchBio, a Dutch public-private 
partnership that “aims to develop clean and efficient processes for biomass conversion into 
low-cost and sustainable biofuels, chemicals and pharmaceuticals.” Given the relevance of 
phosphorus reagents in the current chemical industry to convert oxygen-containing 
functionalities and the increasing abundance of such materials in the future, we set ourselves 
three research goals for the project described in this thesis: 

1. Development of new phosphorus catalysts and understanding of their mechanism 
of action. 

2. Exploration and application of organophosphorus catalysis as an alternative to 
current phosphine-consuming reactions. 

3. Critical evaluation of the newly developed chemistry by environmental impact 
studies. 
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In Chapter 2, the development of new organophosphorus catalysts is described. Silane-
mediated reduction of a range of cyclic phosphine oxides was explored, which led to the 
synthesis and evaluation of 5-phenyldibenzophosphole-based structures. The mechanism of 
the facile reduction of five-membered phosphine oxides and the influence of Lewis basicity 
is next elucidated by X-ray analysis and DFT-studies in Chapter 3. The latter theoretical 
studies also stimulated the development of new organophosphorus reagents with enhanced 
reduction potential through a probable bidentate Lewis basic character. In total, the 
exploration of three different applications is described: the Appel reaction (Chapter 4), the 
Staudinger reduction (Chapter 5) and the aza-Wittig reaction (Chapter 6). Finally, a critical 
evaluation of the newly developed chemical methods is performed with a life cycle analysis 
(Chapter 7), leading to new perspectives and an outlook into future research (Chapter 8). 
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Abstract 

The influence of ring size, (partial) aromaticity and electronic effects of substituents on the 
reduction of phosphine oxides were investigated. It was found that dibenzophosphole oxides 
are reduced under mild conditions and were thus selected as potential organophosphorus 
catalysts.  
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2.1 Introduction 

As described in Chapter 1, the in situ reduction of a phosphine oxide is an essential step in 
redox-driven organophosphorus catalytic reactions. Although multiple reagents are suitable 
to accomplish such a reduction, most of these reagents are incompatible with other 
functional groups. O’Brien et al. have demonstrated, however, that cyclic phosphine oxide 1 
(Figure 2.1) can be reduced with diphenylsilane (Ph2SiH2) or trimethoxysilane 
((MeO)3SiH) without affecting aldehydes and other reagents.(1) Although it is mentioned 
that this cyclic phosphine oxide is reduced faster than triphenylphosphine oxide, no 
explanation is given for the specific structure of the catalyst. Previously reported observations 
by Korte(2) and Keglevich(3) about phosphine oxide reductions with phenylsilane and borane, 
respectively, made us aware of the possible influence of ring size in which the phosphorus 
atom is incorporated. We also realized that, before engaging in catalytic applications, a 
thorough knowledge about phosphine oxide reduction with silanes should be established. 
Therefore, the effect of a phosphorus atom in a cyclic system or in a (partial) aromatic 
system on the ease of reduction of phosphine oxides was investigated, as well as the 
influence of electronic effects of substituents. 

 
Figure 2.1 Cyclic phosphine oxides. 

2.2 Influence of Ring Size on Reduction Rate 

In order to obtain insight in the importance of ring size (compounds 2-4) on the rate of 
reduction by silanes, as well as the influence of a 3-methyl substituent (as in 1) and the 
degree of saturation of the seven-membered ring (4 versus 5), our research started with the 
synthesis of cyclic phosphine oxides 1-5 (Figure 2.1). Synthesis of the smaller, four-
membered phosphacycloalkane was also undertaken, but the corresponding phosphine oxide 
was found to be unstable for application in catalysis.(4) The syntheses of 1, 3, and 5 were 
carried out as reported.(1,5) Phospholane oxide 2 was obtained by a known synthesis of the 
phosphine(6) followed by oxidation with H2O2. Phosphepane 4 was obtained by Pd/C-
catalyzed hydrogenation of 5. 

Having the desired set of cyclic phosphines in hand, we explored the efficiency of reduction 
by diphenylsilane. To this end, the consumption of phosphine oxide upon treatment with 
diphenylsilane (1.5 equiv) in dioxane at 100 °C was monitored over time by GC-analysis 
(Figure 2.2).(7) First of all, a rapid reduction of five-membered phosphine oxides 1 and 2 was 
observed, leading to complete formation of the corresponding phosphines within 200 
minutes. As expected, the remote 3-methyl substituent on 1 had little influence as both 1-
phenylphospholane oxide (2) and 3-methyl-1-phenylphospholane oxide (1) were reduced 
equally effectively. The six-membered phosphine oxide 3 was also reduced, albeit very 
slowly, leading to less than 20% conversion after 3 hours. Neither the saturated nor the 
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unsaturated seven-membered cycles 4 and 5 (not shown) showed any reaction under the 
conditions. The observed trend is a clear indication that five-membered rings are the 
preferred candidates for an in situ reduction strategy. For comparison, the reduction of 
(acyclic) triphenylphosphine oxide under the same conditions led to only 3% conversion in 
3.5 h (not shown). 

 

 
Figure 2.2 Conversion of phosphine oxides 1–4 over time as determined by GC with tetradecane as an 

internal standard. 

2.3 Dibenzophospholes as Organophosphorus Catalysts 

Despite the proven effectiveness of reduction of aliphatic five-membered phosphine oxides, 
we opted to widen the scope of phospholane-type reagents in catalytic transformations. We 
envisioned that aromatic phospholes could be interesting candidates in this respect, due to 
increased ring strain and the recovery of aromaticity after reduction.(8) An important 
additional advantage of phospholes lies in the tunability of electronic properties by 
introduction of substituents. Therefore, we turned our attention to dibenzophospholes and 
the corresponding oxides (Scheme 2.1, compounds 9–11 and 12–14, respectively), all of 
which are stable at room temperature under air. Phospholes lacking fused aromatic rings 
were also considered but not pursued because PV-containing phospholes are known to 
dimerize by a Diels-Alder reaction.(9) To investigate the effect of electron-donation or 
withdrawal on the reactivity of the phosphorus compound, we synthesized three different 
phospholes with either hydrogen, a methoxy or trifluoromethyl groups at both C2 and C8 
positions (Scheme 2.1). The phospholes 9–11 were readily obtained from biphenyl 
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precursors 6–8, following a literature procedure involving generation of the dianion, 
followed by quenching with dichlorophenylphosphine.(10) The requisite methoxy-substituted 
biphenyl precursor 7 was synthesized by bromination of 3,3'-methoxy-1,1'-biphenyl as 
described.(11) Precursor 8 was prepared by a modified Ullman coupling of 1-bromo-2-iodo-
4-(trifluoromethyl)benzene, after several attempts of Suzuki or Kumada cross-coupling 
reactions had failed. Finally, all three phospholes were oxidized with H2O2 to oxides 12–14, 
in order to enable the exploration of the ease of reduction back to phosphole. 

 
Scheme 2.1 Synthesis of dibenzophospholes: a) BuLi (2 equiv), Et2O, rt, 3.5 h, then PhPCl2, Et2O, reflux, 

1 h, 55% 9, 30% 10 and 20% 13, 57% 11; b) H2O2 (4 equiv), Et2O, 2 h, 85% 12, 83% 13, 86% 14. 

Because there was no literature precedent for mild dibenzophosphole oxide reduction, we 
were pleased to find that compounds 12–14 were readily reduced by diphenylsilane under 
similar conditions as for phospholanes 1 and 2. Due to the low volatility of 12 and 13, 
conversions could not be monitored by GC and therefore attention was focused on 31P 
NMR.(9b) It should be noted that reactions in this case were performed at lower 
concentrations than before (0.1 versus 0.3 M), to minimize effects of temperature 
fluctuations during reaction and analysis (see: 2.7 Experimental Section). From the NMR 
spectra, clean conversion plots with variable rates were obtained as an indication of the effect 
of electron-donating and withdrawing substituents (Figure 2.3).(7) It is clear that an 
electron-withdrawing substituent (R = CF3) significantly reduces the reduction rate with 
respect to unsubstituted phosphole (R = H), although a much smaller rate-enhancing effect 
was detected by increase of electron density (R = OMe). From these data it may be 
concluded that Lewis basicity of the phosphoryl is directly proportional to the reduction 
potential, at least under the action of silanes.(12) With respect to the rate of reduction, there 
is only a small difference between phospholanes and phospholes: reduction of 12 was 
approximately 1.5 times slower than that of 1, based on 66% conversion after 3 h in 0.3 M 
dioxane (not depicted). 
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Figure 2.3 a) Stacked 31P NMR spectra of the reduction of 12 over time. The oxide 12 (29.1 ppm) is 

reduced to dibenzophosphole 9 (–11.1 ppm); b) Conversion of dibenzophosphole oxides 12–14 over 

time. 

2.4 Conclusions 

A range of different phosphines and phospholes, and the corresponding oxides, were 
successfully synthesized and the ease of reduction of oxides back to starting material was 
explored. From the reduction of the cyclic phosphine oxides, it became clear that five-
membered rings show the fastest reduction rate. Furthermore, the unsaturated five-
membered rings (i.e. dibenzophospholes) were also readily reduced and it was shown that 
electron-donating substituents have a small but positive effect on the ease of reduction, 
while electron-withdrawing groups significantly attenuate reduction rate. Because of these 
small differences, all three dibenzophosphole compounds 9–11 were selected as candidates 
for organophosphorus catalysis in further catalytic studies. 

Further mechanistic investigations are described in Chapter 3, while applications of the 
dibenzophospholes are described in Chapters 4–6. 
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2.6 General Experimental Section 

Solvents were dried by purging over activated alumina columns in an MBraun MB SPS800 and stored 
under nitrogen. Chemicals were purchased from commercial sources and were used without further 
purification. Reactions were carried out under an inert atmosphere of dry nitrogen or argon. Standard 
syringe techniques were applied for the transfer of dry solvents and air- or moisture-sensitive reagents. 
Reactions were followed by thin layer chromatography (TLC) on silica gel-coated plates (Merck 60 
F254) with the indicated solvent mixture. Detection was performed with UV-light, and/or by charring 
at ~150 °C after dipping into a solution of aqueous basic KMnO4. Column chromatography was 
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carried out using Silicycle Silicaflash P60® (40‐63 µm). Melting points were analyzed with a Büchi 
melting point B-545. IR spectra were recorded on an ATI Mattson Genesis Series FTIR 
spectrometer. Gas chromatography (GC) was performed on a Shimadzu GC2010+, containing a 
Varian VF1701ms column (20 m, 0.1 mm ID, 0.10 µm FD) or an Altech EC-1 column (30 m, 0.32 
mm ID, 0.25 µm DF) using FID detection. Calibration curves with tetradecane were obtained from at 
least 4 data points. GS-MS analyses were obtained from a Thermo PolarisQ, containing a Varian 
VF1701 (30 m, 0.25 mm ID, 0.25µm DF). NMR spectra were recorded on a Bruker DMX 300 (300 
MHz), a Varian 400 (400 MHz) and a Bruker Avance III (500 MHz) spectrometer. 1H NMR 
chemical shifts are given in ppm with respect to tetramethylsilane (TMS, δ 0.00 ppm) as internal 
standard, 13C NMR shift are given in ppm with respect to CHCl3 (δ 77.00 ppm), all signals are 
singlets, unless indicated differently. 19F NMR shift are given in respect to the external standard 
(trifluoromethyl)benzene (δ –63.2 ppm) and 31P NMR shifts are given with respect to the external 
standard triphenylphosphine (δ –6.0 ppm). Coupling constants are reported as J-values in Hz. High 
resolution mass spectra were recorded on a JEOL AccuTOF (ESI), or a JEOL JMS-T100GCv 
AccTOF (EI and CI). Fast Atomic Bombardment (FAB) mass spectrometry was carried out using a 
JEOL JMS SX/SX 102A four-sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD 
system program. Samples were loaded in a matrix solution (3-nitrobenzyl alcohol) on to a stainless 
steel probe  and bombarded with Xenon atoms with an energy of 3 KeV. During the high resolution 
FAB-MS measurements a resolving power of 10.000 (10% valley definition) was used. 

2.7 Experimental Section 

1-Phenylphospholane Oxide (2) 
Procedure of Kobayashi et al. was followed up to the oxidation step.(6)  
1,4-Dibromobutane (1.10 mL, 9.26 mmol) was added dropwise to a stirred suspension of 
magnesium (563 mg, 23.2 mmol) and one crystal of iodine in diethyl ether (50 mL). After 

stirring the reaction for 3 h under a nitrogen atmosphere, the flask was immersed in an ice bath and 
PhPCl2 (1.66 g, 9.26 mmol) in diethyl ether (10 mL) was added over 20 min. The mixture was 
allowed to warm to room temperature and stirred overnight. Next, the reaction mixture was washed 
with water and brine and dried over MgSO4. The combined aqueous layers were extracted with DCM 
(3 ! 50 mL). The combined DCM layers were washed with water (75 mL) and brine (75 mL), then 
dried over MgSO4 and filtered. The solvent was evaporated under reduced pressure and a colorless oil 
(1.01 g) was obtained. 
The products were combined, dissolved in DCM (50 mL) and H2O2 (35 wt% in H2O, 1.195 mL, 
13.89 mmol) was added dropwise. The solution was stirred for 3 h, before washing with aqueous 
saturated NaHCO3 (2 ! 15 mL) and brine (15 mL). Occasionally, some water was added to obtain a 
better separation of the layers. After drying over MgSO4, filtration and evaporation of the solvent, the 
product was purified by column chromatography (0→10% in MeOH in DCM), yielding 2 as a pale 
yellow oil (177 mg, 11%). 
IR (film) ν 3412, 2954, 2863, 1433, 1407, 1264, 1161, 1119, 728, 709 cm-1. 1H NMR (300 MHz, 
CDCl3) δ 7.78-7.71 (m, 2H), 7.57-7.46 (m, 3H), 2.22-1.93 (m, 8H). 13C NMR (75 MHz, CDCl3) δ 
134.29 (d, J = 90.2 Hz), 131.63 (d, J = 2.4 Hz), 129.88 (d, J = 9.7 Hz), 128.64 (d, J = 11.5 Hz), 29.65 
(d, J = 67.7 Hz), 25.29 (d, J = 8.1 Hz). 31P NMR (121 MHz, CDCl3) δ 59.8. HRMS (EI+) calcd. for 
C10H13OP [M]+ 180.0704, found 180.0704. 

1-Phenylphosphepane Oxide (4) 
A solution of 5(5b) (14 mg, 6.7 µmol) in MeOH (1.0 mL) in a round-bottomed flask was 
flushed with nitrogen. Next, a catalytic quantity of 10% Pd/C was added and the flask was 
closed with a septum. The system was saturated with hydrogen gas via a syringe and stirred 
for 72 h. The solution was poured over celite and the filtrate was concentrated using rotary 

evaporation, yielding pure 4 (13 mg, 95%).  
IR (film) ν 3399, 2928, 2855, 2358, 1649, 1433, 1398, 1152, 1109 cm-1. 1H NMR (300 MHz, 
CDCl3) δ 7.78-7.71 (m, 2H), 7.55-7.44 (m, 3H), 2.24-1.68 (m, 12H). 13C NMR (75 MHz, CDCl3) 
δ 35.23 (d, J = 92.6 Hz), 131.41 (d, J = 1.9 Hz), 129.70 (d, J = 8.8 Hz), 128.60 (d, J = 11.0 Hz), 31.83 
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(d, J = 64.7 Hz), 29.72, 21.71 (d, J = 3.4 Hz).31P NMR (121 MHz, CDCl3) δ 42.5. HRMS (EI+) 
calcd. for C12H17OP [M]+ 208.1017, found 208.1018. 

General Procedure for Reduction of Cyclic Phosphine Oxides 1–5 (Figure 2.2) 
A dried vial containing a stirring bar was purged with nitrogen gas and closed with a screw cap 
containing a septum. In this vial the cyclic oxide (0.15 mmol) was dissolved in anhydrous dioxane (450 
µL). Ph2SiH2 (43 µL, 0.23 µmol) and tetradecane (9.0 µL, 0.15 mmol), were added through the 
septum and the reaction mixture was heated up to 100 °C. At set times, aliquots were taken for GC 
analysis to determine the consumption of the phosphine oxide using tetradecane as internal standard. 

2,2'-Dibromo-5,5'-dimethoxy-1,1'-biphenyl (7) 
Prepared according to literature.(11) To a solution 3,3'-dimethoxybiphenyl 
(5.00 g, 23.3 mmol) in acetic acid (50 mL), was bromine (4.0 mL, 78 mmol) 
added dropwise. The solution was stirred for 2 h and filtered. 
Recrystallization of the residue from ethanol gave pure product 7 as white 
crystals (4.14 g, 48%). 

IR (neat): 3002, 2934, 2833, 1589, 1567, 1461, 1285, 1230, 1205, 1172, 1030 cm-1. 1H NMR (400 
MHz, CDCl3) δ 7.53 (d, J = 8.7 Hz, 2H), 6.82 (dd, J = 8.7, 3.1 Hz, 2H), 6.79 (d, J = 2.9 Hz, 2H), 
3.80 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 128.75, 112.89, 103.35, 86.44, 85.61, 83.94, 25.71. 
HRMS (EI+) calcd.for C14H1279Br81BrO2 [M]+ 369.9204, found 369.9209. Melting point: 135.2 °C. 

2,2'-Dibromo-5,5'-bis(trifluoromethyl)-1,1'-biphenyl (8) 
To a solution of 1-bromo-2-iodo-4-(trifluoromethyl)benzene(13) (500 mg, 1.43 
mmol) in dry THF at !78 °C was added BuLi (1.6 M in hexanes, 891 µL, 1.43 
mmol) and CuBr2 (318 mg, 1.43 mmol). After addition of CuBr2 the solution 
turned from yellow to green. The mixture was stirred 45 min before 
nitrobenzene (293 µL, 2.85 mmol) was added and the temperature was slowly 

raised to room temperature. The dark green solution was stirred overnight before it was quenched with 
NH3 (12% in water, 15 mL). The mixture was extracted with Et2O (3 " 10 mL). The combined 
organic layers were washed with brine and dried over MgSO4. The crude product was purified by 
column chromatography (heptane) to give 8 (319 mg, 80% pure (10% starting material and 10% 
unknown contamination) as a colorless liquid, which solidified overnight in the freezer.  
IR (film): ν 1335, 1317, 1161, 1121, 1078, 1011, 831, 729 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.84 
(d, J = 8.4 Hz, 2H), 7.57 (dd, J = 8.4, 2.2 Hz, 2H), 7.52 (d, J = 2.0 Hz, 2H). 13C NMR (75 MHz, 
CDCl3) δ 141.45, 139.88, 130.07 (q, J = 33.3 Hz), 127.69 (q, J = 3.7 Hz), 127.40, 126.67 (q, J = 3.6 
Hz), 123.57 (q, J = 272.5 Hz). 19F NMR (CDCl3) δ -64.11. HRMS (EI)+ calcd.for C14H679Br81BrF6 
[M]+ 445.8743, found 445.8741. 

5-Phenyldibenzophosphole (9) 
Following a procedure of Wittig and Maerker.(10) 
A solution of 2,2'-dibromobiphenyl (1.00 g, 3.21 mmol) in Et2O (5 mL) was cooled 
on ice. At 0 °C, BuLi (1.6 M in hexanes, 4.01 mL, 6.41 mmol) in dry Et2O (5 mL) 
was added. After stirring for 3.5 h at room temperature, PhPCl2 (0.435 mL, 3.21 

mmol) in dry Et2O (3.0 mL) was slowly added to the refluxing solution. The reaction mixture was 
stirred for 1 h. The formed LiCl was removed by filtration and the filtrate was concentrated in vacuo. 
The product was recrystallized from methanol to give 9 (456 mg, 55%) as a white solid. 
IR (neat): 3048, 1736, 1473, 1434, 1204, 1129 cm-1. 1H NMR (300 MHz, CDCl3) δ 7.96 (ddd, J = 
7.8, 1.7, 0.9 Hz, 2H), 7.71 (dddd, J = 7.4, 5.0, 1.2, 0.7 Hz, 2H), 7.47 (td, J = 7.6, 1.2 Hz, 2H), 7.38–
7.18 (m, 7H). 13C NMR (75 MHz, CDCl3) δ 143.82, 142.72, 136.30 (d, J = 18.9 Hz), 132.82 (d, J = 
20.1 Hz), 130.60 (d, J = 21.9 Hz), 129.41, 128.83 (d, J = 3.2 Hz), 128.81, 127.74 (d, J = 7.6 Hz), 
121.52. 31P NMR (121 MHz, CDCl3) δ –10.7. HRMS (EI+) calcd. for C18H13P [M]+ 260.0755, 
found 260.0751. Melting point: 94.9 °C.  
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2,8-Dimethoxyl-5-phenyldibenzophosphole (10) 
A solution of BuLi (1.6 M in hexanes, 10.1 mL, 16.1 mmol) in anhydrous Et2O (33 mL) was added 

dropwise to a solution of 2,2'-dibromo-5,5'-dimethoxybiphenyl 7 (3.00 g, 
8.06 mmol) in anhydrous Et2O (45 mL). The stirred reaction mixture was 
then heated up to reflux for 2 h. After cooling on ice, PhPCl2 (1.09 mL, 
8.06 mmol) in anhydrous Et2O (15 mL) was added and the reaction mixture 
was heated under reflux for 1.5 h. The mixture was then cooled on ice and a 
saturated aqueous NH4Cl solution (50 mL) was added. The organic layer 

was then concentrated in vacuo and the crude product was recrystallized from EtOH giving a mixture 
of 10 and together with a small amount of its oxide 13 (770 mg, 30%). Colomn chromatography 
(2→5% MeOH in DCM) of the remaining mother liquid yielded more oxide 13 (520 mg, 19%). 
 
Analytically pure 10 was obtained by reduction of oxide 13 with PhSiH3: 
Oxide 13 (500 mg, 1.49 mmol) was added into a flame-dried Schlenk tube and dissolved in dry 
dioxane (7.5 mL). Then PhSiH3 (0.275 mL, 2.23 mmol) was added and the reaction mixture was 
heated to 100 °C. After 3 h the reaction mixture was concentrated in vacuo. Purification by column 
chromatography (5→10% EtOAc in heptane) gave 10 as a white solid (422 mg, 89%).  
IR (neat): 2928, 2895, 1596, 1562, 1483, 1459, 1307, 1226, 1203, 1170 cm-1. 1H NMR (400 MHz, 
CDCl3) δ 7.57 (ddd, J = 8.3, 4.8, 0.3 Hz, 2H), 7.41 (d, J = 2.4 Hz, 2H), 7.31–7.18 (m, 5H), 6.91 (dt, 
J = 8.3, 2.4 Hz, 2H), 3.92 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 160.93, 145.42 (d, J = 2.4 Hz), 
137.51 (d, J = 20.4 Hz), 134.90, 132.54 (d, J = 20.1 Hz), 131.57 (d, J = 23.3 Hz), 129.18, 128.69 (d, J 
= 7.4 Hz), 114.56 (d, J = 8.0 Hz), 106.74, 55.62. 31P NMR (121 MHz, CDCl3) δ –13.7. HRMS (EI+) 
calcd. for C20H17O2P [M]+ 320.0966, found 320.0974. Melting point: 136.7 ᵒC, in accordance with 
literature.(14) 

5-Phenyl-2,8-bis(trifluoromethyl)-dibenzophosphole (11) 
A solution of BuLi (1.6 M in hexanes, 1.40 mL, 2.23 mmol) was added 
dropwise to a solution of 2,2'-dibromo-5,5'-bis(trifluoromethyl)biphenyl 8 
(500 mg, 1,12 mmol) in anhydrous Et2O (6 mL) at 0 °C. The stirred reaction 
mixture was then heated to reflux and stirred for 2 h. It was then cooled on 
ice and PhPCl2 (151 µL, 1,12 mmol) was added and the reaction mixture was 

heated to stir under reflux for 1 h. Next, it was cooled on ice and quenched by addition of a saturated 
aqueous NH4Cl solution (5 mL). The mixture was extracted with Et2O (3 ! 7 mL) and the combined 
organic layers were washed with brine and dried over MgSO4. The brown semi-solid crude product 
was purified by column chromatography (heptane) to yield 11 (250 mg, 55%) as a yellowish solid 
contaminated with its oxide (ca. 10%). 
1H NMR (300 MHz, CDCl3) δ 8.23 (s, 2H), 7.57 (dd, J = 7.9, 4.6 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 
7.25-7.34 (m, 5H). 13C NMR (75 MHz, CDCl3) δ 147.42 (d, J = 5.8 Hz), 142.85 (d, J = 3.2 Hz), 
133.08 (d, J = 20.9 Hz), 131.38 (d, J = 32.4 Hz), 130.91 (d, J = 22.0 Hz), 130.22, 129.08 (d, J = 8.2 
Hz), 124.99–124.69 (m), 124.83 (q, J = 270.8 Hz), 118.55 (q, J = 3.9 Hz). 31P NMR (121 MHz, 
CDCl3) δ -9.5. 19F NMR (282 MHz, CDCl3) δ -64.34. HRMS (EI)+ calcd. for C20H11F6P [M]+ 
396.0502, found 296.0507.  

5-Phenyldibenzophosphole Oxide (12) 
To a solution of 5-phenyldibenzophosphole 9 (300 mg, 1.15 mmol) in Et2O (5.5 
mL) was dropwise added a solution of hydrogen peroxide (35 wt% in H2O, 404 µL, 
4.61 mmol). The mixture was stirred for 30 min before it was filtered. The residue 
was washed with Et2O to give 12 as a white solid (270 mg, 85%). 

IR (neat): 3457, 3053, 2225, 1595, 1471, 1438, 1197, 1130 cm-1. 1H NMR (300 MHz, CDCl3) δ 
7.85–7.80 (m, 2H), 7.75–7.55 (m, 6H), 7.52–7.45 (m, 1H), 7.43–7.34 (m, 4H). 13C NMR (75 MHz, 
CDCl3) δ 141.95 (d, J = 21.7 Hz), 133.79, 133.47 (d, J = 10.4 Hz), 132.32, 131.71, 131.19 (d, J = 10.9 
Hz), 130.06 (d, J = 9.6 Hz), 129.62 (d, J = 11.1 Hz), 128.87 (d, J = 12.6 Hz), 121.33 (d, J = 10.1 Hz). 
31P NMR (121 MHz, CDCl3) δ 33.0. HRMS (EI+) calcd. for C18H13OP [M]+ 276.0704, found 
276.0707. Melting point: 167.4 °C, in correspondence with literature.(15)  
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2,8-Dimethoxy-5-phenyldibenzophosphole 5-Oxide (13) 
To a stirred solution of impure 2,8-dimethoxyl-5-phenyldibenzophosphole 
10 (766 mg, 2.39 mmol) in Et2O (60 mL) was added hydrogen peroxide (35 
wt% in H2O, 366 µL, 3.59 mmol). The mixture was stirred at room 
temperature for 2 h and the solvent was removed under reduced pressure. 
The residue was dissolved in DCM (80 mL) and washed with saturated 

aqueous NaHCO3 (3 ! 60 mL) and brine (2 ! 60 mL). The organic layer was dried with MgSO4 and 
concentrated in vacuo. Purification by column chromatography (2.5% MeOH in DCM) gave 13 (690 
mg, 95%) as an off-white solid. 
IR (neat): 3425, 3055, 3006, 2939, 2837, 1600, 1566, 1310, 1232, 1194, 1171 cm-1. 1H NMR (400 
MHz, CDCl3) δ 7.67–7.59 (m, 4H), 7.49–7.44 (m, 1H), 7.40–7.34 (m, 2H), 7.28 (t, J = 2.2 Hz, 2H), 
6.89 (ddd, J = 8.3, 2.8, 2.3 Hz, 2H), 3.92 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 164.15, 143.88 (d, J 
= 22.7 Hz), 132.73, 131.93 (d, J = 2.4 Hz), 131.39 (d, J = 10.8 Hz), 131.20 (d, J = 11.0 Hz), 128.72 
(d, J = 12.6 Hz), 125.54 (d, J = 112.5 Hz), 114.82 (d, J = 12.0 Hz), 107.38 (d, J = 11.0 Hz), 55.76. 31P 
NMR (121 MHz, CDCl3) δ 30.6. HRMS (EI+) calcd. for C20H17O3P [M]+ 336.0915, found 
336.0925. Melting point: 255.8 ᵒC, in correspondence with literature.(14) 

 5-Phenyl-2,8-bis(trifluoromethyl)-dibenzophosphole Oxide (14) 
To a stirred solution of 5-phenyl-2,8-bis(trifluoromethyl)-dibenzophosphole 
11 (50 mg, 0.13 mmol) in DCM (1 mL) was added hydrogen peroxide (35 
wt% in H2O, 16 µL, 0.19 mmol). The mixture was stirred at room 
temperature for 1 h and washed with brine (1 mL). The organic layer was 
dried with MgSO4 and concentrated in vacuo. Purification by column 

chromatography (0→10% MeOH in DCM) gave 14 (690 mg, 83%) as a off-white solid. 
IR (film) ν 1320, 1275, 1204, 1166, 1122, 1086, 1058, 708, 553 cm-1. 1H NMR (300 MHz, CDCl3) δ 
8.12 (s, 2H), 7.94–7.84 (m, 2H), 7.73 (dddd, J = 7.8, 3.0, 1.4, 0.6 Hz, 1H), 7.68–7.53 (m, 2H), 7.48–
7.40 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 141.21 (d, J = 21.5 Hz), 136.03 (d, J = 104 Hz), 135.59 
(dq, J = 2.3, 33.0 Hz), 133.11 (d, J = 3.0 Hz), 130.93 (d, J = 11.2 Hz), 130.72 (d, J = 10.0 Hz), 129.15 
(d, J = 12.9 Hz), 127.14 (ddd, J = 11.1, 7.2, 3.7 Hz), 123.29 (q, J = 273.6 Hz), 118.53 (q, J = 3.8 Hz), 
118.35 (q, J = 3.8 Hz). 31P NMR (121 MHz, CDCl3) δ 31.1. 19F NMR (282 MHz, CDCl3) δ -64.49. 
HRMS (EI+) calcd. for C20H11OF6P [M]+ 412.0452, found 412.0436. 

General Procedure for Reduction of Dibenzophosphole Oxides 12-14 (Figure 2.3) 
Into a HPLC vial, which was placed overnight in the stove at 150 °C to dry, was added 
dibenzophosphole oxide (0.060 mmol, 1 equiv). The vial was then sealed with a screw cap with septum 
and filled with N2. Then dioxane-d8 (0.6 mL) and Ph2SiH2 (1.5 equiv) were added. The reaction 
mixture was then transferred, under nitrogen, into a NMR tube and heated to 100 °C in an oil bath. 
For each data point, the tube was quickly cooled down with streaming water and immediately 
analyzed.  
 
For a reliable integration of the 31P NMR signals, T1 relaxation times of all phosphorus compounds 
were determined. All T1 times were "6 s for 9-14 and thus a delay time of 35 s was set. The reliability 
of the method was confirmed by analyzes of known concentrations of dibenzophosphole 9 and its 
oxide 12, which gave correct peak ratios. While the NMR spectra were recorded at room temperature, 
the reaction was performed at 100 °C. Blank reactions of the dibenzophospholes in CDCl3 at room 
temperature showed no reduction after 24 hours. This shows that a high temperature is essential for 
the reaction and thus no oxide is reduced during the NMR measurement. By quickly cooling the 
reaction mixture down to room temperature, conversions could be calculated at designated times. The 
integral of the dibenzophosphole signal divided by integral of all signals gave the conversion. 
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Abstract 

Previous studies have shown that five-membered phosphorus cycles show enhanced 
reactivity with respect to reduction of the corresponding oxides. In this paper the reduction 
mechanism and explanations for the enhanced reactivity based on X-ray analysis and 
computational studies are presented. These results led to the design and synthesis of a new 
optimized phosphine in which a DMAP moiety is incorporated. The corresponding 
phosphine oxide can be reduced under mild conditions with cheap 
poly(methylhydrosiloxane) for which we postulate a new intermediate coordination modus 
that is unprecedented for phosphine oxides. Finally, we show that this optimized new 
phosphine can be readily reused after application in an Appel reaction.  
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3.1 Introduction 

From our studies described in Chapter 2, it became clear the five-membered phosphine 
oxide rings are requisite for fast phosphine oxide reduction and that the rate can be further 
modified by modulating the electron density on the P=O bond (Figure 3.1). The 
fundamental reason for the superior reduction properties of the five-membered rings and the 
precise role of the substituents is not well understood, while we reasoned that a better 
understanding would be key to improve phosphine oxide reduction. In this chapter, efforts 
to understand the fundamentals of phosphine oxide reduction by diphenylsilane and further 
phosphine improvements are described. 

 
Figure 3.1 Trend in reduction rate with diphenylsilane depending on ring size and electronic 

properties. 

3.2 Mechanistic Studies Using Computational Methods 

The mechanism of reduction of phosphine oxides with chlorosilanes has been thoroughly 
investigated by Mislow,(1) Marsi,(2) and others(3) in the 60’s and 70’s and was more recently 
supported by calculations by Krensky.(4) Experiments have shown that reduction of 
phosphine oxides with trichlorosilane can lead to either inversion or retention of 
stereochemistry at the phosphorus atom, depending on the presence of an strong amine base 
(Scheme 3.1).(1a,3c) Without that amine present, the Lewis-basic phosphine oxide 
coordinates to the silane. Subsequent hydride transfer leads to a trigonal-bipyramidal 
pentavalent phosphorus species A that can eliminate silyl oxide with liberation of the 
phosphine (Scheme 3.1a).(2,4) In the presence of triethylamine or hexachlorodisilazane, 
inversion of the stereogenic phosphorus atom is observed, again through a pentavalent 
intermediate (Scheme 3.1b).(1a,3) 

 
Scheme 3.1 Reduction of phosphine oxides with a) Cl3SiH without a base giving retention of 

stereochemistry, and b) Cl3SiH/Et3N or Si2Cl6 giving inversion of stereochemistry. Both reactions  

proceed through a bipyramidal pentavalent phosphorus species (A or B). 
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No studies have been reported on the reduction mechanism of five-membered phosphine 
oxide rings with arylsilanes and neither is an explanation for their enhanced reduction rates 
established. We therefore turned to X-ray structure analyses and ab initio calculations to 
propose plausible reaction pathways. To investigate a possible difference in P=O bond 
length between triphenylphosphine oxide (TPPO, 1)(5) and dibenzophosphole oxides, 
crystals were grown of 5-phenyl-2,8-bis(trifluoromethyl)-dibenzophosphole oxide (2) and 
5-phenyldibenzo-phosphole (DBPO, 3) and their X-ray structures were compared.  

 
 

Figure 3.2 X-Ray structures of phosphine oxides 2 and 3 with indicated C−P−C bond angles and PO 

bond lengths. The bond length of TPPO is 1.48 Å and the C−P−C bond angle 106°.(5) 

From Figure 3.2, it is clear that the P=O bond length, and thus the bond strength, of 5-
phenyldibenzophosphole oxides 2 and 3 is very similar to those of TPPO (1). Indeed the 
only major difference is the C!P!C bond angle (96 and 92° for phosphole oxides 2 and 3, 
respectively, vs. 106° for TPPO).(5) We therefore hypothesized that the ease of reduction is 
likely to be correlated to the C!P!C bond angle of the intermediate in the reaction. This is 
the case for example in the pentavalent intermediate A in Scheme 3.1, with the five-
membered ring occupying the apical-equatorial position. Similarly, Keglevish et al. marked 
the relationship between the ease of reduction of phosphine oxides with borane and the 
C!P!C bond angle.(6) They attributed the decreased ring strain in the five-coordinate 
intermediate (borane analogue of intermediate A in Scheme 3.1) as the driving force for the 
deoxygenation, but this theory was not supported by experimental or computational 
evidence. 

Using computational methods at the B3LYP level of theory with the 6-31G** basis set, we 
identified two transition states and a trigonal bipyramidal intermediate in the reduction 
pathway for both TPPO (1) and DBPO (3) with the model silane SiH4 (Figure 3.3).(7) The 
calculated energy to form the first transition state (TS1) was lower for DBPO than for 
TPPO (26.7 vs. 31.1 kcal/mol) which perfectly correlates with our findings concerning ring 
sizes in previous studies (Chapter 2). Furthermore, from the model structures depicted in 
Figure 3.3 we can deduce that the C!P!C bond angle in TS1 for TPPO is 102.6° while for 
DBPO it is 91.4°. Hence there is less steric hindrance and less angular distortion in the 
reduction of DBPO than of TPPO. As expected from our X-ray analysis, the intermediate 

2 3 
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structure of DBPO (8.8 kcal/mol) lies significantly lower than that of TPPO (16.3 
kcal/mol). For both substrates, elimination of silanol in a concerted fashion (TS2) yields the 
reduced phosphine. Remarkably, the final transition state, TS2, lies significantly higher in 
energy for DBPO than for TPPO. This proposed mechanism is supported by the synthesis 
and reduction of analogues of the parent DBPO (vide infra). 

 
 TPPO DBPO 

 

  
TS1 31.1 kcal/mol TS1 26.7 kcal/mol 

  
Int. 16.3 kcal/mol Int. 8.8 kcal/mol 

  
TS2 26.6 kcal/mol TS2 30.2 kcal/mol 

Figure 3.3 Free energy (kcal/mol) surface for the reduction of TPPO (1) and DBPO (3) with SiH4. The 

TS1 to the intermediate (Int.) is lower for DBPO because of the predefined small C−P−C bond angle 

and less steric hindrance. 

After we established a mechanistic pathway with silane (SiH4) as model compound, we 
sought to confirm this for the pathway with diphenylsilane as well. Simultaneously, we 
wished to find an explanation for previous observations that electron-withdrawing 
substituents (CF3) or electron-donating substituents (OMe) led to a decrease or increase of 
the reduction rate, respectively (Figure 3.1). We hypothesized that the difference in reaction 
rate is a direct consequence of influencing the Lewis basicity of the phosphine oxide oxygen, 
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leading to a higher energy of TS1 for an electron-withdrawing substituent. Because the 
reduction of DBPO (3) with diphenylsilane via geometry optimization at the B3LYP level 
was computationally intractable, this optimization was performed through ZPVE 
calculations at the RHF level with the 6-31G** basis set (Figure 3.4). Single point B3LYP 
energy calculations were then performed to obtain the relative energies and corrected for the 
ZPVEs. The energies for the reduction of phosphole oxide 2 were obtained from single 
point B3LYP energy calculations on extrapolated optimized geometries obtained from the 
RHF calculation on 3. Indeed, these calculations confirm the assumption of reduced Lewis 
basicity, since TS1 for the CF3-substituted phosphole is slightly higher than for the 
unsubstituted phosphole 3 (Figure 3.4).(8) In addition, these calculations show that the 
energy of TS2 (bond cleavage with elimination of silanol) is increased by the electron-
withdrawing CF3-substituents. 

 DBPO R = H 

 

 
TS1 25.2 kcal/mol 

 
Int. 3.4 kcal/mol 

 
TS2 -16.2 kcal/mol 

Figure 3.4 Free energy (kcal/mol) surface for the 

reduction of phosphole oxides 3 (R = H) and 2 (R = CF3) 

with diphenylsilane. The TS1 to the intermediate (Int.) 

is slightly higher for 2 (R = CF3), most probably because 

of less electron density at the oxygen atom. 
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To support the proposed mechanism of P=O bond coordination to the silanes followed by 
hydride transfer (TS1), the trimethylsilyl-substituted dibenzophosphole oxide analogue 7 
was synthesized (Scheme 3.2). Thus, reaction of 5-chlorodibenzophosphole(9) (4) with the in 
situ generated Grignard reagent (2-bromophenyl)magnesium bromide afforded 5-(2-
bromophenyl)dibenzophosphole (5). Subsequent lithiation with BuLi, quenching with 
Me3SiCl and finally oxidation gave the desired phosphine oxide 7. From the obtained X-ray 
structure determination and computational analysis, the bulky trimethylsilane was expected 
to shield the P=O for reduction. Furthermore, a significant downfield shifted resonance in 
the 31P NMR spectrum (38 ppm versus 33 ppm for the standard 5-phenyldibenzophosphole 
oxide 3) as well as an increased lipophilicity (TLC analysis), were all a clear indication that 
the trimethylsilyl moiety is coordinating to, or at least partially shielding, the phosphine 
oxide, thereby restricting coordination (leading to TS1) and thus hampering the reduction 
by diphenylsilane. Indeed, no reduction of 7 occurred under our standard reaction 
conditions (Figure 3.5, green curve). 

  
Scheme 3.2 Synthetic pathway to TMS-phenyldibenzophosphole oxide 7 and the corresponding X-ray 

structure. 

3.3 Enhanced Phosphine Oxide Reduction 

As described in Chapter 1, to date only (di)phenylsilane and toxic trimethoxysilane gave the 
desired selectivity and reactivity for applications in catalysis. However, the cheaper and more 
stable poly(methylhydrosiloxane) (PMHS) might be more ideal as a reducing agent. At the 
time the research described in this chapter was performed, reduction of phosphine oxides 
with PMHS required the presence of additional catalysts or extremely high temperatures 
(!218 °C), often resulting in poor functional group tolerance.(10) With the knowledge 
obtained from the DFT studies, we opted to enhance the reduction of phosphine oxide to 
such an extent that reduction with PMHS would be possible at lower temperatures. In 
should be noted, that during these investigations, the group of Beller published copper- or 
phosphate diester-catalyzed reduction of phosphine oxides with PMHS.(11) 

In order to enhance the reduction rate, we opted to further increase the Lewis basicity of the 
phosphole oxide. Because the effect of the dimethoxy substituted dibenzophosphole in 
Chapter 2 was rather limited, we envisioned that introduction of a second Lewis base might 
lead to a stronger coordination to the silane and thus a possible lower TS1. Encouraged by 
the work of Denmark et al.(12) who describe the ability of silane to simultaneously coordinate 
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to two Lewis-basic functionalities, we introduced a 4-dimethylaminopyridyl moiety through 
selective lithiation of DMAP and subsequent coupling with 5-chlorodibenzophosphole (4) 
(Scheme 3.2).(9,13) Subsequent oxidation of the resulting dibenzophosphole 8 under standard 
hydrogen peroxide conditions occurred exclusively at the phosphorus atom. 

 
Scheme 3.3 Synthetic pathway to TMS-phenyldibenzophosphole oxide 9 and the corresponding X-ray 

structure. 

 
Figure 3.5 a) 31P NMR traces of the reduction of DMAP-dibenzophosphole oxide 9 monitored in time. 

b) Reduction of various dibenzophospholes with diphenylsilane (1.5 equiv, 101 °C, in dioxane-d8) 

monitored in time. 

Gratifyingly, the reduction rate of DMAP-dibenzophosphole oxide 9 by diphenylsilane 
indeed increased significantly (Figure 3.5, blue curve) with respect to 3 (red curve). In order 
to corroborate the assumed intramolecular effect of the DMAP moiety in 9, a control 
experiment was performed by subjecting the standard dibenzophosphole oxide 3 to 
diphenylsilane in the presence of separately added DMAP (orange curve), the reaction rate 
of which was initially similar to that of 3 alone but then declined, presumably due to 
DMAP-induced decomposition of diphenylsilane. Furthermore, we attempted to support 
the proposed bidentate-type Lewis basic coordination of 9 to diphenylsilane by 
computational methods. Due to the large complex, ab initio calculations were considered to 
be intractable and we opted to use a semi-empirical method with the PM6 parameter set. By 
optimization of the structure towards a transition state, we propose a transition state as 
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depicted in Figure 3.6, in which both the oxygen and the nitrogen atom are coordinating to 
the silane.(14) 

 

= 

 

Figure 3.6 Calculated transition state for the reduction of DMAP-dibenzophosphole oxide 9 with 

diphenylsilane. 

As delineated above, in the ideal case phosphine oxides are directly reduced with cheap and 
environmentally benign poly(methylhydrosiloxane), derived from a side-product of the 
Rochow-Michow production of dichlorodimethylsilane in the production of silicone.(10c,15) 
Whereas the reduction of dibenzophosphole oxide 3 with the reducing agent PMHS is very 
slow and does not reach completion, (Figure 3.7, blue curve), we were pleased to find that 
the reduction of DMAP-dibenzophosphole oxide 9 is much faster (pink curve) and at 150 
°C full conversion was reached within 16 hours (orange curve). This could be further 
reduced to 5 hours at 150 °C under microwave irradiation with stirring, leading to recovery 
of pure phosphine 9 after recrystallization from heptane. 

 
Figure 3.7 Reduction of 5-phenyldibenzophosphole oxide (3) and DMAP-dibenzophosphole oxide 9 

with PMHS (1700-3200) in dioxane as monitored by 31P NMR spectroscopy. 
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3.4 Wittig and Appel Reactions with DMAP-dibenzophosphole 

Finally, we present our attempts to probe the applicability of DMAP-dibenzophosphole 8 in 
the Wittig and Appel reactions. A prerequisite for a Wittig reaction is the selective 
alkylation of the phosphorus atom. Initial test experiments were therefore aimed at 
investigating the feasibility of this reaction in the presence of the DMAP moiety as this is 
known to be more nucleophilic as for example PPh3.(16) We found that the reaction of 5-
phenyldibenzophosphole (10) with methyl bromoacetate proceeds with clean conversion and 
87% of product could be isolated after recrystallization (Table 3.1, entry 1). However, in 
case of DMAP-dibenzophosphole 8, no clean conversion to the P-alkylated product was 
observed. At 100 °C, methyl chloroacetate gave nearly no reaction and the bromide analogue 
led mainly to decomposition (entries 2-3) and at room temperature, almost no reaction was 
observed (entries 4-5). In an attempt to simplify the NMR spectra and to enable low 
reaction temperatures, it was decided to perform the reaction with methyl iodide (entry 6). 
A reaction was indeed observed and two new signals appeared at 3.11 (s) and at 1.73 (d, J = 
14 Hz). These signals did not belong to one molecule as the one at 1.73 ppm increased 
faster than the one at 3.11 ppm over time. A H!C!P coupling of 14 Hz can indeed be 
expected, when a phosphine is alkylated, but no correct phosphorus resonance frequency was 
observed.(17) Moreover, there were no shifts in the NMe2-groups detected, which would 
indicate a clean conversion of 8. During the reaction, a precipitate was formed that could be 
analyzed by carefully decanting the solvent out of the tube and dissolving the remaining 
solid in DMSO-d6. The variety of PIII and PV species, then observed by NMR, let to the 
hypothesis that if the desired P-alkylated product was formed at all, it might not be stable 
for a prolonged time. It was therefore decided to perform similar experiments in the 
presence of an aldehyde under different temperatures (21, 50 or 100 °C) and concentrations 
(0.01 or 0.1 M), using dioxane or acetonitrile as solvents (Table 3.4 in 3.7 Experimental 
Section). It was envisioned that the DMAP moiety could serve as a base to obtain the ylid 
that could than react with benzaldehyde. Unfortunately, in none of the cases was any trace 
of product observed and depending on the temperature and concentration no reaction, 
precipitation or decomposition was observed. These results prompted us to more deeply 
investigate the Appel reaction. 

Table 3.1 Attempt to prepare (pre-)ylid with DMAP-phosphole 8. 

 
Entry R R’ X Solvent Temp. (° C) Result 
1 Ph CH2CO2Me Br toluene 100 87% isolated 
2 2-DMAP CH2CO2Me Br dioxane 100 mainly decomp. 
3 2-DMAP CH2CO2Me Cl dioxane 100 minimal reaction 
4 2-DMAP CH2CO2Me Br dioxane 21 N.R. 
5 2-DMAP CH2CO2Me Cl dioxane 21 N.R. 
6 2-DMAP Me I dioxane 21 mixture 
Entries 2–6: reaction monitored by NMR, performed in dioxane-d8. 
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The Appel reaction involves bromination of alcohols by a combination of a phosphine and a 
bromonium donor such as CBr4.(18) In-depth studies into catalytic Appel reactions with the 
parent 5-phenyldibenzophosphole (10) are described in Chapter 3, but here we will report 
our attempts with DMAP-modified dibenzophosphole 8. Initial studies with 2-phenylethyl 
alcohol and CBr4 as bromonium donor failed to give good conversions, thus we turned our 
focus to diethyl bromomalonate (BrCH(CO2Et)2), a bromonium donor that was found in 
previous studies which are described in the next chapter (Table 3.2 and Table 4.1). Further 
optimization showed that 2 equiv of 5-DMAP-dibenzophosphole 8 were required for full 
conversion.  

Table 3.2 Optimization of Appel reaction. 

 
Entry Bromonium donor Equiv 8 Conversiona 
1 CBr4 1.5 10% 
2 BrCH(CO2Et)2 1.5 80% 
3 BrCH(CO2Et)2 2 100% 
(a) Determined by GC. 

 
By using these optimized conditions, several alcohol substrates were converted into the 
corresponding bromides (Table 3.3). Even though 2-phenylethyl alcohol had given full 
conversion to its corresponding bromide as determined by GC, the isolated yield of ethyl 6-
bromohexanoate from a reaction with ethyl 6-hydroxyhexanoate was only 60%. Analysis of 
the crude mixture did show that phosphine 8 was fully oxidized. Likewise, the conversions 
of other substrates were only moderate and both cholesterol and 2-(anthracen-9-yl)ethanol 
(entries 2 and 3) did not reach full conversion. On the positive side, however, the use of 9 
does have the advantage of easy separation (i.e. no column chromatography) from the 
reaction medium. We could successfully purify it by acid/base extraction (entry 1) or by 
precipitation with pentane (entry 2). 

These results show that the application of DMAP-phosphole 8 is challenging and its scope 
it rather limited. This might possible be due to an unstable P-DMAP bond (a nucleophilic 
aromatic substitution onto the DMAP moiety might lead to cleavage of this). The DMAP 
moiety, however, does allow easy purification and enhanced reduction after the reaction. 

  

8, Br+-donor
Ph OH

Ph Br
DCM, 21 °C
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Table 3.3 Appel reaction and phosphine oxide recovery. 

 
Entry Substrate Product Yielda PO-recovered 

1 
  

60%b 83%c 

2 

  

38% 95%d 

3 

  

51% column was 
required 

(a) Yield of isolated compound. (b) Full conversions, but lower isolated yields possibly partially 
due to the volatility of the product. (c) By acid/base extraction, see 3.7 Experimental Section.  
(d) By precipitation of DMAP-PO with pentane. 

3.5 Conclusions 

In summary, by combining X-ray analysis and computational studies, a mechanism of 
reduction is proposed, which explains the advantage of incorporation of the phosphorus into 
a five-membered ring. By fixation of the C!P!C bond angle at approximately 90°, less steric 
hindrance and less angular distortion results in a lower activation barrier and consequently a 
faster reduction rate. Furthermore, our calculations support the importance of the Lewis 
basicity of the phosphine oxide, as was further corroborated by the synthesis of derivatives 
with fully inhibited (2-TMS-phenyl-dibenzophosphole 7) or strongly enhanced reduction 
(DMAP-phosphole 9). In fact, incorporation of the DMAP moiety led to a strong increase 
in reactivity, thereby enabling for the first time the direct reduction of a phosphine oxide 
with the cheap poly(methylhydrosiloxane). Furthermore, the application and regeneration of 
DMAP-substituted phosphine, without any chromatographic separation methods, was 
demonstrated in an Appel reaction. Our results pave the way for the further rational design 
of novel organophosphorus catalysts that are readily regenerated by phosphine oxide 
reduction. 
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3.7 Experimental Section 

See Chapter 2 for the general experimental section and the synthesis of 5-
phenyldibenzophosphole (10) and its oxide 3. 

General Remarks Regarding Computational Studies 
Standard LCAO-MO-SCF calculations were performed with the program Gamess-US(19) employing 
restricted Hartree-Fock (RHF) procedures and Density Functional Theory (DFT). All DFT 
calculations for Figure 3 were done using B3LYP exchange-correlation functional.(20) The geometries 
of the isomers were determined using analytical gradient and numerical second-derivative optimization 
procedures at the B3LYP level of theory with the 6-31G** basis set. The relative energies were 
corrected for the contribution of zero-point vibrational energies (ZPVE). The ZPVEs were calculated 
for the 6-31G** optimised geometries employing B3LYP and 6-31G** basis set. For the reduction of 
5-phenyldibenzophosphole oxide (3) with diphenylsilane (Figure 3.4) geometry optimization at the 
B3LYP level was computationally intractable. For this system geometry optimization and ZPVE 
calculations were done at the RHF level with the 6-31G** basis set. Single point B3LYP energy 
calculations were then performed to obtain the relative energies and were corrected for the ZPVEs. 
The energies for the reduction of 2,8-di(trifluoromethyl)-5-phenyldibenzophosphole oxide (2) were 
obtained from single point B3LYP energy calculations on extrapolated optimized geometries obtained 
from the RHF calculation on 3. Extrapolation in this respect means the substitution of the pertinent 
hydrogens by a CF3 group optimized at the same level of theory. 

5-Chlorodibenzophosphole (4) 
A procedure described by Teunissen and Bickelhaupt.(9) 
BuLi (1.6 M in hexanes, 17.0 mL, 27.2 mmol) was added dropwise to a solution of 
2,2’-dibromobiphenyl (4.27 g, 13.6 mmol) in Et2O (80 mL) at 0 °C under and argon 
atmosphere. The mixture was then allowed to reach room temperature and was 
stirred for 1 h before it was cooled to !196 °C using liquid nitrogen. Then, freshly 

distilled PCl3 (25 mL, 29 mmol) was added dropwise to the frozen reaction mixture (this addition 
should not take too much time as argon is sublimed on top of the reaction mixture which leads to 
major gas evolution when the mixture is warmed at a later stage). After complete addition, the mixture 
was warmed to !110 °C by careful addition of ethanol to the liquid nitrogen. As the reaction mixture 
began to thaw, it was quickly homogenized by manual swirling of the flask in the cooling liquid. 
When the mixture was fully defrosted, it was warmed to room temperature and a white precipitate 
formed. The Et2O and remaining PCl3 was evaporated and the residue was extracted with pentane (3 
" 100 mL). The combined pentane layers were concentrated and the crude product (3 g) was used as 
such in the next reactions. 
31P NMR (202 MHz, CDCl3) δ 68.15 (s, P-Cl)(9), 43.35 (s, PO-Cl)(21). 1H NMR (300 MHz, CDCl3) 
δ 7.85 (dd, J = 7.4, 4.0 Hz, 2H), 7.80 (d, J = 7.0 Hz, 2H), 7.51 (t, J = 7.5 Hz, 2H), 7.43–7.34 (m, 
2H). 

5-(2-Bromophenyl)dibenzophosphole (5) 
To a stirred solution of 1-bromo-2-iodobenzene (1.72 mL, 13.7 mmol) in 
Et2O/THF (1:1, 60 mL) at !78 °C was added dropwise a solution of i-PrMgBr (3.0 
M in THF, 5.02 mL, 15.1 mmol) under an argon atmosphere. The reaction mixture 
was stirred for 3 h. After near-full conversion of 1-bromo-2-iodobenzene (checked 
by GC) the mixture was cooled to !78 °C and a cooled (!78 °C) solution of 5-
chlorodibenzophosphole (3 g crude product) in Et2O/THF (1:1, 14 mL) was added 

via a cannula. The reaction mixture was stirred for 1.5 h and then saturated aqueous NH4Cl (10 mL) 
and water (50 mL) were added and the phases were separated. The water layer was extracted with 
Et2O (3 " 50 mL) and the combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. Flash chromatography (0→5% EtOAc in heptane) yielded 5-(2-
bromophenyl)dibenzophosphole (2.66 g, 54% yield) as a white solid. 
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IR (neat) ν 2928, 1435, 1422, 747, 722 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.96–7.90 (m, 4H), 7.61 
(ddd, J = 8.0, 3.9, 1.2 Hz, 1H), 7.48 (td, J = 7.5, 1.0 Hz, 2H), 7.34 (tdd, J = 7.4, 3.0, 1.1 Hz, 2H), 
7.08 (dd, J = 7.5, 1.7 Hz, 1H), 6.96 (dd, J = 7.7, 1.3 Hz, 1H), 6.61 (ddd, J = 7.7, 3.0, 1.7 Hz, 1H). 13C 
NMR (75 MHz, CDCl3) δ 143.72 (d, J = 2.9 Hz), 141.49 (d, J = 5.1 Hz), 132.90 (d, J = 2.8 Hz), 
131.96, 131.05, 130.77, 130.55, 128.97, 127.73, 127.65 (d, J = 1.8 Hz), 121.52. 31P NMR (202 MHz, 
CDCl3) δ -10.66. HRMS (EI+) calcd. for C18H1279BrP [M]+ 337.9860 found 337.9867. 

5-(2-(Trimethylsilyl)phenyl)dibenzophosphole (6) 
5-(2-bromophenyl)dibenzophosphole (250 mg, 0.737 mmol) was dissolved in 
THF/Et2O (1:1, 5 mL) and cooled to !78 °C. Then BuLi (1.6 M in hexanes, 507 
µL, 811 µmol) was slowly added and the reaction mixture was stirred for 2 h. 
Then, Me3SiCl (140 µL, 1.11 mmol) was added. The mixture was stirred for 16 h 
and allowed to slowly reach room temperature. Next, the mixture was extracted 
with Et2O (3 " 5 mL) and the combined organic layers were washed with brine 

and dried over MgSO4. After evaporation of the solvent in vacuo was the crude product purified by 
column chromatography (0→10% EtOAc in heptane). Product 6 (155 mg, 59%) was obtained as a 
white solid. 
IR (neat) ν 1436, 1244, 839, 748 cm-1. 1H NMR (500 MHz, CDCl3) δ 8.02 (ddd, J = 7.8, 1.7, 0.9 Hz, 
1H), 7.63–7.61 (m, 1H), 7.61–7.58 (m, 1H), 7.49 (td, J = 7.6, 1.1 Hz, 1H), 7.33–7.29 (m, 1H), 7.28–
7.23 (m, 1H), 7.00–6.96 (m, 1H), 6.44 (dddd, J = 7.7, 4.5, 1.2, 0.5 Hz, 1H), 0.68 (d, J = 1.3 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ 148.66 (d, J = 49.3 Hz), 144.76 (d, J = 3.3 Hz), 143.50 (d, J = 3.7 
Hz), 141.67 (d, J = 18.7 Hz), 134.36 (d, J = 16.7 Hz), 132.72 (d, J = 3.0 Hz), 130.09 (d, J = 21.5 Hz), 
129.07, 128.71 (d, J = 1.8 Hz), 128.30, 127.45 (d, J = 7.3 Hz), 121.31, 1.89 (d, J = 9.7 Hz). 31P NMR 
(202 MHz, CDCl3) δ !15.89. HRMS (FAB+) calcd. for C21H22SiP [M+H]+ 333.1228 found 
333.1223. 

5-(2-(Trimethylsilyl)phenyl)dibenzophosphole Oxide (7) 
5-(2-(trimethylsilyl)phenyl)dibenzophosphole (155 mg, 434 µmol) was dissolved in 
DCM (10 mL) and hydrogen peroxide (35% in water, 41 µL, 0.48 mmol) was 
added. The reaction mixture was stirred for 2 h and then washed with brine. The 
DCM layer was concentrated in vacuo and column chromatography (0→10% 
EtOAc in heptane) yielded 5-(2-(trimethylsilyl)phenyl)dibenzophosphole oxide (140 
mg, 93%). Crystals for X-ray analysis were obtained from recrystallization in 

benzene. 
IR (neat) ν 1593, 1443, 1205, 843 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.85–7.80 (m, 3H), 7.66–
7.61 (m, 2H), 7.55 (tt, J = 7.7, 1.3 Hz, 2H), 7.39 (tdd, J = 7.5, 2.1, 1.3 Hz, 1H), 7.34 (tdd, J = 7.4, 
3.5, 0.8 Hz, 2H), 7.09 (tdd, J = 7.6, 2.9, 1.3 Hz, 1H), 6.84 (ddd, J = 15.7, 7.8, 0.7 Hz, 1H), 0.63 (s, 
9H). 13C NMR (126 MHz, CDCl3) δ 146.85 (d, J = 15.8 Hz), 141.72 (d, J = 20.4 Hz), 136.18 (d, J = 
15.0 Hz), 135.55 (d, J = 104.6 Hz), 134.85 (d, J = 104.2 Hz), 132.96 (d, J = 2.1 Hz), 131.40 (d, J = 
19.1 Hz), 130.61 (d, J = 3.3 Hz), 129.77 (d, J = 9.9 Hz), 129.43 (d, J = 11.0 Hz), 128.34 (d, J = 14.2 
Hz), 120.99 (d, J = 9.8 Hz), 1.98. 31P NMR (202 MHz, CDCl3) δ 38.00. HRMS (ESI+) calcd. for 
C21H22SiPO [M+H]+ 349.1778 found 349.1176. 

5-((4-Dimethylamino)pyridin-2-yl)dibenzophosphole (8) 
Based on a procedure by Fort et al.(13) A solution of 2-(dimethylamino)ethanol 
(1.83 g, 20.5 mmol) in pentane (60 mL) was cooled at !5 °C, and BuLi (1.6 M in 
hexanes, 25.7 mL, 41.1 mmol) was added dropwise under an argon atmosphere. 
After 30 min. at 0 °C, DMAP (2.34 g, 19.2 mmol) was added and after  an 
additional 1 h of stirring at 0 °C the reaction medium was cooled to !78 °C, and 5-
chloro-dibenzophosphole (4, 3 g crude product) in THF (50 mL) was added 

dropwise via an addition funnel. The reaction mixture was allowed to slowly reach room temperature 
over 16 h and then water (100 mL) was added. The layers were separated and the aqueous layer was 
extracted with Et2O (50 mL) and DCM (2 " 50 mL). The combined organic layers were dried over 
MgSO4, concentrated in vacuo and the crude product was purified by column chromatography (2% 
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MeOH in DCM) to yield 5-((4-dimethylamino)pyridin-2-yl)dibenzophosphole (1.33 g, 32%) as a 
white solid. 
IR (neat) ν 1585, 1530, 1498, 1437 cm-1. 1H NMR (500 MHz, CDCl3) δ 8.26 (d, J = 5.9 Hz, 1H), 
7.96–7.92 (m, 2H), 7.90 (dd, J = 7.7, 0.8 Hz, 2H), 7.45 (td, J = 7.5, 1.2 Hz, 2H), 7.36 (tdd, J = 7.4, 
2.8, 1.1 Hz, 2H), 6.26 (ddd, J = 6.0, 2.7, 1.2 Hz, 1H), 6.22 (dd, J = 2.4, 1.7 Hz, 1H), 2.71 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 161.77, 153.76 (d, J = 2.7 Hz), 150.19 (d, J = 17.1 Hz), 143.64 (d, J 
= 2.3 Hz), 140.65 (d, J = 4.8 Hz), 130.76 (d, J = 21.0 Hz), 128.59, 127.41 (d, J = 7.3 Hz), 121.25, 
106.93 (d, J = 13.1 Hz), 105.55, 38.64. 31P NMR (202 MHz, CDCl3) δ -8.45. HRMS (ESI+) calcd. 
for C19H18N2P [M+H]+ 305.1208 found 305.1200. 

5-((4-Dimethylamino)pyridin-2-yl)dibenzophosphole Oxide (9) 
To a solution of 5-((4-dimethylamino)pyridin-2-yl)dibenzophosphole (8, 250 
mg, 821 µmol) in DCM (10 mL) was added hydrogen peroxide (35% in water, 
77 µL, 0.90 mmol) and the reaction mixture was stirred for 1 h. Then it was 
washed with brine, dried over MgSO4 and filtered. After evaporation of the 
solvents was the crude product purified by flash column chromatography (2% 

MeOH in DCM) to give 5-((4-dimethylamino)pyridin-2-yl)dibenzophosphole oxide (194 mg, 74% 
yield). Crystals for X-ray analysis were obtained from recrystallization in dioxane. 
IR (neat) ν 1588, 1186, 987, 760 cm-1. 1H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 5.9 Hz, 1H), 7.82 
(dd, J = 7.8, 2.9 Hz, 2H), 7.75–7.69 (m, 3H), 7.63 (dd, J = 8.3, 2.8 Hz, 2H), 7.57 (tt, J = 7.6, 1.2 Hz, 
2H), 7.36 (tdd, J = 7.4, 3.6, 0.7 Hz, 1H), 3.08 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 154.05 (d, J = 
12.0 Hz), 153.43 (d, J = 134.4 Hz), 150.82 (d, J = 24.0 Hz), 142.67 (d, J = 21.0 Hz), 133.20 (d, J = 2.1 
Hz), 132.23 (d, J = 107.3 Hz), 129.57 (d, J = 9.8 Hz), 129.11 (d, J = 11.3 Hz), 121.35 (d, J = 10.1 Hz), 
112.08 (d, J = 24.6 Hz), 107.55 (d, J = 2.9 Hz), 39.16. 31P NMR (202 MHz, CDCl3) δ 34.04. HRMS 
(ESI+) calcd. for C19H18N2PO [M+H]+ 321.1157 found 321.1158. 

5-(2-Methoxy-2-oxoethyl)-5-phenyldibenzophosphol-5-ium Bromide 
In an HPLC-vial with was added 5-phenyldibenzophosphosphole (10, 200 mg, 
768 µmol and the vial was purged with Ar/vacuum three times. Anhydrous 
toluene (350 µL), methyl bromoacetate (71 µL, 0.77 mmol) and tetradecane (200 
µL, 768 µmol) were then added and the mixture was heated up to 100 °C. Full 

conversion had not been reached when 3 h had passed and an extra 0.5 equiv of methyl 2-
bromoacetate was added. After another 6 h full conversion has still not been reached according to GC 
and another 1.5 equiv of methyl 2-bromoacetate was added. Over night stirring resulted in a fully 
concentrated reaction mixture and more toluene was added. The suspension was filtered after a total of 
22 h stirring. The solid was washed with toluene giving the product (275 mg, 87%)  as a white solid. 
IR (neat): ν 3430, 2993, 2814, 2358, 1726, 1592, 1440, 1316, 1201, 1172, 1136, 1110 cm-1. 1H NMR 
(300 MHz, CDCl3) δ 8.84–8.75 (m, 2H), 8.44–8.32 (m, 2H), 7.99 (dd, J = 7.8, 3.3 Hz, 2H), 7.87–
7.79 (m, 2H), 7.74–7.56 (m, 5H), 5.59 (d, J = 13.0 Hz, 2H), 3.70 (s, 3H). 13C NMR (75 MHz, 
CDCl3) δ 166.60 (d, J = 3.1 Hz), 144.06 (d, J = 19.7 Hz), 136.28 (d, J = 2.3 Hz), 135.18 (d, J = 3.4 
Hz), 135.00 (d, J = 10.2 Hz), 133.53 (d, J = 12.3 Hz), 131.33 (d, J = 12.0 Hz), 130.41 (d, J = 14.2 
Hz), 122.80 (d, J = 10.0 Hz), 120.55 (d, J = 93.6 Hz), 116.41 (d, J = 89.2 Hz), 53.74 (s), 32.98 (d, J = 
58.4 Hz). 31P NMR (121 MHz, DMSO-d6) δ 21.5. HRMS (ESI+) calcd. for C21H18O2P [M-Br]+ 
333.1044, found 333.1029. 

General Procedure for Reduction of Cyclic Phosphine Oxides 3, 9 and 7 at 101 °C (Figure 3.5 and 
Figure 3.7) 
Into an NMR tube, which was placed overnight in an oven at 150 °C to dry, was added 
dibenzophosphole oxide (60 µmol, 1 equiv) under an argon atmosphere. Then dioxane-d8 (0.60 mL) 
and Ph2SiH2 (1.5 equiv) or PMHS (14 µL, 3 H-equiv) were added and the NMR tube was heated to 
100 °C in an oil bath. For each data point, the tube was quickly cooled down with streaming water and 
immediately analyzed.  
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General Procedure for Reduction of Cyclic Phosphine Oxides 3 and 9 with PMHS (Figure 3.7) 
Into a high-pressure NMR tube was added dibenzophosphole oxide (15 µmol, 1 equiv) under an argon 
atmosphere. Then dioxane-d8 (150 µL) and PMHS (3.6 µL, 3 H-equiv) were added. In a specialized 
setup, the tube was pressurized to 5 bar using argon and the NMR tube was heated to 150 °C in an oil 
bath. For each data point, the tube was quickly cooled down with streaming water and immediately 
analyzed.  
 
For a reliable integration of the 31P NMR signals, T1 relaxation times of all phosphorus compounds 
were determined. All T1 times were !6 s and thus a delay time of 35 s was set. The reliability of the 
method was confirmed by analyzes of known concentrations of dibenzophosphole 10 and its oxide 3 
which gave correct peak ratios. While the NMR spectra were recorded at room temperature, the 
reaction was performed at elevated temperatures. Blank reactions of the dibenzophospholes in CDCl3 
at room temperature showed no reduction after 24 hours. This shows that a high temperature is 
essential for the reaction and thus no oxide is reduced during the NMR measurement. By quickly 
cooling the reaction down to room temperature, conversions could be calculated at designated times. 
The integral of the dibenzophosphole signal divided by integral of all signals gave the conversion. 
 

Table 3.4 Attempt to a direct Wittig reaction with DMAP-phosphole 8. 

 
Entry Conc. (M) Solvent Temp. (° C) Result 
1 0.01 dioxane 21 N.R. 
2 0.01 dioxane 50 N.R. 
3 0.01 dioxane 100 decomposition 
4 0.1 dioxane 21 precipitation 
5 0.1 dioxane 50 precipitation 
6 0.1 dioxane 100 decomposition 
7 0.01 MeCN 21 N.R. 
8 0.01 MeCN 50 N.R. 
9 0.01 MeCN 100 decomposition 
10 0.1 MeCN 21 precipitation 
11 0.1 MeCN 50 precipitation 
12 0.1 MeCN 100 decomposition 
Reactions monitored by GC with tetradecane as an internal standard. 
Decomposition was observed by the formation of black tar and in case of 
precipitation white solids were formed in the reaction. The acetate and aldehyde 
were not fully consumed in any reaction. 

Procedure for the Appel Reaction in Table 3.3. 
5-DMAP-dibenzophosphole 8 (80.0 mg, 0.263 mmol) was dissolved in DCM (1 mL) and ethyl 6-
hydroxyhexanoate (25.0 µL, 151 µmol) and diethyl 2-bromomalonate (41.0 µL, 227 µmol) are added. 
The mixture is stirred at room temperature and after 2.5 h, near full conversion is observed by GC and 
the reaction mixture was extracted with aqueous HCl (0.1 M, 5 " 1 mL). The DCM layer was washed 
with brine and dried over MgSO4. Column chromatography gave ethyl 6-bromohexanoate (25 mg, 59 
% yield) as a colorless oil. 
1H NMR (400 MHz, CDCl3) δ 4.13 (q, J = 7.1 Hz, 2H), 3.41 (t, J = 6.8 Hz, 2H), 2.32 (t, J = 7.4 Hz, 
2H), 1.94–1.79 (m, 2H), 1.62 (s, 2H), 1.48 (d, J = 31.5 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). Physical 
data in correspondence with commercially available compound (CAS number: 25542-62-5). 
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The combined acidic water layers were treated with 1 M NaOH up to a pH of ca. 10 and then 
extracted with DCM (3 ! 2mL). These organic DCM layers were combined, dried with brine and 
MgSO4 and concentration in vacuo gave 5-DMAP-dibenzophosphole 9 (70 mg, 83 % yield) as a 
white solid. 

Microwave Assisted Reduction of 5-DMAP-dibenzophosphole 9 
In a microwave tube phosphine oxide 9 (80 mg, 0.25 mmol) was dissolved in hot dioxane (2.5 mL). 
Then, PMHS (45 µL, 0.20 mmol) was added and the mixture was heated in a microwave to 150 °C 
(65 W, 50 psi pressure). After 5 h reaction time, a 1 mL aliquot was taken, concentrated in vacuo and 
dissolved in 0.7 mL dioxane-d8. NMR analysis showed full conversion (97%). 
The total reaction mixture was then concentrated in vacuo and the crude product was recrystallized 
from heptane to give 5-DMAP-dibenzophosphole 8 (60 mg, 79%). 

3.8 References 

(1) (a) K. Naumann; G. Zon; K. Mislow, J. Am. Chem. Soc. 1969, 91, 7012-7023; (b) K. 
Naumann; G. Zon; K. Mislow, J. Am. Chem. Soc. 1969, 91, 2788-2789. 

(2) (a) K. L. Marsi, J. Am. Chem. Soc. 1969, 91, 4724-4729; (b) K. L. Marsi, J. Org. Chem. 1974, 
39, 265-267. 

(3) (a) R. A. Benkeser, Acc. Chem. Res. 1971, 4, 94-100; (b) R. A. Benkeser; K. M. Foley; J. B. 
Grutzner; W. E. Smith, J. Am. Chem. Soc. 1970, 92, 697-698; (c) L. Horner; W. D. Balzer, 
Tetrahedron Lett. 1965, 1157-1162. 

(4) (a) E. H. Krenske, J. Org. Chem. 2012, 77, 3969-3977; (b) E. H. Krenske, J. Org. Chem. 
2012, 77, 1-4. 

(5) J. A. Thomas; T. A. Hamor, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1993, 49, 355-
357. 

(6) G. Keglevich; M. Fekete; T. Chuluunbaatar; A. Dobó; V. Harmat; L. Tke, J. Chem. Soc., 
Perkin Trans. 1 2000, 4451-4455. 

(7) See supporting information for more details on the used computational methods. 
(8) Extrapolation in this respect means the substitution of the pertinent hydrogens by a CF3 

group optimized at the same level of theory. 
(9) H. T. Teunissen; C. B. Hansen; F. Bickelhaupt, Phosphorus, Sulfur Silicon Relat. Elem. 1996, 

118, 309-312. 
(10) (a) J. R. Harris; M. T. Haynes; A. M. Thomas; K. A. Woerpel, J. Org. Chem. 2010, 75, 

5083-5091; (b) J. Lipowitz; S. A. Bowman, J. Org. Chem. 1973, 38, 162-165; (c) N. J. 
Lawrence; M. D. Drew; S. M. Bushell, J. Chem. Soc., Perkin Trans. 1 1999, 3381-3391; (d) 
C. Petit; A. Favre-Reguillon; B. l. Albela; L. Bonneviot; G. Mignani; M. Lemaire, 
Organometallics 2009, 28, 6379-6382. 

(11) (a) Y. Li; L.-Q. Lu; S. Das; S. Pisiewicz; K. Junge; M. Beller, J. Am. Chem. Soc. 2012, 134, 
18325-18329; (b) Y. H. Li; S. Das; S. L. Zhou; K. Junge; M. Beller, J. Am. Chem. Soc. 2012, 
134, 9727-9732. 

(12) S. E. Denmark; G. L. Beutner, Angew. Chem. Int. Ed. 2008, 47, 1560-1638. 
(13) D. Cuperly; P. Gros; Y. Fort, J. Org. Chem. 2002, 67, 238-241. 
(14) J. J. P. Stewart, J. Mol. Model. 2007, 13, 1173-1213. 
(15) In Ullmann's Encyclopedia of Industrial Chemistry, 5th ed.; Wiley-VCH. 
(16) (a) F. Brotzel; B. Kempf; T. Singer; H. Zipse; H. Mayr, Chem. Eur. J. 2007, 13, 336-45; (b) 

B. Kempf; H. Mayr, Chem. Eur. J. 2005, 11, 917-927. 
(17) The product from Table 1, entry 1 shows a proton doublet with J = 13 Hz and a 31P-signal 

at 21.5 ppm. 
(18) R. Appel, Angew. Chem. Int. Ed. 1975, 14, 801-811. 
(19) M. W. Schmidt; K. K. Baldridge; J. A. Boatz; S. T. Elbert; M. S. Gordon; J. H. Jensen; S. 

Koseki; N. Matsunaga; K. A. Nguyen; S. J. Su; T. L. Windus; M. Dupuis; J. A. 
Montgomery, J. Comput. Chem. 1993, 14, 1347-1363. 

(20) A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652. 



Mechanistic Studies and Enhanced Phosphine Oxide Reduction 

   55 

(21) R. Ramage; B. Atrash; D. Hopton; M. J. Parrott, J. Chem. Soc., Perkin Trans. 1 1985, 1217-
1226. 

 



 



Chapter 4  
 

Catalytic Appel Reaction 

 

 

 
 

 

 

Abstract 

In this chapter we demonstrate the application of dibenzophospholes as novel 
organophosphorus catalysts in the phosphorus-mediated substitution of alcohols by halides, 
also known as the Appel reaction. We show that the electronic fine-tuning of catalyst is 
crucial to achieve successful conversions and that reactions involving an in situ reduction 
protocol highly depend on finding the right balance between the reactivities of the reaction 
components. This balance was successfully found for the bromination of alcohols and 
significant progress was made for similar chlorination reactions.  
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4.1 Introduction 

Nucleophilic substitution reactions are of great importance in synthetic pathways and offer 
many possibilities for the stepwise construction of complex molecules. Of particular interest 
is the direct substitution of a hydroxyl functionality due to its naturally high abundance and 
facile introduction in molecules. However, because of its poor leaving group ability, alcohols 
are typically activated prior to substitution by for instance protonation, sulfonylation or 
phosphorylation. Phosphorus-mediated alcohol substitutions are widely utilized, mainly 
because of their broad substrate scope, mild conditions and stereospecificity. Well-known in 
this category are the Mitsunobu reaction and the closely related Appel reaction.(1) Although 
first reported by Downie, Holmes and Lee(2) and investigated by several other groups,(3) the 
direct substitution of alcohols by halides is commonly credited to the late prof. Rolf Appel. 
It is for his extensive research on the use of chlorotriphenylphosphonium species in 
numerous other applications,(4) his excellent review(5) and book chapter(6) that chemists 
generally refer to Appel reaction,(7) Appel conditions(8) or Appel reagent(9) when using the 
CX4/PPh3 combination in a reaction. This eventually evolved into the name Appel reaction 
specifically for the substitution of alcohols under these conditions.(10)-(11) 

We considered the Appel reaction as an excellent reaction to test the application of the 
dibenzophospholes 1–2 (Chapter 1) and to serve as a possible entrance into catalytic 
Mitsunobu reactions. Inspired by the work of O’Brien et al. in the catalytic Wittig reaction 
with precatalyst 3, we selected diphenylsilane (Ph2SiH2) as the initial reducing agent since it 
had shown excellent functional group compatibilities.(12) 

 
4.2 Bromination 

We commenced our investigations on the catalytic Appel reaction by utilizing the well-
known bromonium donor tetrabromomethane. Thus, phenethyl alcohol (4) was reacted 
with tetrabromomethane (1.5 equiv) in the presence of diphenylsilane (1.1 equiv) and 1 (10 
mol%) in dioxane at 100 °C. Only 18% conversion was observed by GC, while 31P NMR 
analysis showed many phosphorus signals, which was interpreted as an indication of catalyst 
decomposition. An alternative bromonium donor, N-bromosaccharine (NBSac),(13) led to 
higher catalyst turnover and conversion (60%), albeit multiple additions of diphenylsilane 
and NBSac (each 3.5 equiv in total over four portions) were required to drive the reaction to 
completion. The large amount of diphenylsilane required suggested a competitive reaction 
with the bromonium donor NBSac. The good conversion of the starting alcohol, however, 
implied an effective regeneration of dibenzophospholeunlike during the reaction in the 
presence of diphenylsilane. 

P
Ph

R R

1, R = H
2, R = OMe

P
O Ph

Me
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Scheme 4.1 First attempt at a catalytic Appel reaction with a) 1.1 equiv Ph2SiH2, 1.5 equiv CBr4 and with 

b) 3.5 equiv Ph2SiH2, 3.5 equiv NBSac added in portions 

Since diphenylsilane was capable of smoothly reducing dibenzophosphole oxide and showed 
excellent functional group selectivity in the Wittig reaction of O’Brien, we chose to continue 
with this reducing agent and screen other bromonium-donors (oxidizing agent) for their 
compatibility with diphenylsilane (reducing agent). The majority of alternative reagents, i.e. 
bromine (Table 4.1, entry 1),(14) N-bromosuccinimide (entry 5),(15) N-bromoacetamide 
(entry 3) and 2,4,4,6-tetrabromocyclohexa-2,5-dienone (entry 4),(16) reacted quickly with 
diphenylsilane. Only tetrabromomethane (entry 7) and diethyl bromomalonate (DEBM, 
entry 6) reacted sufficiently slowly. Fortunately, in the presence of DEBM (1.5 equiv) and 
stoichiometric amounts of triphenylphosphine in dioxane at room temperature, phenethyl 
alcohol (4) was converted into the corresponding bromide in 83% yield, serving as a stimulus 
to continue with a catalytic Appel reaction. 

Table 4.1 Screening of the compatibility of selected bromonium donors with diphenylsilane 

 
Entry Br+-donor Timea 
1 Br2 10 min 

2 
 

15 min 

3 
 

20 min 

4 

 

30 min 

5 
 

50 min 

6 
 

4 days 

7 CBr4 no reaction 
(a) Time indicates full consumption of silane. 

In our continuous efforts, a substoichiometric amount (10 mol%) of dibenzophosphole 1, 
diphenylsilane (1.1 equiv) and DEBM (1.5 equiv) were added to alcohol 4 in dioxane at  

OH Br1 (10 mol%)
Br+-donor, Ph2SiH2

4
dioxane
100 °C a) 18% with CBr4

b) 60% with NBSac
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100 °C, leading to a conversion of 65% over 66 hours (Table 4.2, entry 1). To increase the 
rate, the reaction was performed at higher concentrations, but a lower yield of (2-
bromoethyl)benzene was obtained due to the occurrence of side reactions (entries 2 and 3). 
A better result was obtained by replacing dioxane by acetonitrile, a solvent that is known to 
stabilize ionic intermediates formed during Appel reactions with tetrachloromethane, 
leading to faster conversions and higher yields.(5) Indeed, an excellent yield in a much shorter 
time was obtained (82% in 19 h, entry 4), and even a catalyst loading of only 5 mol% gave 
reasonable conversion (entry 9). The reaction proceeded also at 60 °C, but required 
prolonged reaction times (entry 6). As an alternative reducing agent, triethylsilane was 
evaluated but appeared insufficiently strong to reduce 1-oxide so that only 9% of the 
bromide was obtained (entry 7). In contrast, trimethoxysilane was able to reduce 1-oxide, 
but in this case silylation of the starting alcohol 4 resulted in a low conversion (entry 8). 
O’Brien’s precatalyst, 3-methyl-P-phenylphospholane oxide (3), led to a poor yield of 
bromide 11 (entry 13), mainly due to alkylation of the in situ generated phosphine by the 
product bromide. The same alkylation, albeit much slower, thwarted a high yield in case of 
the more electron-rich dimethoxydibenzophosphole 2, although the yield of the catalytic 
Appel reaction was acceptable (entry 12). These investigations clearly show the fine balance 
that has to be found for these types of catalytic reactions. 

Table 4.2 Optimization of the catalytic Appel reaction by variation of catalyst, solvent, silane and 

temperature. 

 
Entry Cat. Silane Cat. 

(mol%) Solvent Conc. 
(M) 

Temp. 
(°C) 

Time 
(h) 

Yield 
(%)a 

1 1 Ph2SiH2 10 dioxane 0.1 100 66 65 
2 1 Ph2SiH2 10 dioxane 0.5 100 4 28 
3 1 Ph2SiH2 10 dioxane 1.0 100 4 16 
4 1 Ph2SiH2 10 MeCN 0.1 82 19 82 
5 1 Ph2SiH2 10 DMFb 0.1 100 - - 
6 1 Ph2SiH2 10 MeCN 0.1 60 39 62 
7 1 Et3SiH 10 MeCN 0.1 82 46 9 
8 1 (MeO)3SiH 10 MeCN 0.1 82 23 5 
9 1 Ph2SiH2 5 MeCN 0.1 82 72 69 
10 1 - 10 MeCN 0.1 82 20 6 
11 - Ph2SiH2 - MeCN 0.1 82 20 0 
12 2 (R=OMe) Ph2SiH2 10 MeCN 0.1 82 19 68 
13 3 (O’Brien) Ph2SiH2 10 MeCN 0.1 82 20 17 
(a) GC yield based as determined with tetradecane as an internal standard, reaction was terminated 
after full consumption of alcohol; (b) Diphenylsilane immediately reacted with DMF. 
 
In order to further establish the scope and limitations of the catalytic Appel reaction, the 
optimized reaction conditions (i.e. Table 4.2, entry 4)  were applied to a range of substrates 

OH Br
catalyst
DEBM
silane

solvent4 11
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(Table 4.3). We were pleased to find that in most cases conversion of the alcohol into 
bromide was high. The somewhat compromised yields are due to the fact that isolation of 
some of the more reactive bromides was troublesome (entries 1 and 3). Stable bromides 
could, however, be isolated in moderate to good yields (entries 2 and 4–6). Sterically 
demanding secondary alcohols requiring SN2 substitution show poor reactivity (entry 7). 
These results indicate that when both SN1 and SN2 substitution are difficult, the conversion 
is limited. On the other hand, a good conversion of the secondary alcohol β-cholesterol was 
observed, presumably occurring via stepwise substitution by neighboring group participation 
of the double bond as is also known for bromide substitution of mesylated cholesterol.(17) 
The formation of 3-bromocholest-5-ene by a classic Appel reaction gives stereoisomeric 
mixtures,(18) but since the catalytic Appel reaction selectively leads to retention of 
stereochemistry, most likely only a stepwise substitution occurs. 

Table 4.3 Substrate scope of catalytic Appel reaction 

 
Entry Substrate Product Yield (%)a 
1   55 (80) 

2 
  

72 (73) 

3   45 (75) 

4 

  

71 

5 
  

63 

6 

  

72 

7 

  

20 

(a) Isolated yield (GC yield as determined with tetradecane as an internal 
standard). 

4.3 Chlorination 

After establishing the optimal conditions for bromination, we turned our attention to the 
introduction of chloride. Analogous to previous investigations in the bromination reactions, 
we first screened the compatibility of a selection of chloronium donors with diphenylsilane 
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(Table 4.4). The results clearly show that trichloroisocyanuric acid (TCCA, entry 1) and N-
chlorosuccinimide (NCS, entry 2) are incompatible, while other reagents (entries 3–5) 
undergo no detectable reaction. Since there is no precedence for Appel reactions with 2-
chloroacetamide (entry 3), we continued our investigations with diethyl chloromalonate 
(DECM, entry 5) and tetrachloromethane (entry 6). 

Table 4.4 Screening of the compatibility of selected chloronium donors with diphenylsilane. 

 
Entry Cl+-donor Timea 

1 

 

10 min 

2 
 

50 min 

3 
 

no reaction 

4 
 

no reaction 

5 CCl4 no reaction 
(a) Time indicates full consumption of the 
silane. 

 
Using 2-phenethyl alcohol (4) we first performed classic stoichiometric Appel reactions with 
both tetrachloromethane and chloromalonate and 5-phenyldibenzophosphole (1) (Table 
4.5). Both reactions turned out to be rather slow and did not reach full conversion (entries 2 
and 3). This is in strong contrast to the same reaction performed with triphenylphosphine 
(entry 1). As previously observed during our investigations of the bromination reactions, the 
nucleophilicity of the phosphorus atom is greatly reduced when incorporated into the 
dibenzophosphole system, but also slightly increased by placing methoxides on the 2- and 8-
positions. We therefore repeated the experiments, this time using 2,8-dimethoxy-5-
phenyldibenzophosphole (2), and clearly observed an improvement in reaction rates and 
conversions (entries 4 and 5). However, upon turning to a catalytic variant of the Appel 
reaction with dibenzophosphole 2 using either chlorinating reagent, again rather low 
conversions and reaction rates were observed (Table 4.5, entries 6 and 7). 
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Table 4.5. Investigations toward chlorination of alcohols: influence of phosphine and chloronium 

donor. 

 
Entry Phosphine 

(equiv) 
Chlorinating agent  

(1.5 equiv) 
Silane  

(1.1 equiv) 
Conversion 

(%)a 
1 PPh3 (1.5) CCl4 - 100 (30 min) 
2 1 (1.5) CCl4 - 40 (7 h) 
3 1 (1.5) DECM - 14 (4.5 h) 
4 2 (1.5) CCl4 - 75 (2.5 h) 
5 2 (1.5) DECM - 68 (2.5 h) 

6 2 (0.1) CCl4 Ph2SiH2 
10 (20 h) 
20 (48 h) 
30 (66 h) 

7 2 (0.1) DECM Ph2SiH2 
14 (20 h) 
25 (48 h) 
33 (66 h) 

(a) Conversions as determined by GC at given reaction times; DEBM = diethyl chloromalonate. 
 
To investigate the underlying problem of the slow reactions more thoroughly and test the 
hypothesis of a too low nucleophilicity of the phosphorus atom, we performed a series of 
NMR experiments wherein the dibenzophospholes were subjected to the chlorinating and 
brominating reagents used previously in our catalytic Appel reactions (Figure 4.1). First, two 
equivalents of chlorinating agent (CCl4) were mixed with either dibenzophosphole 1 (R = 
H) or 2 (R = OMe) in the presence of 10 equivalents of water. In case of a reaction, the 
phosphonium chloride would be immediately hydrolyzed and thus a reaction would become 
apparent by the formation of phosphine oxide (31P NMR signal at 40 ppm). Clearly, the 
reaction with dibenzophosphole 2 (R = OMe) was much faster than with 1 (R = H). 
However, when dibenzophosphole 1 was subjected to either of the brominating reagents 
diethyl bromomalonate or tetrabromomethane, the reaction time was significantly shorter, 
and full conversion was observed in less than 20 min (Figure 4.1c and d). Hence, it may be 
concluded that for a catalytic chlorination reaction, either a more electrophilic chloronium 
donor or a more nucleophilic phosphine are required. However, optimization of catalytic 
chlorination can most likely be achieved by improvement of the phosphorus catalyst, since 
more electrophilic chloronium donors react readily with diphenylsilane (Table 4.4). 

OH ClR3P, CCl4 or DECM
MeCN,
 80 °C

4
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Figure 4.1 Stacked 31P NMR spectra of the reactions of dibenzophospholes 1 (R = H) and 2 (R = OMe) 

with halonium donors. Phosphines resonate at ca. 9 ppm and phosphine oxides at ca. 40 ppm.  

a) Phosphole 1 with CCl4 shows almost no reaction; b) Phosphole 2 with CCl4 shows a much faster 

reaction; c) Reaction of phosphole 1 with DEBM and d) CBr4 give a much faster reaction. The difference 

in chemical shift between the phosphine oxides in the last two reactions is most likely due to the acidity 

of the diethyl malonate. 

4.4 Conclusions 

The development of organophosphorus-catalyzed Appel reactions by an in situ reduction 
protocol all depends on finding the right balance between the reactivities of the reaction 
partners. For example, while the phosphine should readily react with the halonium donor, it 
must refrain from reacting with the alkyl halide product. Similarly, the halonium donor (an 
oxidizing agent) has to be reasonably unreactive towards the silane (reducing agent), which 
in turn has to retain its capability to reduce the phosphine oxide. A proper balance between 
these reaction parameters has been successfully determined for the catalytic bromination of 
alcohols. Significant progress has been made for the chlorination reaction, but further fine-
tuning is mandatory before broad synthetic application is feasible. 
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General Procedure of Screening Br+- and Cl+-donors with Ph2SiH2 (Table 4.1 and Table 4.4). 
A flame-dried Schlenk tube was charged with tetradecane (1 equiv), Ph2SiH2 (1.1 equiv), bromonium 
or chloronium donor (1.5 equiv) and dioxane (0.1 M). The solution was stirred under nitrogen at 
room temperature. The times in Table 4.1 and Table 4.4 show when Ph2SiH2 was fully consumed. 

General Procedure of Catalytic Appel Reaction (Table 4.3). 
5-Phenyldibenzophosphole (1, 10 mol%) was added to a dry two-neck flask equipped with a stirring 
bar and a condenser. Then acetonitrile (0.1 M), Ph2SiH2 (1.1 equiv) and the alcohol (1 equiv) were 
added though a septum. Finally diethyl bromomalonate (1.5 equiv) was slowly added and the reaction 
mixture was refluxed for the time indicated. After full conversion (as determined by GC) the reaction 
mixture was extracted with pentane (5!). After evaporation of the combined pentane layers, the crude 
product was purified using column chromatography (silica gel, EtOAc:heptane or pentane). 

(2-Bromoethyl)benzene (11) 
Following the general procedure for the catalytic Appel reaction, phenylethyl alcohol (4, 
50 mg, 0.41 mmol) was converted to (2-bromoethyl)benzene (11, 42 mg, 55%), a 

colorless liquid. 
1H NMR (400 MHz, CDCl3) δ 7.36–7.19 (m, 5H), 3.57 (t, J = 7.6 Hz, 2H), 3.17 (t, J = 7.7 Hz, 2H). 
Physical data are in correspondence with the commercially available compound (CAS number: 103-
63-9). 

1-Bromodecane (12) 
Following the general procedure for the catalytic Appel reaction, decanol (5, 50 mg, 
0.32 mmol) was converted to 1-bromo-decane (12, 150 mg, 72%), a colorless liquid. 
1H NMR (400 MHz, CDCl3) δ 3.41 (t, J = 6.9 Hz, 2H), 1.90–1.80 (m, 2H), 1.48–

1.36 (m, 2H), 1.34–1.20 (m, 12H), 0.88 (t, J = 6.9 Hz, 3H). Physical data are in correspondence with 
the commercially available compound (CAS number: 143-15-7).  

(3-Bromopropyl)benzene (13) 
Following the general procedure for the catalytic Appel reaction, 3–phenylpropanol 
(6, 50 mg, 0.37 mmol) was converted into (3-bromopropyl)benzene (13, 43 mg, 45%), 

a colorless liquid. 
1H NMR (300 MHz, CDCl3) δ 7.35–7.15 (m, 5H), 3.40 (t, J = 6.6 Hz, 2H), 2.78 (t, J = 6.6 Hz, 2H), 
2.18 (q, J = 6.6 Hz, 2H). Physical data are in correspondence with the commercially available 
compound (CAS number: 637-59-2). 

1-Bromoadamantane (14) 
Following the general procedure for the catalytic Appel reaction, 1-adamantanol (7, 146 
mg, 679 µmol) was converted to 1-bromoadamantane (14, 147 mg, 71%), a white solid. 
1H NMR (400 MHz, CDCl3) δ 2.37 (d, J = 3.3 Hz, 6H), 2.10 (s, 3H), 1.73 (t, J = 3.2 Hz, 
6H). Physical data are in correspondence with the commercially available compound (CAS 

number: 768-90-1). 

Ethyl 6-Bromohexanoate (15) 
Following the general procedure for the catalytic Appel reaction, ethyl 6-
hydroxyhexonoate (8, 154 mg, 690 µmol) was converted into 1-
bromoadamantane (15, 135 mg, 63%), a white solid. 

1H NMR (400 MHz, CDCl3) δ 4.13 (q, J = 7.1 Hz, 2H), 3.41 (t, J = 6.8 Hz, 2H), 2.32 (t, J = 7.4 Hz, 
2H), 1.94–1.79 (m, 2H), 1.69–1.62 (m, 2H), 1.52–1.44 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H). Physical 
data are in correspondence with the commercially available compound (CAS number: 25542-62-5). 
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3β-Bromo-cholest-5-ene (16) 
Following the general procedure for the catalytic Appel reaction, 
cholesterol (9, 371 mg, 826 µmol) was converted into 3β-bromo-
cholest-5-ene (16, 306 mg, 71%), a white solid. 
IR (neat): ν 2950, 2911, 2864, 2849, 2933, 1466, 1376, 898, 688 
cm-1. 1H NMR (400 MHz, CDCl3) δ 5.36 (dt, J = 5.3, 1.9 Hz, 
1H), 3.92 (tt, J = 12.3, 4.5 Hz, 1H), 2.79–2.68 (m, 1H), 2.58 (ddd, 
J = 13.6, 4.7, 2.3 Hz, 1H), 2.23–2.13 (m, 1H), 2.09–1.93 (m, 3H), 
1.91–1.77 (m, 2H), 1.70–1.21 (m, 10H), 1.20–1.05 (m, 7H), 1.04 
(s, 3H), 1.02–0.93 (m, 3H), 0.91 (d, J = 6.6 Hz, 3H), 0.86 (dd, J = 

6.6, 1.8 Hz, 6H), 0.67 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 141.55, 122.31, 56.69, 56.14, 52.57, 
50.18, 44.29, 42.31, 40.33, 39.69, 39.51, 36.39, 36.18, 35.77, 34.35, 31.81, 31.73, 28.20, 28.01, 24.26, 
23.83, 22.81, 22.56, 20.91, 19.24, 18.71, 11.84. HRMS (EI+) calcd. for C27H4579Br [M]+ 448.2705, 
found 448.2708. Melting point: 94-95 °C. Physical data are in correspondence with literature 
data.(17,19) 

Bromocyclohexane (17) 
Following the general procedure for the catalytic Appel reaction, cyclohexanol (10, 150 mg, 
1.48 mmol) was converted into bromocyclohexane (17, 50 mg, 20%), a colorless liquid. 
1H NMR (400 MHz, CDCl3) δ 4.20 (m, 1H), 2.20-2.10 (m, 2H), 1.87-1.75 (m, 4H), 1.69-
1.55 (m, 1H), 1.43-1.32 (m, 3H). Physical data are in correspondence with the commercially 

available compound (CAS number: 108-85-0). 
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Abstract 

This chapter describes the development of the first Staudinger reduction that is catalytic in 
phosphine, and shows excellent yields and functional group compatibility. 
Dibenzophosphole catalysts were applied for mild in situ reduction of the intermediate 
iminophosphoranes, thereby avoiding the formation of waste phosphine oxides and thus 
enabling facile product purification. A range of azides were converted into amines with good 
to excellent yields and high functional group tolerance.  
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5.1 Introduction 

Chapter 4 describes that dibenzophospholes (1 and 2) are applicable in a catalytic variant of 
the Appel reaction. Since many more phosphorus-mediated 
reactions are known, we wished to investigate the possibility 
of extending the application of dibenzophospholes (1–3) in a 
number of these reactions. In this chapter, we describe the 
development of the phosphine-catalyzed reduction of azides 
to amines, commonly known as the Staudinger reduction.(1) 

The introduction of azides in organic compounds is well established and various methods 
have been developed.(2) The azide functionality may subsequently engage in specific 
synthetic transformations, but azides can also simply serve as a protected form of amines.(3) 
One practical method to induce the transformation of azide 5 to amine 7 is by treatment 
with a phosphine in the presence of 
water (Scheme 5.1a). The overall 
process involves the formation of an 
intermediate iminophosphorane 6 that 
is subsequently hydrolyzed to liberate 
the corresponding amine and phosphine 
oxide.(1) One option to develop a 
catalytic variant of the Staudinger 
reduction therefore involves in situ 
reduction of phosphine oxide back to 
phosphine. We realized, however, that 
the known reducing agents (silanes) for 
phosphine oxides react quickly with 
water that is present in the reaction 
mixture, especially under elevated 
temperatures. We therefore devised a 
strategy involving an unprecedented 
direct reduction of the PV-
iminophosphorane intermediate 6 back 
to phosphine, with concomitant 
formation of amine 7, to avoid the 
necessity of in situ water (Scheme 5.1b). 
The temporarily formed N!Si bond, 
due to its sensitivity for moisture, was 
expected to hydrolyze readily upon 
aqueous workup.(4) 
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5.2 Optimization of Conditions 

We initiated our attempts by using a similar system as previously applied in the development 
of the catalytic Appel reaction. Hence, in dioxane, benzyl azide was combined with 10 mol% 
of 1 and diphenylsilane (Ph2SiH2) was added as reducing agent. The reaction mixture was 
refluxed, leading to full conversion of the azide to an amine within 19 h (Table 1, entry 1). 
Conveniently, a much faster reduction was obtained with phenylsilane (PhSiH3) replacing 
diphenylsilane, i.e. full conversion was obtained within 3 h (entry 2). The influence of 
electron-donating or withdrawing substituents as in dibenzophospholes 2 and 3, 
respectively, was also tested (entries 3 and 4). We found that both substituents have a small 
but distinct effect on reaction rate and remarkably, in both cases led to a decrease in reaction 
time, irrespective of the electronic nature of the substituent. Other solvents were tolerated as 
well and full conversion was obtained in both toluene and acetonitrile (entries 5 and 6). We 
attribute the variation in reaction times mainly to the difference in boiling points (i.e. reflux 
temperatures) of the individual solvents. Furthermore, we established that the optimal 
protocol requires only 5 mol% catalyst. The essential role of the dibenzophosphole catalyst 1 
was verified by treatment of benzyl azide with phenylsilane in the absence of 1 (entry 8), 
which did not lead to any detectable conversion. Finally, the advantage of dibenzophosphole 
1 becomes apparent by comparison with triphenylphosphine (4). First of all, it is clear that 
the reaction of 1 is much faster (entry 9 vs. 2). Secondly, the catalytic Staudinger reduction 
with 1 is less sensitive to traces of water and/or oxygen, both of which would lead to 
formation of phosphine oxide, thereby shutting off the catalytic cycle. Dibenzophosphole 
oxide is also formed upon hydrolysis or oxidation, but is, in contrast to phosphine oxide, 
easily reduced by diphenylsilane (vide infra). As a consequence, careful exclusion of water 
and oxygen is not required and lower catalyst loadings are possible. 

Table 5.1 Catalytic Staudinger reduction by variation of catalyst, solvent, silane and temperature. 

 
Entry Cat. (mol%) Silane (1.5 equiv) Solvent Temp. (°C) Time (h) Conv. (%)a 
1 1 (10) Ph2SiH2 dioxane 101 19 97 
2 1 (10) PhSiH3 dioxane 101 3 100 
3 2 (10) PhSiH3 dioxane 101 2 100 
4 3 (10) PhSiH3 dioxane 101 2 100 
5 1 (10) PhSiH3 toluene 110 2 100 
6 1 (10) PhSiH3 MeCN 82 16 99 
7 1 (5) PhSiH3 dioxane 101 16 100 
8  PhSiH3 dioxane 101 20 0 
9 4 (PPh3) (10) PhSiH3 dioxane 101 21 100 
(a) Conversion as determined by GC with tetradecane as an internal standard upon work up with 
water. See 5.7 Experimental Section for details. 
 
In a continuing matter, we wished to further investigate the role of the catalyst and to 
determine whether an even lower catalyst loading or the use of the phosphine oxide 

N3Ph

catalyst
reducing agent

solvent, reflux
NH2Ph
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derivative of 1 would be allowed. To this end, reactions with 1 and 5 mol% of catalyst 1, as 
well as a reaction with 5 mol% 1 oxide were performed and monitored over time. As 
becomes clear from Figure 5.1, 1 mol% catalyst loading indeed leads to full conversion, but 
reaction time is significantly prolonged. Furthermore, the reaction with 5 mol% 1 oxide 
proceeds almost equally well as reaction with 1 but requires some time for activation of the 
catalyst (i.e. reduction of phosphine oxide). Remarkably, both curves of the reactions with 1 
and 5 mol% 1 show a sigmoidal shape. A possible explanation for this observation is that 
residual water in the solvent causes initial hydrolysis of the iminophosphorane intermediate 
(6, Scheme 5.1). As a consequence, the reaction proceeds, at least during the initial phase, 
via phosphine oxide reduction instead of the projected iminophosphorane reduction. The 
latter hypothesis is supported by the fact that the iminophosphorane of 1 is extremely 
sensitive to water, as well as by the observation that the reduction of a P=N bond proceeds 
ca. 1.5! faster than the P=O bond reduction (see: 5.7 Experimental Section). Despite that 1 
mol% of catalyst loading suffices for effective azide reduction, based on the substantially 
extended required reaction time, it was decided to perform future research, e.g. substrate 
screening, with 5 mol% catalyst instead. 

  
Figure 5.1 Effects of amount of catalyst on reduction of benzyl azide. Reactions were monitored by GC 

using tetradecane as an internal standard. 

5.3 Substrate scope 

Having established optimal conditions for the catalytic Staudinger reduction with phosphole 
1, a range of substrates were screened. To this end, several azides were subjected to 5 mol% 
dibenzophosphole 1 and phenylsilane (1.5 equiv) in refluxing dioxane. We were pleased to 
find that both aromatic and aliphatic azides were cleanly converted with good to excellent 
yields (Table 5.2). Functional groups such as nitro (11), carboxylic acid (13), alcohol (15), 
ester (16) and olefins (10) were all fully compatible with the reaction conditions employed, 
thereby further demonstrating the versatility of the reaction. Both electron-rich and 
electron-poor aryl azides could be converted to anilines in high yields (11 and 12). In 
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addition to the high yields, the practical execution of the procedure is extremely simple. 
After a reaction time of 16 h, water is added to quench the remaining silane and to 
hydrolyse the N!Si bond. Then, the reaction mixture is concentrated and flushed over a 
short silica column. By eluting with dichloromethane, first the dibenzophosphole catalyst is 
recovered. Switching the solvent to a mixture of methanol in dichloromethane, affords the 
desired amine in high yield and purity. 

Table 5.2 Substrate scope of the catalytic Staudinger reduction. 

 
Products (yield)a 

    
7 (63%)b 8 (99%) 9 (71%) 10 (74%) 

    
11 (80%) 12 (99%) 13 (99%) 14 (99%) 

    
15 (99%) 16 (85%) 17 (51%)c 18 (-)d 

(a) isolated yields; (b) volatility of the product lowered the isolated yield; (c) 5-methoxyfurozane (21, 
Scheme 5.2) was isolated as well (49%); (d) full conversion of azide into a complex mixture of 
products. 
 
An interesting observation was made for 1-azido-4-methoxy-2-nitrobenzene (entry 11). For 
this particular substrate it was found that, although the azide was fully converted, only 51% 
aniline product was formed and 5-methoxybenzofurazane (20) was isolated as a main 
byproduct (49%). Formation of furazane can be rationalized by dibenzophosphole reduction 
of the 5-methoxyfuroxane intermediate 19 (Scheme 5.2).(5) The concomitant formed 
dibenzophosphole oxide is subsequently in situ reduced by phenylsilane and continues to 
reduce remaining azide. This reaction clearly demonstrates the power of catalyst 1 with 
respect to PPh3 as the formation of triphenylphosphine oxide would terminate further azide 
reduction. 

 
Scheme 5.2 Reduction of intermediate 19 by 1 leading to 5-methoxybenzofurazane (20) and 1 oxide. 
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In the case of 2-azidophenol (product 18), no desired amine product was found but instead, 
a complex mixture of products was observed. 

5.4 Mechanistic Studies by NMR 

To corroborate the catalytic action of dibenzophosphole, we designed a series of 
experiments involving subjection of the iminophosphorane to several reducing agents or 
water and monitoring of these reactions by NMR (Figure 5.1). To this end, first 
dibenzophosphole 1 (1 equiv) was reacted with benzyl azide (1.1 equiv) in dioxane-d8, 
leading to the formation of iminophosphorane as observed by 1H and 31P NMR (left, 
bottom NMR trace). This iminophosphorane was then treated with different reagents and 
the reaction was monitored over time by NMR. The addition of water led, as expected, to 
hydrolysis and yielded benzyl amine and the oxide derivative of 1. Alternatively, addition of 
diphenylsilane and heating to 100 °C led to the formation of the phosphine within 20 h as 
clearly observed by 1H and 31P NMR (ca. 40% conversion at 2.5 h). The analogous reaction 
with phenylsilane, for which the stacked 31P NMR spectra are depicted left in the Figure 
5.1, proceeds significantly faster, full conversion was observed within 1 h. The difference of 
reaction time between these two silanes is in correspondence with the rates of the catalytic 
Staudinger reductions (Table 5.1, entries 1 and 2). These results further verify the 
mechanism of the iminophosphorane reduction as proposed in Scheme 5.1. Not 
unexpectedly, the phenylsilane reduction of iminophosphorane derived from 
triphenylphosphine took more than 5 h under similar conditions (stacked 31P NMR spectra 
of this reaction are shown in Figure 5.1 right). Furthermore, in this case, 4 oxide remains 
present even after 20 h, in contrast to the reaction with dibenzophosphole where no traces 
of 1 oxide remain. 

5.5 Conclusions 

In conclusion, we have developed a Staudinger reduction that is catalytic in phosphine, 
involving an unprecedented in situ P=N bond reduction. Our procedure offers the advantage 
of less waste, with catalyst loading reduced to 5%. In addition, the reaction is practically 
simple and displays high functional group tolerance. 
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5.7 Experimental Section 

See Chapter 2 for the general experimental section and the synthesis of 5-phenyldibenzo-
phospholes 1, 2 and 3. 

General Procedure for Catalytic Staudinger Reduction Monitored by GC (Table 5.1 and Figure 5.1) 
A dry vial was charged with benzyl azide (100 µL, 752 µmol) and tetradecane (195 µL, 752 µmol). 
Next, the dry solvent (3.75 mL) and silane (1.13 mmol) were added. Finally, the phosphine was added 
and the mixture was immediately heated to the indicated temperature. In time, small aliquots (10 µL) 
were taken from the reaction to which water (15 µL) and EtOAc (75 µL) were added. Then, 1 µL of 
the EtOAc layer was injected into the GC for analysis. 

General Procedure for the Catalytic Staudinger Reduction (Table 5.2) 
The azide was dissolved in dry dioxane (0.2 M) and phenylsilane (1.5 equiv) and 1-phenyl-
dibenzophosphol (5 mol%) were added. The reaction mixture was refluxed for 16 h, water (2 equiv) 
was added and the mixture was stirred until the evolution of gas had ceased. The solvent was 
evaporated and the crude product was purified by flash column chromatography to yield the amine 
(typically DCM and 1% Et3N eluted the phosphine catalyst and addition of some methanol eluted the 
amine). 

Procedure for the Reactions as Shown in Figure 5.2 Monitored by 31P and 1H NMR. 
Phosphine (0.10 mmol) was dissolved in dioxane-d8 (0.50 mL) in a dried NMR-tube and benzyl azide 
(0.10 mmol) was added. The mixture was heated to 101 °C for 30 min and the full conversion of azide 
and phosphine was confirmed by NMR. Then diphenylsilane or phenylsilane (0.15 mmol) was added 
and the mixture was again heated to 101 °C and analyzed at given time intervals (indicated times are 
the given with the addition of reagent as starting point). Additional stacked spectra are included in the 
supporting information of the published paper that covers this subject.(6) 
 
The relative P=N bond reduction rate was determined by a similar competition experiment. To this 
end, an equimolar amount of phosphine oxide was mixed with the iminophosphorane and Ph2SiH2 
was added. The reduction was monitored by NMR and it was found that the iminophosphorane was 
consumed ca. 1.5! faster than the phosphine oxide. 

2-Azidophenol 
Concentrated HCl (23 mL, 30 mmol) was added to a suspension of 2-aminophenol (10.0 
g, 92.0 mmol) in water (250 mL) at 0 °C. To this, NaNO2 (6.32 g, 92.0 mmol) in water 
(30 mL) was added and the mixture was stirred for 10 min before NaN3 (7.15 g, 110 

mmol) was added in portions. The mixture was warmed to room temperature and stirred for another 
hour. Then the mixture was extracted with EtOAc (3 ! 200 mL) and the combined organic layers 
were washed with saturated aqueous NaHCO3 (250 mL) and brine and dried over MgSO4 to give a 
dark oil. The dark oil was purified by column chromatography (10% EtOAc in heptane) to give 2-
azidophenol (9.70 g, 78%) as a dark red liquid that solidified in the freezer. 
IR (neat) ν 3417, 2121, 2085, 1593, 1493 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.09–7.06 (m, 1H), 
7.07–7.03 (m, 1H), 6.94 (td, J = 7.7, 1.5 Hz, 2H), 6.93–6.91 (m, 1H). 13C NMR (126 MHz, CDCl3) 
δ 147.21, 126.03, 125.90, 121.16, 118.25 (d, J = 0.6 Hz), 115.94 (d, J = 0.6 Hz). HRMS (EI+) calcd. 
for C6H5N3O [M]+ 135.0433, found 135.0432. 

4-Azido-1,2-dimethoxybenzene 
Concentrated HCl (23 mL, 30 mmol) was added to a suspension of 3,4-
dimethoxyaniline (2.00 g, 13.1 mmol) in water (20 mL) at 0 °C. To this, NaNO2 
(0.90 g, 13 mmol) in water (20 mL) was added and the mixture was stirred for 10 
min before NaN3 (1.02 g, 15.7 mmol) was added in portions. The mixture was 

warmed to room temperature and stirred for 2.5 hours. The reaction mixture was extracted with 
EtOAc (3 ! 60 mL) and the combined organic layers were washed with saturated aqueous NaHCO3 

N3

MeO
OMe

OH

N3
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(2 × 75 mL) and brine, dried over MgSO4 and concentrated in vacuo to give a dark red/brown crude 
mixture. Column chromatography (0→10% EtOAc in heptane) yielded 4-azido-1,2-
dimethoxybenzene (690 mg, 30%) as a brown oil that solidified in the freezer. 
IR ν (neat) 2109, 1595,1509,1452, 1246, 1027 cm-1. 1H NMR (500 MHz, CDCl3) δ 6.70 (d, J = 8.4 
Hz, 1H), 6.31 (d, J = 2.6 Hz, 1H), 6.23 (dd, J = 8.4, 2.6 Hz, 1H), 3.83 (s, 3H), 3.80 (s, 3H). 13C 
NMR (126 MHz, CDCl3) δ 149.96, 146.50, 132.73, 112.03, 110.42, 103.17, 56.20, 55.96. HRMS 
(EI+) calcd. for C8H9N3O2 [M]+ 179.0695, found 179.0692. 

7-Azido-4-methylcoumarin 
7-Amino-4-methylcoumarin (1.00 g, 5.71 mmol) was dissolved in 
DMSO/H2SO4 (2:1, 15 mL). The mixture was kept at 0–5 °C while NaNO2 
(358 mg, 7,61 mmol), dissolved in ice-cold water (2 mL), was added dropwise. 
Then NaN3 (0.50 g, 7.6 mmol), dissolved in water (6 mL), was added dropwise 

and the reaction mixture was allowed to continue for 16 h while it reached room temperature. Next, 
saturated aqueous NH4Cl solution was added. The precipitate was extracted with chloroform (3 × 10 
mL). The organic layer was washed with water (3 × 10 mL) and with brine (10 mL). The organic layer 
was evaporated and the resulting residue was purified by column chromatography (0→10% EtOAc in 
heptane) to give the product (735 mg, 64%) as a yellow solid. 
IR ν (neat) 2119, 2090, 1722, 1608, 1390, 1294 cm-1. 1H NMR (300 MHz, CDCl3) δ 7.57 (d, J = 8.3 
Hz, 1H), 6.99–6.92 (m, 2H), 6.23 (q, J = 1.2 Hz, 1H), 2.42 (d, J = 1.3 Hz, 3H). 13C NMR (126 
MHz, CDCl3) δ 160.32, 154.63, 151.83, 143.87, 125.98, 117.06, 115.27, 113.99, 107.13, 18.63. 
HRMS (EI+) calcd. for C10H7O2N3 [M]+ 201.0538, found 201.0540. 

trans-4-Azidocyclohexanol 
Following the procedure developed by Goddard-Borger and Stick.(2a) 
1H-imidazole-1-sulfonyl azide hydrochloride (2.18 g, 10.4 mmol) was added to a 
solution of (1R,4R)-4-aminocyclohexanol (1.00 g, 8.68 mmol), CuSO4∙5H2O (22 

mg, 87 µmol) and K2CO3 (1.32 g, 9.55 mmol) in methanol (40 mL). The suspension was stirred at 
room temperature for 16 h and then concentrated in vacuo. Water (100 mL) and concentrated HCl (5 
mL) were added to the residue and the mixture was extracted with EtOAc (3 × 10 mL). The 
combined organic layers were washed with brine, dried over MgSO4 and concentrated. The crude 
product was purified by flash column chromatography (0→30% EtOAc in heptane) to yield trans-4-
azidocyclohexanol (903 mg, 74%) as a white solid. 
IR ν (neat) 3337, 2935, 2860, 2091, 1256, 1065 cm-1. 1H NMR (500 MHz, CDCl3) δ 3.68 (tt, J = 
9.4, 3.6 Hz, 1H), 3.39–3.32 (m, 1H), 2.04–1.96 (m, 4H), 1.61 (s, 1H), 1.48–1.31 (m, 4H). 13C NMR 
(126 MHz, CDCl3) δ 68.90, 58.94, 32.72, 28.92. HRMS (EI+) calcd. for C6H11N3O [M]+ 141.0902, 
found 141.0905. 

trans-4-Azidocyclohexyl Benzoate 
trans-4-Azidocyclohexanol (200 mg, 1.42 mmol) was dissolved in DCM/pyridine 
(1:1, 7 mL) and cooled down to 0 °C. Then triethylamine (215 mg, 2.13 mmol), 
DMAP (1.7 mg, 14 µmol) and benzoyl chloride (247 µL, 2.13 mmol) was slowly 
added. The mixture was stirred for 4 hours at 0 °C. Then, brine (10 mL) was added 

and the mixture was extracted with DCM (3 × 10 mL). The combined organic layers were washed 
with water (15 mL) and brine (10 mL), dried over MgSO4 and concentrated. The crude product was 
purified by flash column chromatography (0→10% EtOAc in heptane) to give trans-4-azidocyclohexyl 
benzoate (298 mg, 86%) as a white solid. 
IR ν (neat) 2944, 2092, 1714, 12721, 1112 cm-1. 1H NMR (500 MHz, CDCl3) δ 8.06–8.01 (m, 2H), 
7.58–7.53 (m, 1H), 7.46–7.42 (m, 2H), 5.07–5.01 (m, 1H), 3.54 (ddd, J = 12.1, 8.6, 3.5 Hz, 1H), 
2.16–2.03 (m, 4H), 1.70–1.55 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 165.82, 132.89, 130.50, 
129.49, 128.31, 71.25, 58.38, 28.35, 28.19. HRMS (FAB+) calcd. for C13H16N3O2 [M+H]+ 246.1243, 
found 246.1243. 
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(E)-(3-Azidoprop-1-en-1-yl)benzene 
(E)-(3-bromoprop-1-enyl)benzene (3.00 g, 15.2 mmol) was added to a solution of 
NaN3 (988 mg, 15.2 mmol) in DMSO (30 mL) and the mixture was stirred for 2 
h. Then, water (60 mL) was added and the mixture was extracted with Et2O (3 ! 
30 mL). The combined organic layers were washed with water (2 ! 50 mL) and 

brine and dried over MgSO4. In vacuo concentration gave (E)-(3-azidoprop-1-en-1-yl)benzene (2.28 
g, 94%) as a yellow oil. 
IR ν (neat) 3027, 2095, 1234 cm-1. 1H NMR (300 MHz, CDCl3) δ 7.43–7.26 (m, 5H), 6.65 (dt, J = 
15.6, 1.3 Hz, 1H), 6.24 (dt, J = 15.8, 6.6 Hz, 1H), 3.95 (dd, J = 6.6, 1.0 Hz, 2H) 13C NMR (75 MHz, 
CDCl3) 135.9, 134.5, 128.2, 127.7, 126.2, 121.9, 52.6. HRMS (EI+) calcd. for C9H9N3 [M]+ 
159.0796, found 159.0797. 

Benzylamine (7) 
Following the general procedure for the catalytic Staudinger reduction, benzyl azide 
(94 µL, 0.70 mmol) was converted into benzylamine (49 mg, 66%), a colorless oil 
which was obtained by column chromatography (0→5% MeOH in DCM + 1% 

Et3N). Additional care was taken in the evaporation of the solvents, i.e. the reaction mixture was 
concentrated to 0.5 mL and then columned. The combined columned fraction were concentrated up 
to 92 mg and the yield was corrected for the remaining Et3N by 1H NMR. 
1H NMR (500 MHz, CDCl3) δ 7.36–7.29 (m, 4H), 7.27–7.22 (m, 1H), 3.87 (s, 2H), 1.72 (s, 2H). 
Physical data in correspondence with the commercially available compound (CAS number: 100-46-9). 

1-(Aminomethyl)naphthalene (8) 
Following the general procedure for the catalytic Staudinger reduction, 1-
(azidomethyl)naphthalene(7) (100 mg, 546 µmol) was converted into 1-
(aminomethyl)naphthalene (86 mg, 99%), a colorless oil which was obtained by 
column chromatography (0→5% MeOH in DCM + 1% Et3N). 

1H NMR (400 MHz, CDCl3) δ 8.11–8.04 (m, 1H), 7.87 (dd, J = 8.4, 1.2 Hz, 1H), 7.78–7.74 (m, 
1H), 7.57–7.40 (m, 4H), 4.32 (s, 2H), 1.62 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 138.85, 133.83, 
131.12, 128.81, 127.52, 126.15, 125.65, 125.57, 124.44, 123.14, 44.00. 
Physical data in correspondence with the commercially available compound (CAS number: 118-31-0). 

 (2-Aminoethyl)benzene (9) 
Following the general procedure for the catalytic Staudinger reduction, (2-
azidoethyl)benzene(8) (100 mg, 679 µmol) was converted into (2-
aminoethyl)benzene (63 mg, 77%), a colorless oil which was obtained by column 

chromatography (0→5% MeOH in DCM + 1% Et3N). 
1H NMR (500 MHz, CDCl3) δ 7.35–7.30 (m, 2H), 7.26–7.20 (m, 3H), 2.99 (t, J = 6.9 Hz, 2H), 2.77 
(t, J = 6.9 Hz, 2H), 1.72 (s, 2H). 
Physical data in correspondence with the commercially available compound (CAS number: 64-04-0). 

(E)-(3-Aminoprop-1-en-1-yl)benzene (10) 
Following the general procedure for the catalytic Staudinger reduction, (E)-(3-
azidopro-1-en-yl)benzene (100 mg, 638 µmol) was converted into (E)-(3-
aminopro-1-en-yl)benzene (62 mg, 74%), a colorless oil which was obtained by 

column chromatography (0→10% MeOH in DCM + 1% Et3N). 
IR ν (neat) 3257, 3027, 1570, 1447, 1404, 1340, 967, 741, 690 cm-1. 1H NMR (300 MHz, CDCl3) δ 
7.40 – 7.27 (m, 4H), 7.25 – 7.18 (m, 1H), 6.50 (d, J = 15.9 Hz, 1H), 6.32 (dt, J = 15.9, 5.8 Hz, 1H), 
3.48 (dd, J = 5.8, 1.4 Hz, 2H), 1.37 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 137.15, 131.23, 129.39, 
128.51, 127.24, 126.18, 44.29. HRMS (ESI+) calcd. for C9H12N1 [M+H]+ 134.0969, found 134.0965. 
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4-Nitroaniline (11) 
Following the general procedure for the catalytic Staudinger reduction, 1-azido-4-
nitrobenzene(9) (100 mg) was converted into 4-nitroaniline (67 mg, 80%), a orange 
solid which was obtained by column chromatography (0→5% MeOH in DCM + 

1% Et3N). 
1H NMR (500 MHz, CDCl3) δ 8.12–8.08 (m, 2H), 6.69–6.62 (m, 2H), 4.40 (s, 2H). 13C NMR (126 
MHz, CDCl3) δ 152.40, 139.16, 126.33, 113.36. 
Physical data in correspondence with the commercially available compound (CAS number: 100-01-6). 

3,4-Dimethoxyaniline (12) 
Following the general procedure for the catalytic Staudinger reduction, 4-azido-
1,2-dimethoxybenzene (100 mg, 558 µmol) was converted to yield 3,4-
dimethoxyaniline (85 mg, 99%), a brown solid which was obtained by column 
chromatography (0→5% MeOH in DCM + 1% Et3N). 

1H NMR (500 MHz, CDCl3) δ 6.70 (d, J = 8.4 Hz, 1H), 6.31 (d, J = 2.6 Hz, 1H), 6.23 (dd, J = 8.4, 
2.6 Hz, 1H), 3.83 (s, 3H), 3.80 (s, 3H), 3.45 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 149.89, 
142.21, 140.64, 113.09, 106.39, 100.74, 56.63, 55.74. 
Physical data in correspondence with the commercially available compound (CAS number: 6315-89-
5). 

4-Aminobenzoic acid (13) 
Following the general procedure for the catalytic Staudinger reduction, 4-
azidobenzoic acid (100 mg, 613 µmol) was converted into 4-aminobenzoic acid 
(83 mg, 99%), a yellowish solid which was obtained by column chromatography 
(0→10% MeOH in DCM). 

1H NMR (300 MHz, DMSO-d6) δ 11.91 (s, 1H), 7.59 (d, J = 8.7 Hz, 2H), 6.52 (d, J = 8.7 Hz, 2H), 
5.83 (s, 2H). 13C NMR (75 MHz, DMSO-d6) δ 167.48, 153.13, 131.21, 116.88, 112.55. 
Physical data in correspondence with the commercially available compound (CAS number: 150-13-0). 

7-Amino-4-methylcoumarin (14) 
Following the general procedure for the catalytic Staudinger reduction, 7-azido-
4-methylcoumarin (100 mg, 497 µmol) was converted into 7-amino-4-
methylcoumarin (81 mg, 93%), a brown solid which was obtained by column 
chromatography (0→2% MeOH in DCM + 1% Et3N). 
1H NMR (500 MHz, DMSO-d6) δ 7.39 (d, J = 8.6 Hz, 1H), 6.56 (dd, J = 8.6, 

2.0 Hz, 1H), 6.40 (d, J = 2.0 Hz, 1H), 6.10 (s, 2H), 5.90 (s, 1H), 2.29 (s, 3H). 13C NMR (126 MHz, 
DMSO-d6) δ 160.73, 155.45, 153.75, 153.08, 126.20, 111.16, 108.83, 107.46, 98.50, 18.01. 
Physical data in correspondence with the commercially available compound (CAS number: 53348-92-
8). 

trans-4-Aminocyclohexanol (15) 
Following the general procedure for the catalytic Staudinger reduction, trans-4-
azidocyclohexanol (100 mg, 708 µmol) was converted into trans-4-
aminocyclohexanol (79 mg, 686 µmol, 97 %), a yellowish solid which was obtained 

by column chromatography (10→20% MeOH in DCM + 1% Et3N). 
1H NMR (400 MHz, CD3OD) δ 3.50 (tt, J = 10.8, 4.2 Hz, 1H), 2.63 (tt, J = 10.7, 3.9 Hz, 1H), 1.98 
– 1.81 (m, 4H), 1.41 – 1.08 (m, 4H). 13C NMR (126 MHz, CD3OD) δ 70.72, 50.75, 34.81, 34.35. 
Physical data in correspondence with the commercially available compound (CAS number: 27489-62-
9). 

trans-4-Aminocyclohexyl Benzoate (16) 
Following the general procedure for the catalytic Staudinger reduction, trans-4-
azidocyclohexyl benzoate (100 mg, 408 µmol) was converted into trans-4-
aminocyclohexyl benzoate (76 mg, 85%), a pale yellow solid which was obtained 
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by column chromatography (0→5% MeOH in DCM + 1% Et3N). 
1H NMR (500 MHz, CDCl3) δ 8.08–8.02 (m, 2H), 7.60–7.54 (m, 1H), 7.49–7.43 (m, 2H), 4.96 (tt, 
J = 10.8, 4.3 Hz, 1H), 2.80 (tt, J = 10.7, 3.9 Hz, 1H), 2.17–2.10 (m, 2H), 2.01–1.93 (m, 2H), 1.64–
1.50 (m, 4H), 1.37–1.26 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 166.04, 132.74, 130.71, 129.49, 
128.24, 73.04, 49.50, 34.09, 30.14. 
Data in correspondence with those in literature.(10) 

4-Methoxy-2-nitroaniline (17) 
Following the general procedure for the catalytic Staudinger reduction, 1-azido-4-
methoxy-2-nitrobenzene(11) (100 mg) was converted into 4-methoxy-2-nitroaniline 
(65 mg, 51%), a yellow solid which was obtained by column chromatography 
(0→5% MeOH in DCM + 1% Et3N). From this reaction, 5-methoxyfurazan 20 

was isolated as well in a 49% yield.(5a) 
1H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 3.0 Hz, 1H), 7.07 (dd, J = 9.1, 3.0 Hz, 1H), 6.77 (d, J = 
9.1 Hz, 1H), 5.92 (s, 2H), 3.79 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 150.72, 139.94, 131.42, 
126.72, 120.11, 106.15, 55.80. 
Physical data in correspondence with the commercially available compound (CAS number: 96-96-8). 

5-Methoxyfurazane (20) 
IR ν (neat) 1633, 1547, 1494, 1463, 1235, 1142, 1011 cm-1. 1H NMR (500 MHz, 
CDCl3) δ 7.70 (dd, J = 9.6, 0.8 Hz, 1H), 7.11 (dd, J = 9.6, 2.1 Hz, 1H), 6.87–6.84 
(m, 1H), 3.93 (d, J = 1.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.37, 150.10, 
146.94, 129.35, 117.21, 89.56, 55.92. LRMS (EI+) calcd for C7H6N2O2 [M]+ 150, 

found  150. 
Data in correspondence with those in literature.(5b) 
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Abstract 

A Staudinger/aza-Wittig reaction sequence is described that is catalytic in phosphorus. The 
substrate scope is investigated and benzoxazoles, benzodiazepine imidates and a 2-
methoxypyrrole could be successfully synthesized. The investigations show that a fast aza-
Wittig reaction is required to overcome a competing P=N bond reduction (i.e. Staudinger 
reduction) to obtain high yields.  
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6.1 Introduction 

The aza-Wittig reaction has proven to be extremely effective to construct C=N bonds from 
ketones or aldehydes and is particularly effective to construct (aromatic) heterocycles.(1) 
However, as with most phosphine-consuming reactions, the phosphine oxide side product 
can be a problematic issue during product purification and lowers the atom economy of the 
reaction. Therefore, a strong desire exists for developing cleaner, preferably catalytic, 
variants of the aza-Wittig reaction.(2) 

As described in Chapter 1, Marsden et al. have developed a catalytic variant of the aza-
Wittig reaction, by reacting a substrate containing both an ester and an isocyanate function 
in the presence of catalytic phospholene oxide 1 (Scheme 6.1a).(3) In this process, it is 
projected that reaction of the isocyanate with phospholane oxide 1 leads to an 
iminophosphorane intermediate that undergoes intramolecular aza-Wittig reaction with the 
ester moiety to liberate the desired C=N-containing product.  

In Chapter 5 it is shown that the Staudinger reduction of azides proceeds via a similar 
intermediate iminophosphorane, which can thus in principle also react with a carbonyl 
functionality in an aza-Wittig fashion. Hence, we envisioned that a catalytic 
Staudinger/aza-Wittig sequence should be feasible. As visualized in Scheme 6.1b, such a 
tandem sequence should involve intramolecular reaction of the intermediate 
dibenzophosphole-based iminophosphorane 3 with an ester moiety, before reduction takes 
place. Notably, such a strategy requires stable starting materials, which compares favorably 
to the earlier reported isocyanates. In this chapter, we describe the synthesis of benzoxazoles, 
benzodiazepine imidates and a 2-methoxypyrrole, all from azide-containing esters, by virtue 
of a catalytic Staudinger/aza-Wittig protocol. 

 
Scheme 6.1 a) The aza-Wittig reaction as developed by Marsden et al. via the redox-neutral reaction 

pathway; b) The proposed mechanistic cycle for the Staudinger/aza-Wittig sequence as presented in this 

chapter.  
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6.2 Benzoxazole Synthesis 

From Scheme 6.1b it becomes clear that the iminophosphorane should preferentially react 
with the carbonyl moiety, but we recognized the competing P=N bond reduction (i.e. 
Staudinger reduction, see Chapter 5) as a potential pitfall. We therefore first investigated 
the relative reduction rate of iminophosphoranes based on the organophosphorus catalysts 2 
and 6. As described in Chapter 4, we had previously established that reduction of the 
corresponding oxides of dibenzophospholes 2 and 6 was fast enough to achieve catalytic 
turnovers and so that both catalysts were deemed suitable candidates for the catalytic 
Staudinger/aza-Wittig reaction. At the same time, we realized that reduction of the P=N 
bond should be minimized under these conditions in order to favor the desired reaction of 
intermediate iminophosphorane with the carbonyl group. To this end, iminophosphoranes 4 
and 5 were synthesized and individually subjected to reduction with diphenylsilane (1.5 
equiv) in dioxane-d8 at 101 °C. We observed a faster P=N bond reduction of methoxy-
substituted 5 with respect to 4 and thus decided to continue our investigations with 1 (R = 
H). 

 
Scheme 6.2 Reduction of iminophosphoranes 4 and 5 by Ph2SiH2. Reactions (0.1 M in dioxane-d8,  

101 °C) were monitored by 31P NMR spectroscopy. 

Our first focus while performing intramolecular aza-Wittig reactions was on the synthesis of 
benzoxazoles, a class of compounds featured for instance in natural products,(4) 
pharmaceutically relevant compounds(5) and functional materials.(6) Currently, there are two 
distinct methods for the synthesis of benzoxazoles from aminophenols. One is the direct 
reaction with carboxylic acids mediated by strong acids(7) or high temperatures under 
microwave irradiation.(8) The alternative approach relies on reaction of the amino group with 
an aldehyde, to form an intermediate imine that subsequently undergoes oxidative 
cyclization.(9) An aza-Wittig reaction might offer milder conditions and higher selectivities 
compared to the established methods. More importantly, we envisioned that benzoxazole-
precursors could effectively be used to investigate the influence of different substituents on 
the P=N bond reduction vs. aza-Wittig cyclization ratio. The requisite starting materials 
were readily obtained from commercially available compounds by a two-step procedure: first 
formation of 2-azidophenol by diazotation and nucleophilic aromatic substitution with 
sodium azide, followed by acylation with an acid chloride (Scheme 6.3). 

  

P
Ph

R R

NBn
P
Ph

R R

2, R = H, 20 h
6, R = OMe, 9 h

Ph2SiH2 (1.5 equiv)

4, R = H
5, R = OMe

dioxane (0.1 M)
101 °C



Chapter 6 

 86 

 
Scheme 6.3 Substrate synthesis for catalytic Staudinger/aza-Wittig sequence. a) HCl, NaNO2 at 0 °C in 

H2O, then NaN3 at RT; b) Et3N, DMAP and R2COCl at 0 °C in DCM. 

With both the desired catalyst and substrates in hand, the stage was set for selection of a 
suitable reagent for the in situ phosphine oxide reduction. Two commonly applied reagents 
to effect such transformations involve diphenylsilane and phenylsilane. Hence 2-
azidophenyl benzoate (7a) and dibenzophosphole 2 (10 mol%) were treated with either of 
these reagents to induce a catalytic Staudinger/aza-Wittig reaction (Table 6.1). Less product 
was isolated for the stronger reducing agent phenylsilane (entry 1, 50%) than for the milder 
diphenylsilane (entry 2, 74%), which was taken as an indication that competitive P=N bond 
reduction was taking place. Hence, diphenylsilane was selected for further use. As a 
reference, the reaction with a stoichiometric amount (1.1 equiv) of dibenzophosphole 2 
proceeded similarly (74% yield, not shown). In the absence of a silane reductant, only 10% 
conversion to the product was observed by NMR (entry 3).  

To investigate the effect of variations in the acyl moiety (R2), several structural analogues of 
7 were heated in the presence of 2 and diphenylsilane. It became clear that an electron-
donating substituent on the ester moiety has a positive effect on the aza-Wittig reaction 
(entry 4, 95%), while an electron-withdrawing group decreases the isolated yield (entry 5, 
66%). We hypothesize that electron-withdrawing substituents decelerate the aza-Wittig 
cyclization, thereby paving the way for the undesired, competitive P=N bond reduction. 
Different alkyl esters gave good conversions to the corresponding benzoxazoles (entries 7 
and 8).  

In contrast to the influence of different esters, variations on the azide-containing aryl ring 
(R1) showed only mediocre isolated yields for both electron-donating and withdrawing 
substituents (entries 9-12). Although it is known that the reactivity of iminophosphorane in 
aza-Wittig reactions depends on the polarity of the P=N bond and the basicity of the 
system,(10) an electron-donating substituent as the OMe group might also increase the 
reduction rate in a similar fashion as it does for phosphine oxides (see Chapter 2). An 
electron-withdrawing substituent such as the nitro group (entry 11) or chloride (entry 12) 
likely decreases the aza-Wittig cyclization rate and thus indirectly promote P=N bond 
reduction. Indeed, a higher yield could be obtained by suppressing the P=N bond reduction 
by maintaining a lower silane concentration through slow addition over time (entry 13). 
Furthermore, a remarkably high yield was obtained with a higher catalyst loading (35 mol%) 
(entry 14). 
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Table 6.1 Benzoxazole synthesis via catalytic Staudinger/aza-Wittig reaction. 

 
Entry R1 R2 Silane Product Time (h) Yielda (%) 
1 H Ph PhSiH3 8a 16 50 
2 H Ph Ph2SiH2 8a 24 74 
3 H Ph - 8a 24 10b 
4 H 4-MeOC6H4 Ph2SiH2 8b 24 95 
5 H 4-F3CC6H4 Ph2SiH2 8c 48 66 
6 H 4-PhC6H4 Ph2SiH2 8d 24 70 
7 H Me Ph2SiH2 8e 24 59c 
8 H t-Bu Ph2SiH2 8f 24 80 
9 5-OMe Ph Ph2SiH2 8g 22 54 
10 4-OMe Ph Ph2SiH2 8h 24 55 
11 4-NO2 Ph Ph2SiH2 8i 44 53 
12 5-Cl Ph Ph2SiH2 8j 44 55 
13 5-Cl Ph Ph2SiH2 8j 44 65d 
14 5-Cl Ph Ph2SiH2 8j 6 84e 
(a) isolated yields; (b) conversion according to 1H NMR analysis; (c) volatility of the 
product lowered the isolated yield, GC yield was 80% (corrected by internal standard); 
(d) Ph2SiH2 was added by pump over 24 h; (e) 35 mol% 2 was used. 

6.3 Benzodiazepine Synthesis 

After the potential of the catalytic Staudinger/aza-Wittig protocol was established by the 
synthesis of benzoxazoles, we decided to shift our focus to the synthesis of 7-membered 
benzodiazepines. This was stimulated by the fact that benzodiazepines are the core structure 
of several pharmaceutical ingredients such as diazepam, midazolam, nitrazepam and 
triazolam. Hence, we initially focused on the synthesis of substituted variants of the core 
structure, 1,4-benzodiazepin-2-one 10, of these particular compounds (Table 6.2). By 
applying the optimized conditions for the aza-Wittig reaction, we successfully obtained 
product 10a from azidoketone 9a (entry 1) in excellent yield. However, in this particular case 
it cannot be excluded that an intermediate silylamine, formed by the competing P=N bond 
reduction, cyclizes to the imine product by straightforward condensation. In the case of ester 
analogues 9b-d, such direct nucleophilic attack of an intermediate amine which would lead 
to amide product instead of the desired imidates 10b-d and thus the reaction pathway for 
these particular substrates is apparent by the type of product that is formed. Unfortunately, 
cyclization of 9b, a primary amide, did not lead to detectable formation of product, neither 
desired imidate nor the corresponding amide being observed in a complex mixture of 
products (entry 2). The methylated derivative of 9b, i.e. secondary amide 9c (R2 = Me, entry 
3), did however afford the desired 5-methoxy-1,4-benzodiazepin-2-one 10c via aza-Wittig 
transformation, presumably as a consequence of facilitated s-cis/trans isomerization around 
the amide bond. Increasing the steric hindrance and the C(O)–CR3 rotation barrier near the 
azide group by a phenyl substituent (R3 = Ph, entry 4) led to a slower aza-Wittig cyclization 
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and resulted in a complex mixture of products. In passing, we note that 10c is a structural 
variation of the aforementioned pharmaceutical compounds, and similar imidates are known 
to display central nervous system activities.(11) 

Table 6.2 Synthesis of 3H-1,4-benzodiazepin-2(1H)-ones 8 via the Staudinger/aza-Wittig protocol. 

 
Entry Substrate R1 R2 R3 Product Time (h) Yielda (%) 
1 9a Ph H H 10a 16 88 
2 9b OMe H H 10b 16 0b 
3 9c OMe Me H 10c 16 60 
4 9d OMe Me Ph 10d 16 0b 
(a) isolated yields. (b) complex mixture of products in which 10 could not be detected 

 
We also investigated the synthesis of the isomeric 2-alkoxy-3H-1,4-benzodiazepin-5(4H)-
ones (12a-i) from the corresponding azido esters 11, which are readily obtained by reaction 
of amino ester with 2-azidobenzoyl chlorides (Scheme 6.4). The synthesis of 2-alkoxy-3H-
1,4-diazepin-5(4H)-ones (12) by a stoichiometric aza-Wittig is well documented by Eguchi 
et al., while Bräse et al. extended the Eguchi procedure to a protocol using immobilized 
phosphines.(12) It was shown that also in these cases cyclization of sterically hindered 
phosphines (i.e. Ph3P) would only take place for secondary amides (R1 = Me, Bn) and that 
only sterically less demanding phosphines enable cyclization of non-substituted amides (R1 = 
H) by prolonged reaction at elevated temperatures (16 h, 140 °C).  

 
Scheme 6.4 Synthetic pathway to obtain 2-alkoxy-3H-1,4-benzodiazepin-5(4H)-ones (10) from amino 

esters via acylation and subsequent aza-Wittig cyclization. 
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Table 6.3 Synthesis of 3H-1,4-benzodiazepin-5(4H)-ones via the Staudinger/aza-Wittig protocol. 

 
Entry Substrate Time (h) Yielda 12 (%) Yielda 13 (%) 

1 
 

11a 

48 0b - 

2 
 

11b 

48 23 - 

3 
 

11c 

70 11 48 

4 
 

11d 

25 0 58 

5 
 

11e 

46 10 - 

6 
 

11f 

16 81 - 

7 
 

11g 

16 64 - 

8 
 

11h 

72 7 91 

9 
 

11i 

44 21c - 

(a) isolated yields; (b) reaction with Ph3P gave an iminophosphorane that did not react to imidate even 
under prolonged heating (3 d at 140 °C); (c) additionally, 54% of 14i was isolated (Scheme 6.5); 
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The results depicted in Table 6.3 show that 5-phenyldibenzophosphole (2) displayed similar 
reactivity as triphenylphosphine, i.e. no conversion was obtained for the primary amide 
(entry 1), while for secondary amides some conversion was observed (entries 2–9). A small 
substituent such as a methyl group, however, only partially induced cyclization and 
consequently the competing P=N bond reduction was dominating. Increasing the amide 
bulk with a benzyl group did not improve the yield, but instead led to the formation of 
aniline 13d in 48% yield, which confirmed that P=N bond reduction is indeed a competing 
reaction. Similar observations were made with gem-dimethyl substrate 11c, as 58% aniline 
13c was obtained. However, fast cyclization took place for L-proline-derived azidoester 11f 
and imidate 12f was obtained in 81% yield (entry 6).(13) Moreover, the trans-2-
hydroxyproline-derived azidoester 11g reacted in 64% yield to the desired imidate (entry 7), 
but surprisingly, the six-membered pipecolic ester derivative 11h resulted in only 7% 
cyclization and 91% of isolated aniline 13h (entry 8). Furthermore, a similar sensitivity to 
substituents on the aromatic system was observed as for benzoxazole formation, since a 
chloride at R3 lowers the yield significantly (entry 9) and a large amount of dilactam 14i was 
isolated that is most likely formed by an amidation reaction (Scheme 6.5). 

 
Scheme 6.5 Staudinger reduction of 11i and subsequent amidation to 14i. 

6.4 2-Methoxypyrrole Synthesis 

A third class of target substrates that the catalytic Staudinger/aza-Wittig sequence could be 
suitable for, involved the 2-methoxy-substituted pyrroles (Scheme 6.6). In this case, 
treatment of azidoester 15 with 2 in the presence of diphenylsilane presumably led to aza-
Wittig cyclization to give 2H-pyrrole 16 as an intermediate that immediately tautomerized 
to give 2-methoxy-1H-pyrrole 17 in a 65% yield. This yield is nearly identical to the 
stoichiometric variant with triphenylphosphine (1.3 equiv), which was reported by the group 
of Montforts (60%).(14) 

 
Scheme 6.6 Synthesis of 2-methoxypyrrole 16 via the catalytic aza-Wittig protocol. 

6.5 Conclusions 

We have successfully developed a catalytic Staudinger/aza-Wittig sequence based on in situ 
reduction of 5-phenyldibenzophosphole oxide by diphenylsilane. The sequence is applicable 
to obtain a range of heterocycles from precursor azidoketones or azidoesters, leading to the 
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desired imines or imidates, respectively. We have observed that a fast aza-Wittig cyclization 
is essential to minimize competing P=N bond reduction. In general, benzoxazoles were 
obtained in moderate to good yields, depending on the substitution pattern of the starting 
material. The pharmaceutically relevant benzodiazapines were successfully obtained when 
the substitution pattern promoted rapid cyclization. These examples show that 
organophosphorus catalysis is even possible in the presence of sensitive functional groups, 
such as the iminophosphorane group. 
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6.7 Experimental Section 

See Chapter 2 for the general experimental section and the synthesis of 5-
phenyldibenzophospholes 2 and 6. 

Procedure for the Reactions as Shown in Scheme 6.2 Monitored by NMR. 
Phosphine 2 or 6 (0.10 mmol) was dissolved in dioxane-d8 (0.5 mL) in a dried NMR-tube and benzyl 
azide (0.10 mmol) was added. The mixture was heated to 101 °C for 30 min and the full conversion of 
azide and phosphine was confirmed by NMR. Then diphenylsilane or phenylsilane (0.15 mmol) was 
added and the mixture was again heated to 101 °C and analyzed at timed intervals until full conversion 
was achieved. 

General Procedure A for Azidophenol Synthesis 
The 2-aminophenol (1 equiv) is suspended into water (0.3 M) and concentrated HCl (in H2O, 3.3 
equiv) is added and cooled to 0 °C. To this a solution of NaNO2 (1 equiv) is added and the mixture is 
stirred for 10 min. before NaN3 (1.2 equiv) is added is portions. The reaction mixture is then left to 
stir for 2 hours at room temperature and extracted with EtOAc (3 ! with same volume as reaction 
mixture). The combined organic layers are washed with aqueous saturated NaHCO3 and brine and 
dried over MgSO4. Concentration in vacuo and flash column chromatography (0→10% EtOAc in 
heptane) gave the azidophenol. 

2-Azidophenol 
According to general procedure A, 2-aminophenol (10.0 g, 92.0 mmol) was converted 
into 2-azidophenol (9.70 g, 78%) that was obtained as a red solid. 
IR (neat) ν 3417, 2121, 2085, 1494, 1294, 744 cm-1. 1H NMR (500 MHz, CDCl3) δ 
7.09–7.06 (m, 1H), 7.07–7.03 (m, 1H), 6.94 (td, J = 7.7, 1.5 Hz, 1H), 6.93–6.91 (m, 

1H), 5.37 (s, 1H). 13C NMR (126 MHz, CDCl3) δ 147.21, 126.03, 125.90, 121.16, 118.25 (d, J = 0.6 
Hz), 115.94 (d, J = 0.6 Hz). HRMS (EI+) calcd. for C6H5N3O [M]+ 135.0433 found 135.0432. 

2-Azido-5-methoxyphenol 
According to general procedure A, 2-amino-5-methoxyphenol (2.00 g, 11.4 mmol) 
was converted into 2-azido-5-methoxyphenol (780 mg, 42%) that was obtained as a 
red solid.  
IR (neat) ν 3450, 2111, 1500, 1254, 1191, 1143 cm-1. 1H NMR (300 MHz, 

CDCl3) δ 7.00–6.95 (m, 1H), 6.54–6.48 (m, 2H), 5.20 (bs, 1H) 3.77 (s, 3H). 13C NMR (75 MHz, 
CDCl3) δ 158.28, 148.24, 118.93, 118.61, 107.12, 102.10, 55.73. HRMS (FAB+) calcd. for 
C7H8O2N3 [M+H]+ 166.0617, found 166.0616. 

OH

N3

OH

N3

MeO
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2-Azido-4-methoxyphenol 
According to general procedure A, 2-amino-4-methoxyphenol (2.00 g, 11.4 mmol) 
was converted into 2-azido-4-methoxyphenol (180 mg, 8%) that was obtained as a 
red solid.  
1H NMR (300 MHz, CDCl3) δ 6.84 (d, J = 8.6 Hz, 1H), 6.62 (dt, J = 8.6, 2.7 Hz, 

1H), 4.93 (bs, 1H), 3.78 (s, 3H). 

2-Azido-4-nitrophenol 
According to general procedure A, 2-amino-4-nitrophenol (1.00 g, 6.49 mmol) was 
converted into 2-azido-5-chlorophenol (1.02 g, 87%) that was obtained as an orange 
solid.  
IR (neat) ν 3296, 2131, 1588, 1517, 1495, 1432, 1325, 1277, 1196, 1137, 1073 cm-

1. 1H NMR (400 MHz, CDCl3) δ 8.04-7.99 (m, AB of ABX, JAB = 2.5 Hz, JAX = 0.4 Hz, JBX = 8.8 Hz,  
2H), 7.03 (dd, J = 8.8, 0.4 Hz, 1H), 5.98 (bs, 1H). 13C NMR (75 MHz, CDCl3) δ 152.83, 141.69, 
127.30, 122.48, 116.02, 114.38. 

2-Azido-5-chlorophenol 
According to general procedure A, 2-amino-5-chlorophenol (4.00 g, 27.9 mmol) was 
converted into 2-azido-5-chlorophenol (3.80 g, 80%) that was obtained as a red solid.  
IR (neat) ν 2131, 2090, 1588, 1491 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.00 (dd, J 
= 8.3, 0.5 Hz, 1H), 6.94 (dd, J = 2.3, 0.5 Hz, 1H), 6.93 (dd, J = 8.3, 2.3 Hz, 1H), 

5.37 (bs, 1H). 13C NMR (75 MHz, CDCl3) δ 147.75, 131.08, 124.79, 121.22, 118.90, 116.41. 
HRMS (CI+) calcd. for C6H5ClN3O [M+H] 170.0121, found 170.0133. 

General Procedure B for Azidobenzoic Ester Synthesis 
2-Azido-phenol (1 equiv) was dissolved in DCM (0.2 M) and cooled to 0 °C. Next, Et3N (1.5 equiv), 
DMAP (0.1 equiv) and the acid chloride (1.2 or 1.5 equiv) were added and the mixture was stirred for 
2 h. The mixture was washed with water and brine, dried over Na2SO4 and concentrated in vacuo. The 
crude material was purified by column chromatography. 

2-Azidophenyl Benzoate (7a) 
According to general procedure B, 2-azidophenol (5.00 g, 37.0 mmol) was reacted with 
benzoyl chloride (7.80 g, 55.5 mmol) to give 2-azidophenyl benzoate (8.10 g, 92%) as a 
red oil that solidified overnight in the freezer. 
IR (neat) ν 2124, 2092, 1757, 1492, 1298, 1204, 1058, 706 cm-1. 1H NMR (500 MHz, 

CDCl3) δ 8.23–8.20 (m, 2H), 7.67–7.63 (m, 1H), 7.55–7.50 (m, 2H), 7.30 (ddd, J = 8.1, 5.3, 3.5 Hz, 
1H), 7.24–7.17 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 164.54, 141.99, 133.80, 132.59, 130.34, 
128.80, 128.62, 127.11, 125.47, 123.86, 119.97. HRMS (EI+) calcd for C13H9N3O2 [M]+ 239.0695, 
found 239.0692. 

2-Azidophenyl 4-Methoxybenzoate (7b) 
According to general procedure B, 2-azidophenol (268 mg, 1.98 mmol) was 
reacted with 4-methoxybenzoyl chloride (513 mg, 2.98 mmol) to give2-
azidophenyl 4-methoxybenzoate (515 mg, 96%) as a off-white solid.  
IR (neat) ν 2124, 1735, 1606, 1515, 1493, 1316, 1256, 1200, 1169, 1096, 
1066, 1031 cm-1. 1H NMR (500 MHz, CDCl3) δ 8.19–8.14 (m, 2H), 7.32–

7.26 (m, 1H), 7.22–7.18 (m, 3H), 7.01–6.98 (m, 2H), 3.90 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 
164.42, 164.25, 142.36, 132.77, 132.66, 127.10, 125.61, 124.14, 121.21, 120.17, 114.08, 55.68. 
HRMS (FAB+) calcd. for C14H12O3N3 [M+H]+ 270.0879, found 270.0878. 
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2-Azidophenyl 4-(Trifluoromethyl)benzoate (7c) 
According to general procedure B, 2-azidophenol (250 mg, 1.85 mmol) was 
reacted with 4-(trifluoromethyl)benzoyl chloride (463 mg, 2.22 mmol) 
according to give 2-azidophenyl 4-(trifluomethyl)benzoate (548 mg, 96%) as 
a light red solid. 
IR (neat) ν 2123, 1743, 1488, 1324, 1255, 1198, 1069, 1008, 1125 cm-1. 1H 

NMR (300 MHz, CDCl3) δ 1H NMR (300 MHz, CDCl3) δ 8.35 (d, J = 8.1 Hz, 2H), 7.82 (d, J = 8.2 
Hz, 2H), 7.41–7.31 (m, 1H), 7.30–7.20 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 163.38, 141.61, 
135.23 (q, J = 32.8 Hz), 132.55, 132.12 (t, J = 1.8 Hz), 130.75, 127.45, 125.68 (q, J = 3.7 Hz), 125.56, 
123.68, 123.53 (q, J = 272.8 Hz), 119.99. HRMS (FAB+) calcd for C14H8F3O2 [M-2N]+ 280.0585, 
found 280.0581. 

2-Azidophenyl [1,1'-Biphenyl]-4-carboxylate (7d) 
According to general procedure B, 2-azido-phenol (200 mg, 1.48 mmol) was 
reacted with biphenyl-4-carbonyl chloride (481 mg, 2.22 mmol) to give 2-
azidophenyl [1,1'-biphenyl]-4-carboxylate (440 mg, 94%) as a pale yellow 
solid.  
IR (neat) ν 2126, 2094, 1739, 1492, 1261, 1205, 1065, 743 cm-1. 1H NMR 

(300 MHz, CDCl3) δ 8.30–8.25 (m, 2H), 7.77–7.71 (m, 2H), 7.68–7.62 (m, 2H), 7.53–7.45 (m, 2H), 
7.45–7.38 (m, 1H), 7.31 (ddd, J = 8.1, 5.6, 3.1 Hz, 1H), 7.26–7.19 (m, 3H). 13C NMR (75 MHz, 
CDCl3) δ 164.45, 146.60, 142.06, 139.83, 132.63, 130.88, 128.98, 128.34, 127.49, 127.33, 127.31, 
127.12, 125.50, 123.90, 120.01. HRMS (CI+) calcd. for C19H14O2N3 [M+H]+ 316.1086, found 
316.1083. 

2-Azidophenyl Acetate (7e) 
According to general procedure B, 2-azidophenol (2.00 g, 14.8 mmol) was reacted with 
acetyl chloride (1.76 g, 22.2 mmol) to give 2-azidophenyl acetate (2.50 g, 95%) as a 
yellowish solid. 
IR (neat) ν 2960, 2125, 2091, 1755, 1491,1199 cm-1. 1H NMR (300 MHz, CDCl3) δ 

7.29–7.22 (m, 1H), 7.19–7.11 (m, 2H), 7.10–7.04 (m, 1H), 2.33 (s, 3H). 13C NMR (75 MHz, 
CDCl3) δ 168.94, 142.03, 132.46, 127.23, 125.61, 123.87, 120.16, 20.74. HRMS (FAB+) calcd. for 
C8H8O2N3 [M+H]+ 178.0617, found 178.0619. 

2-Azidophenyl Pivalate (7f) 
According to general procedure B, 2-azidophenol (100 mg, 747 µmol) was reacted with 
pivaloyl chloride (108 mg, 897 µmol) to give 2-azidophenyl pivalate (87 mg, 53%) as a 
yellowish solid.  

IR (neat) ν 2120, 1742, 1493, 1260, 1104, 1093 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.25 (ddd, J = 
8.0, 7.2, 1.5 Hz, 1H), 7.18 (dd, J = 8.0, 1.7 Hz, 1H), 7.14 (ddd, J = 8.0, 7.3, 1.7 Hz, 1H), 7.02 (dd, J 
= 7.9, 1.5 Hz, 1H), 1.38 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 176.48, 142.12, 132.54, 126.82, 
125.38, 123.64, 119.75, 39.15, 27.16. HRMS (EI+) calcd for C11H13N3O2 [M]+ 219.1008, found 
219.1012. 

2-Azido-5-methoxyphenyl Benzoate (7g) 
According to general procedure B, 2-azido-5-methoxyphenol (490 mg, 2.97 
mmol) was reacted with benzoyl chloride (460 mg, 4.42 mmol) to give  2-azido-5-
methoxyphenyl benzoate (745 mg, 93%) as a white solid. 

IR (neat) ν 2133, 2095, 1731, 1504, 1237, 705 cm-1. 1H NMR (300 MHz, CDCl3) δ 8.24–8.18 (m, 
2H), 7.70–7.61 (m, 1H), 7.56–7.48 (m, 2H), 7.12 (d, J = 8.8 Hz, 1H), 6.86 (dd, J = 8.8, 2.8 Hz, 1H), 
6.78 (d, J = 2.8 Hz, 1H), 3.80 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 164.45, 157.38, 142.65, 
134.51, 133.85, 130.36, 128.64, 124.92, 120.54, 112.95, 109.64, 55.76. HRMS (FAB+) calcd for 
C14H12O3N3 [M+H]+ 270.0879, found 270.0883. 
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2-Azido-4-methoxyphenyl Benzoate (7h) 
According to general procedure B, 2-azido-4-methoxyphenol (160 mg, 969 µmol) 
was reacted with benzoyl chloride (208 mg, 1.45 µmol) to give 2-azido-4-
methoxyphenyl benzoate (240 mg, 92%) as a greenish solid. 

IR (neat) ν 2112, 1741, 1505, 1199, 1058, 707 cm-1. 1H NMR (300 MHz, CDCl3) δ 8.21 (d, J = 7.3 
Hz, 2H), 7.64 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.6 Hz, 2H), 7.10 (dd, J = 7.4, 2.1 Hz, 1H), 6.72 (dd, J 
= 7.8, 2.3 Hz, 2H), 3.83 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 164.48, 157.77, 135.20, 133.26, 
132.65, 129.83, 128.42, 128.12, 123.81, 110.14, 105.17, 55.27. HRMS (CI+) calcd for C14H11O3N3 
[M]+ 269.0800, found 269.0782. 

2-Azido-4-nitrophenyl Benzoate (7i) 
According to general procedure B, 2-azido-4-nitrophenol (150 mg, 833 µmol) was 
reacted with benzoyl chloride (140 mg, 9.99 µmol) to give 2-azido-4-
methoxyphenyl benzoate (160 mg, 68%) as a pale yellow solid. 
IR (neat) ν 2133, 1736, 1523, 1489, 1351, 1298, 1259, 1248, 1207, 1173, 1072, 

1037, 1017 cm-1. 1H NMR (400 MHz, CDCl3) δ 8.23–8.18 (m, 2H), 8.12–8.07 (m, AB of ABX, JAB 
= 2.6 Hz, JAX = 0.4 Hz, JBX = 8.7 Hz, 2H), 7.72–7.67 (m, 1H), 7.58–7.53 (m, 2H), 7.41 (dd, J = 8.7, 
0.4 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 163.85, 147.02, 146.25, 134.58, 130.66, 129.00, 128.05, 
124.82, 120.75, 115.68. HRMS (EI+) calcd. for C13H8N4O4 [M-N2]+ 256.0484, found 256.0487. 

2-Azido-5-chlorophenyl Benzoate (7j) 
According to general procedure B, 2-azido-5-chlorophenol (500 mg, 2.95 mmol) 
was reacted with benzoyl chloride (634 mg, 4.42 mmol) to give 2-azido-5-
chlorophenyl benzoate (690 mg, 86%)  was obtained as a red oil that solidified 

overnight in the freezer. 
IR (neat) ν 2125, 2088, 1739, 1493, 1257, 1207, 1057, 695 cm-1. 1H NMR (300 MHz, CDCl3) δ 
8.24–8.15 (m, 2H), 7.71–7.61 (m, 1H), 7.52 (t, J = 7.6 Hz, 2H), 7.32–7.20 (m, 2H), 7.13 (d, J = 8.5 
Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 164.12, 142.30, 134.04, 131.49, 130.37, 130.25, 128.68, 
128.33, 127.18, 124.37, 120.69. HRMS (CI+) calcd for C13H8O2N3 [M]+ 273.0305, found 273.0283. 

General Procedure C for the aza-Wittig Reaction 
The 2-azidophenol ester (1 equiv) was dissolved in dry dioxane (0.2 M) and diphenylsilane (1.1 equiv) 
was added. Next, 5-phenyldibenzophosphole (0.1 equiv) was added and the mixture was heated to 101 
°C and stirred for the indicated time. Then, the solvent was evaporated and the crude product was 
purified by column chromatography (pentane/Et2O or heptane/EtOAc). 

2-Phenylbenzoxazole(8a) 
According to general procedure C for the aza-Wittig reaction, 7a (50 mg, 0.21 
mmol) was converted into 2-phenylbenzoxazole (60 mg, 74%) that was isolated by 
column chromatography (0→10% Et2O in pentane). 

IR (neat) ν 1553, 1448, 1242, 1053, 746, 704, 689 cm-1. 1H NMR (300 MHz, CDCl3) δ 8.32–8.22 
(m, 2H), 7.81–7.74 (m, 1H), 7.62–7.55 (m, 1H), 7.55–7.50 (m, 3H), 7.40–7.31 (m, 2H). 13C NMR 
(75 MHz, CDCl3) δ 163.04, 150.76, 142.11, 131.50, 128.90, 127.62, 127.18, 125.09, 124.56, 120.02, 
110.58. HRMS (EI+) calcd. for C13H9NO [M]+ 195.0684, found 195.0704. 
Data in correspondence to commercially available compound (CAS: 833-50-1) 

2-(4-Methoxyphenyl)benzoxazole (8b) 
According to general procedure C for the aza-Wittig reaction, 7b (202 mg, 
0.700 mmol) was converted into 2-(4-methoxyphenyl)benzoxazole (160 
mg, 95%) that was isolated by column chromatography (0→5% EtOAc in 

heptane). 
IR (neat) ν 1616, 1502, 1453, 1254, 1242, 1169, 1017, 740, 729 cm-1. 1H NMR (500 MHz, CDCl3) δ 
8.22–8.18 (m, 2H), 7.76–7.71 (m, 1H), 7.57–7.53 (m, 1H), 7.35–7.29 (m, 2H), 7.05–7.01 (m, 2H), 
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3.89 (s, 3H).  13C NMR (126 MHz, CDCl3) δ 163.16, 162.31, 150.67, 142.28, 129.38, 124.58, 
124.40, 119.71, 119.62, 114.35, 110.37, 55.45. 
 HRMS (EI+) calcd. for C14H11NO2 [M]+ 225.0790, found 225.0798. 

2-(4-(Trifluoromethyl)phenyl)benzoxazole (8c) 
According to general procedure C for the aza-Wittig reaction, 7c (100 mg, 
0.325 mmol) was converted into 2-(4-(trifluoromethyl)phenyl)benzoxazole 
(57 mg, 66%) that was isolated by column chromatography (0→5% Et2O in 

pentane). 
IR (neat) ν 1324, 1169, 1113, 1069,845, 741 cm-1. 1H NMR (500 MHz, CDCl3) δ 8.41 (ddt, J = 3.6, 
1.6, 0.8 Hz, 2H), 7.85–7.80 (m, 3H), 7.68–7.61 (m, 1H), 7.46–7.39 (m, 2H). 13C NMR (126 MHz, 
CDCl3) δ 161.49, 150.87, 141.91, 133.00 (q, J = 32.7 Hz), 130.45, 127.87, 125.94 (q, J = 3.8 Hz), 
125.82, 124.96, 123.75 (q, J = 272.4 Hz), 120.42, 110.81. HRMS (FAB+) calcd for C14H8F3NO 
[M+H]+ 264.0636, found 264.0630 

2-([1,1'-Biphenyl]-4-yl)benzoxazole (8d) 
According to general procedure C for the aza-Wittig reaction, 7d (100 mg, 
0.317 mmol) was converted into 2-([1,1'-biphenyl]-4-yl)benzoxazole (60 
mg, 70%) that was isolated by column chromatography (0→5% EtOAc in 

heptane). 
IR (neat) ν 1484, 1060, 845, 734 cm-1. 1H NMR (300 MHz, CDCl3) δ 8.36–8.33 (m, 1H), 8.33–8.30 
(m, 1H), 7.83–7.74 (m, 3H), 7.70–7.64 (m, 2H), 7.63–7.56 (m, 1H), 7.52–7.44 (m, 2H), 7.43–7.32 
(m, 3H). 13C NMR (75 MHz, CDCl3) δ 162.92, 150.80, 144.23, 142.20, 139.99, 128.93, 128.08, 
128.05, 127.55, 127.15, 125.95, 125.09, 124.59, 119.98, 110.57. HRMS (EI+) calcd. for C19H13NO 
[M]+ 271.0997, found 271.0982. 

2-Methylbenzoxazole (8e) 
According to general procedure C for the aza-Wittig reaction, 7e (150 mg, 0.847 
mmol) was converted into 2-methylbenzoxazole (66 mg, 59%) that was isolated by 
column chromato-graphy (0→10% Et2O in pentane) and subsequent distillation in a 

Kugelrohr. 
1H NMR (300 MHz, CDCl3) δ 7.69–7.61 (m, 1H), 7.49–7.43 (m, 1H), 7.32–7.24 (m, 2H), 2.63 (s, 
3H). 13C NMR (75 MHz, CDCl3) δ 163.78, 150.97, 141.52, 124.41, 124.05, 119.40, 110.17, 14.50. 
Data in correspondence to commercially available compound (CAS: 95-21-6). 

2-(tert-Butyl)benzoxazole (8f) 
 According to general procedure C for the aza-Wittig reaction, 7f (20 mg, 91 µmol) 
was converted into 2-(tert-butyl)benzoxazole (20 mg, 80%) that was isolated by 
column chromatography (0→10% Et2O in pentane).  

IR (neat) ν 2972, 1610, 1564, 1455, 1293, 1251, 1243, 1125, 1121, 1098 cm-1. 1H NMR (300 MHz, 
CDCl3) δ 7.72–7.66 (m, 1H), 7.52–7.44 (m, 1H), 7.32–7.25 (m, 2H), 1.49 (s, 9H). 13C NMR (75 
MHz, CDCl3) δ 172.99, 150.31, 140.76, 123.87, 123.45, 119.20, 109.80, 33.66, 27.98. HRMS (EI+) 
calcd. for C11H13NO [M]+ 175.0997, found 175.0999. 

6-Methoxy-2-phenylbenzoxazole (8g) 
According to general procedure C for the aza-Wittig reaction, 7g (75 mg, 0.28 
mmol) was converted into 6-methoxy-2-phenylbenzoxazole (34 mg, 54%) that 
was isolated by column chromatography (0→5% EtOAc in heptane). 

IR (neat) ν 1618, 1485, 1448, 1143, 1022 cm-1. 1H NMR (400 MHz, CDCl3) δ 8.24–8.17 (m, 2H), 
7.64 (dd, J = 8.8, 0.4 Hz, 1H), 7.52–7.49 (m, 3H), 7.12 (d, J = 2.3 Hz, 1H), 6.96 (dd, J = 8.7, 2.4 Hz, 
1H), 3.89 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 162.40, 158.45, 151.81, 136.05, 134.30, 131.22, 
129.02, 127.35, 120.15, 112.97, 95.61, 56.12. HRMS (EI+) calcd. for C14H11NO2 [M]+ 225.0790, 
found 225.0766. 
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5-Methoxy-2-phenylbenzoxazole (8h) 
According to general procedure C for the aza-Wittig reaction, 7h (50 mg, 0.19 
mmol) was converted into 5-methoxy-2-benzoxazole (23 mg, 55%) that was 
isolated by column chromatography (0→5% EtOAc in heptane). 

IR (neat) ν 1602, 1481, 1437, 1196, 1152, 705 cm-1. 1H NMR (500 MHz, CDCl3) δ 8.25–8.22 (m, 
2H), 7.53–7.51 (m, 3H), 7.46 (d, J = 8.8 Hz, 1H), 7.27 (d, J = 2.5 Hz, 1H), 6.95 (dd, J = 8.9, 2.6 Hz, 
1H), 3.88 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 163.79, 157.38, 145.41, 142.93, 131.39, 130.31, 
128.88, 127.47, 113.70, 110.70, 102.88, 55.93. HRMS (EI+) calcd. for C14H11NO2 [M]+ 225.0790, 
found 225.0781. 

5-Nitro-2-phenylbenzoxazole (8i) 
According to general procedure C for the aza-Wittig reaction, 7i (40 mg, 0.14 
mmol) was converted into 5-nitro-2-phenylbenzoxazole (18 mg, 53%) that was 
isolated by column chromatography (0→5% EtOAc in heptane). 

IR (neat) ν 1610, 1526, 1348, 819, 735, 702, 686 cm-1. 1H NMR (300 MHz, CDCl3) δ 8.63 (dd, J = 
2.4, 0.5 Hz, 1H), 8.31 (dd, J = 8.9, 2.3 Hz, 1H), 8.28–8.23 (m, 2H), 7.67 (dd, J = 8.9, 0.4 Hz, 1H), 
7.61–7.52 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 166.10, 154.40, 145.56, 142.69, 132.74, 129.27, 
128.16, 126.08, 121.25, 116.39, 110.84. HRMS (EI+) calcd. for C13H8N2O3 [M]+ 256.0535, found 
240.0543. 

6-Chloro-2-phenylbenzoxazole (8j) 
According to general procedure C for the aza-Wittig reaction, 7j (100 mg, 0.365 
mmol) was converted into 6-chloro-2-phenylbenzoxazole (46 mg, 55%) that was 
isolated by column chromatography (0→5% EtOAc in heptane). 

IR (neat) ν 1449, 1331, 1051, 807, 699, 682 cm-1. 1H NMR (300 MHz, CDCl3) δ 8.25–8.20 (m, 2H), 
7.67 (dd, J = 8.5, 0.4 Hz, 1H), 7.59 (dd, J = 1.9, 0.4 Hz, 1H), 7.57–7.49 (m, 3H), 7.34 (dd, J = 2.0, 
8.5 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 163.21, 150.44, 140.41, 131.31, 130.18, 128.48, 127.17, 
126.23, 124.79, 119.98, 110.75. HRMS (EI+) calcd. for C13H8NClO [M]+ 229.0294, found 229.0305. 

N-(2-Benzoylphenyl)-2-chloroacetamide 
To a solution of 2-aminobenzophenone (500 mg, 2.54 mmol) in EtOAc at 0 °C 
NaOH (3 M in H2O, 0.85 mL, 2.5 mmol) was slowly added. Next, 2-chloroacetyl 
chloride (0.25 mL, 2.5 mmol) was added dropwise over 15 min, keeping the 
temperature at ~7 °C. When the addition was complete, a white precipitate was 
formed. The reaction mixture was stirred at room temperature for 3.5 h, then filtrated 
and extracted with EtOAc (3 ! 2 mL). The combined organic layers were dried over 

MgSO4 and concentrated to about one-half of its volume, and the evaporated EtOAc replaced with 
heptane and put on ice-bath. After 45 min, the product (448 mg, 65%) was obtained as the residue by 
filtration as a white solid. 
IR (neat) ν 1686, 1578, 1517, 1444 cm-1. 1H NMR (300 MHz, CDCl3) δ 11.64 (s, 1H), 8.64 (dd, J = 
8.9, 1.1 Hz, 1H), 7.79 7.70 (m, 2H), 7.67 7.58 (m, 3H), 7.55 7.46 (m, 2H), 7.23 7.14 (m, 1H), 4.22 
(s, 2H). 13C NMR (75 MHz, CDCl3) δ 199.32, 165.57, 139.38, 138.49, 134.27, 133.67, 132.79, 
130.14, 128.49, 124.39, 123.25, 121.75, 43.27. HRMS (FAB+) calcd for C15H13O2NCl [M+H]+ 
274.0635, found 274.0632. 

Methyl 2-(2-Chloro-N-methylacetamido)benzoate 
To a stirred solution of methyl 2-(methylamino)benzoate (2.00 g, 12.1 mmol) and 
NaHCO3 (1.12 g, 13.3 mmol)  in THF/H2O (1:1, 60 mL) at 0 °C was 2-chloroacetyl 
chloride (1.64 g, 14.5 mmol) dropwise added. After stirring the mixture for 2 h, the 
mixture was diluted with H2O (40 mL) and extracted with ethyl acetate (3 ! 40 mL). 
The combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated. The crude product was purified by column chromatography (0→20% 

EtOAc in heptane) and the product (2.00 g, 68%) was obtained as a white solid. 

N

O
Ph

O2N

NH

Ph

O

O Cl

O

N
Ph

Cl

O

N
Ph

MeO

NMe

OMe

O

O Cl



Catalytic Staudinger/aza-Wittig Reaction 

   97 

IR (neat) ν 1722, 1672, 1292, 1262, 1127, 1083, 713 cm-1. 1H NMR (400 MHz, CDCl3) δ 8.07–7.98 
(m, 1H), 7.69–7.61 (m, 1H), 7.57–7.45 (m, 1H), 7.38–7.32 (m, 1H), 3,91 (s, 3H), 3.76 (ABq, ΔνAB = 
6.9 Hz, J = 13.0 Hz, 2H), 3.94 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 166.25, 165.58, 142.14, 
133.95, 132.17, 129.94, 129.11, 128.49, 52.84, 41.51, 37.76. HRMS (EI+) calcd. for C11H12NO3Cl 
[M]+ 241.0506, found 241.0514. 

Methyl 2-(2-Chloro-N-methyl-2-phenylacetamido)benzoate 
To a stirred solution of methyl 2-(methylamino)benzoate (1.00 g, 6.05 mmol) and 
NaHCO3 (3.43 g, 40.8 mmol) in THF/H2O (1:1, 12 mL) at 0 °C was 2-chloro-2-
phenylacetyl chloride (2.63 mL, 18.2 mmol) dropwise added. After 16 h, water (10 
mL) was added and the mixture was extracted with EtOAc (3 ! 10 mL) and the 
combined organic layers were washed with brine, dried over MgSO4 and concentrated 
in vacuo. The crude product was purified by flash column chromatography (0→6% 
EtOAc in heptane) to give methyl 2-(2-chloro-N-methyl-2-phenylacetamido)-

benzoate (1.75 g, 91% yield) as a colorless oil. 
IR (neat) ν 2976, 1722, 1673, 1290, 1259, 1080, 710, 696 cm-1. Mixture of rotamers: 1H NMR (500 
MHz, CDCl3) δ 8.06 (ddd, J = 23.9, 7.8, 1.7 Hz, 1H), 7.71 (td, J = 7.7, 1.6 Hz, 0.5H), 7.55 (td, J = 
7.7, 1.2 Hz, 0.5H), 7.50 (td, J = 7.6, 1.4 Hz, 0.5H), 7.46 (td, J = 7.7, 1.6 Hz, 1H), 7.31–7.24 (m, 4H), 
7.22–7.18 (m, 1H), 6.80 (dd, J = 7.7, 1.3 Hz, 0.5H), 5.16 (s, 0.5H), 5.09 (s, 0.5H), 3.96 (s, 1.5H), 
3.43 (s, 1.5H), 3.25 (s, 1.5H), 3.23 (s, 1.5H). 13C NMR (126 MHz, CDCl3) δ 167.10, 166.84, 
165.56, 164.67, 142.01, 141.71, 136.38, 135.78, 134.14, 133.39, 132.27, 132.15, 130.43, 129.94, 
129.14, 129.00, 128.86, 128.71, 128.56, 128.51, 128.50, 128.40, 128.21, 128.04, 57.94, 56.56, 52.85, 
52.11, 38.00, 37.94. HRMS (ESI+) calcd. for C17H16NO3ClNa [M+Na]+ 340.0717, found 340.0716. 

2-Azido-N-(2-benzoylphenyl)acetamide (9a) 
NaN3 (145 mg, 2.23 mmol) was added to a solution of N-(2-benzoylphenyl)-2-
chloroacetamide (202 mg, 0.479 mmol) in DMF (4 mL) and the reaction mixture 
was stirred at room temperature for 18 hours. The reaction mixture was poured into 
water (8 mL) and extracted with EtOAC (3 ! 3 mL). The combined organic layers 
where washed with 5% aqueous HCl (5 mL), saturated aqueous NaHCO3 (5 mL) 
and brine, dried over Na2SO4 and concentrated. Recrystallization from heptane 

yielded the product (119 mg, 89%).  
IR (neat) ν 3228, 2098, 1684, 1629, 1577, 1516, 1446, 1262, 912 cm-1. 1H NMR (300 MHz, CDCl3) 
δ 11.42 (s, 1H), 8.65 (dd, J = 8.8, 1.1 Hz, 1H), 7.78 7.71 (m, 2H), 7.67 7.58 (m, 3H), 7.56 7.47 (m, 
2H), 7.21 7.13 (m, 1H), 4.16 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 199.49, 166.05, 139.42, 138.55, 
134.34, 133.72, 132.76, 130.11, 128.49, 124.16, 123.09, 121.77, 53.64. HRMS (FAB+) calcd for 
C15H13O2N4 [M+H]+ 281.1039, found 281.1034. 

Methyl 2-(2-Azidoacetamido)benzoate (9b) 
To a stirred solution of methyl 2-aminobenzoate (5.00 g, 33.1 mmol) and NaHCO3 
(3.06 g, 36.4 mmol) in THF/H2O (1:1, 140 mL) at 0 °C was 2-chloroacetyl chloride 
(4.48 g, 39.7 mmol) dropwise added. After stirring the mixture for 2 h, the mixture 
was diluted with H2O (100 mL) and extracted with ethyl acetate (3 ! 100 mL). The 
combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated.  

The crude product was dissolved in DMF (150 mL) and NaN3 (5.38 g, 83.0 mmol) was added. The 
mixture was stirred for 24 h and then H2O (200 mL) was added. The mixture was extracted with 
EtOAc (3 ! 150 mL) and combined organic layers were washed with 5% aq HCl, brine and dried over 
MgSO4. The crude product purified by flash column chromatography (0→20% EtOAc in heptane) 
and methyl 2-(2-azidoacetamido)benzoate (6.00 g, 77% yield) was obtained as a white fluffy powder. 
IR (neat) ν 2116, 1681, 1590, 1523, 1427, 1267, 747 cm-1. 1H NMR (300 MHz, CDCl3) δ 11.68 (s, 
1H), 8.70 (dd, J = 8.5, 1.1 Hz, 1H), 8.05 (dd, J = 8.0, 1.7 Hz, 1H), 7.56 (ddd, J = 7.3, 4.5, 1.0 Hz, 
1H), 7.14 (ddd, J = 8.1, 7.4, 1.2 Hz, 1H), 4.13 (s, 2H), 3.96 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 
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168.36, 165.75, 140.27, 134.58, 130.91, 123.28, 120.46, 115.67, 53.65, 52.47. HRMS (EI+) calcd. for 
C10H10N4O3 [M]+ 234.0753, found 234.0753. 

Methyl 2-(2-Azido-N-methylacetamido)benzoate (9c) 
Methyl 2-(2-chloro-N-methylacetamido)benzoate (2.00 g, 8.28 mmol) was dissolved 
in DMF (50 mL) and NaN3 (1.35 g, 20.7 mmol) was added. The mixture was stirred 
for 24 h and then water (50 mL) was added. The mixture was extracted with EtOAc 
(3 ! 50 mL) and the combined organic layers were washed with 5% aqueous HCl (50 
mL) and brine and dried over MgSO4. The crude compound purified by column 
chromatography (0→20% EtOAc in heptane) to give methyl 2-(2-azido-N-

methylacetamido)benzoate (1.96, 95% yield) as a white solid. 
IR (neat) ν 2103, 1721, 1671, 1262, 1127, 1083, 713 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.91–7.87 
(m, 1H), 7.54 (td, J = 7.7, 1.6 Hz, 1H), 7.39 (td, J = 7.7, 1.2 Hz, 1H), 7.21 (dd, J = 7.8, 1.3 Hz, 1H), 
3.77 (s, 3H), 3.39 (ABq, ΔνAB = 5.6 Hz, J = 15.8 Hz, 2H), 3.08 (s, 3H). 13C NMR (126 MHz, 
CDCl3) δ 167.22, 165.51, 141.70, 134.02, 132.24, 129.74, 129.12, 128.51, 52.84, 50.67, 37.22. 
HRMS (EI+) calcd. for C11H12N2O3 [M-N2]+ 220.0878, found 220.0852. 

Methyl 2-(2-Azido-N-methyl-2-phenylacetamido)benzoate (9d) 
Methyl 2-(2-chloro-N-methyl-2-phenylacetamido)benzoate (1.42 g, 4.47 mmol) was 
dissolved in DMF (35 mL) and NaN3 (872 mg, 13.4 mmol) was added. The mixture 
was stirred for 24 h and then water (50 mL) was added and the mixture was extracted 
with EtOAc (3 ! 40  mL). The combined organic layers were washed with 5% 
aqueous HCl, brine and dried over MgSO4. The crude product was purified by flash 
column chromatography (0→6% EtOAc in heptane) and methyl 2-(2-azido-N-
methyl-2-phenylacetamido)benzoate (1.31 g, 90% yield) was obtained as a colorless 

oil. 
IR (neat) ν 2097, 1722, 1667, 1290, 1260, 710 cm-1. Mixture of rotamers: 1H NMR (500 MHz, 
CDCl3) δ 8.03 (dd, J = 7.8, 1.5 Hz, 0.6H), 7.92 (dd, J = 7.9, 1.5 Hz, 0.4H), 7.67 (td, J = 7.6, 1.6 Hz, 
0.4H), 7.50 (td, J = 7.7, 1.3 Hz, 0.6H), 7.44 (td, J = 7.6, 1.2 Hz, 0.6H), 7.38–7.26 (m, 3.8H), 7.10–
7.02 (m, 2H), 6.58 (dd, J = 7.9, 1.1 Hz, 0.6H), 4.48 (s, 0.6H), 4.43 (s, 0.4H), 3.97 (s, 1.7H), 3.36 (s, 
1.3H), 3.29 (s, 1.3H), 3.21 (s, 1.7H). 13C NMR (126 MHz, CDCl3) δ 168.82, 167.82, 165.66, 
164.17, 141.86, 141.56, 134.29, 134.10, 133.38, 133.25, 132.41, 131.94, 130.73, 130.04, 129.12, 
128.98, 128.92, 128.88, 128.81, 128.66, 128.39, 128.22, 128.09, 63.67, 62.82, 52.96, 51.98, 37.76, 
37.52. HRMS (ESI+) calcd. for C17H16N4O3Na [M+Na]+ 347.1120, found 347.1120. 

5-Phenyl-1H-benzo-1,4-diazepin-2(3H)-one (10a) 
According to general procedure C for the aza-Wittig reaction, 9a (37 mg, 0.16 mmol) 
was converted into 5-phenyl-1H-benzo-1,4-diazepin-2(3H)-one (37 mg, 88%) that 
was isolated by column chromatography (5→20% EtOAc in heptane) as a yellow 
solid. 
IR (neat) ν 1679, 1607, 695 cm-1. 1H NMR (500 MHz, CDCl3) δ 9.55 (s, 1H), 7.62 

7.50 (m, 3H), 7.50 7.44 (m, 1H), 7.43 7.37 (m, 2H), 7.34 (dd, J = 7.9, 1.4 Hz, 1H), 7.22 (dd, J = 8.1, 
0.8 Hz, 1H), 7.17 (td, J = 8.0, 1.1 Hz, 1H), 4.36 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 172.25, 
171.10, 139.46, 138.80, 131.70, 131.37, 130.29, 129.69, 128.17, 127.27, 123.33, 121.16, 56.69. 
HRMS (ESI+) calcd for C15H13N2O [M+H]+: 237.1028, found: 237.1028 

5-Methoxy-1-methyl-1H-benzo-1,4-diazepin-2(3H)-one (10c) 
According to general procedure C for the aza-Wittig reaction, 9c (27 mg, 0.13 mmol) 
was converted into 5-methoxy-1-methyl-1H-benzo-1,4-diazepin-2(3H)-one (27 mg, 
66%) that was isolated by column chromatography (0→10% EtOAc in heptane) as a 
colorless oil. 
IR (neat) ν 1675, 1322, 1276, 772 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.69 (ddd, J 

= 7.6, 1.6, 0.6 Hz, 1H), 7.55 (ddd, J = 8.3, 7.4, 1.7 Hz, 1H), 7.28–7.24 (m, 2H), 4.32 (bs, 1H), 3.90 
(s, 3H), 3.66 (bs, 1H), 3.39 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 171.10, 163.97, 142.76, 131.71, 
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128.45, 124.61, 124.48, 120.90, 54.10, 52.38, 34.99. HRMS (ESI+) calcd. for C11H13N2O2 [M+H]+ 
205.0977, found 205.0972. 

2-Azidobenzoic Acid 
Based on a procedure by Hahn et al.(15) 
A suspension of 2-aminobenzoic acid (20.0 g, 146 mmol) in water (200 mL) and 
concentrated HCl (37 mL) was cooled to 0 °C and a solution of NaNO2 (10.6 g, 153 

mmol) dissolved in water (30 mL) was added dropwise. The resulting solution was stirred for 30 min 
at 0 °C and then gently poured into a mixture of NaN3 (10.4 g, 160 mmol) dissolved in water (30 mL) 
and ice (200 mL). The reaction mixture was stirred for 2 h and then EtOAc was added. The layers 
were separated and the water layer was extracted with EtOAc (2 ! 150 mL) and the combined organic 
layers were dried with brine and MgSO4. Concentration of the solvent gave 2-azidobenzoic acid (21.8 
g, 92% yield) as a yellowish solid. 
IR (neat) ν 2127, 2106, 2072, 1688, 1266, 751, 685 cm-1. 1H NMR (300 MHz, CDCl3) δ 11.75 (s, 
1H), 8.09 (dd, J = 7.8, 1.3 Hz, 1H), 7.71–7.49 (m, 1H), 7.26 (dd, J = 12.9, 7.6 Hz, 2H). 13C NMR 
(75 MHz, CDCl3) δ 169.04, 140.35, 134.36, 133.20, 124.85, 120.82, 119.62. 
Data in correspondence with those in literature.(15) 

2-Azido-5-chlorobenzoic Acid 
In an analogous procedure as for 2-acidobenzoic acid, 2-amino-5-chlorobenzoic 
acid (5.84 g, 34.0 mmol) gave 2-azido-5-chlorobenzoic acid (5.92 g, 87% yield) as a 
yellowish solid. 

IR (neat) ν 3079, 2146, 2120, 1692, 1679, 1295, 1247, 836, 616 cm-1. 1H NMR (300 MHz, CDCl3) δ 
8.06 (d, J = 2.4 Hz, 1H), 7.56 (dd, J = 8.6, 2.5 Hz, 1H), 7.21 (d, J = 8.6 Hz, 1H). 13C NMR (75 
MHz, CDCl3) δ 166.47, 138.32, 133.77, 132.45, 130.04, 121.48, 120.47. HRMS (ESI-) calcd. for 
C7H3ClN3O2 [M-H]- 195.9914, found 195.9917. 

General Procedure D for 3H-1,4-Benzodiazepin-5(4H)-ones Precursors 
Under Schlenk conditions, 2-azidobenzoic acid (1.25 equiv) was dissolved in SOCl2 (10 equiv) and 
refluxed for 2 hours. Then the excess SOCl2 was removed by rotary evaporation and subsequent co-
evaporation with toluene (twice). Next, the amine (1 equiv), DMAP (0.01 equiv) and NEt3 (1.25 equiv 
or 2.25 equiv when amine·HCl salt was used) were dissolved in DCM or THF (0.5 M) and stirred at 
0 °C for 1 hour after which the acid chloride, dissolved in DCM or THF (1 M), was slowly added. 
This was stirred for 30 min. and then another hour at room temperature. In the case THF was used, 
the mixture was then first concentrated in vacuo, and dissolved in DCM before being washed with 
water. In case DCM was used, it was immediately washed with water. The water layer was extracted 
with DCM (2!) and the combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. The product was purified by column chromatography (0→10% EtOAc in 
heptane). 

N-(2-Azidobenzoyl)-glycine Methyl Ester (11a) 
According to general procedure D in DCM, 2-azidobenzoic acid (250 mg, 
1.53 mmol) was reacted with glycine methyl ester·HCl (154 mg, 1.23 mmol) 
to give N-(2-azidobenzoyl)-glycine methyl ester (165 mg, 58%) as a yellow 
solid. 

IR (neat) ν 2924, 2133, 1731, 1645, 1528, 1295, 1212, 750 cm-1. 1H NMR (300 MHz, CDCl3) δ 
8.20–8.15 (m, 1H), 8.12–8.06 (m, 1H), 7.57–7.47 (m, 1H), 7.28–7.19 (m, 2H), 4.26 (d, J = 5.1 Hz, 
2H), 3.80 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 169.90, 164.09, 136.89, 132.24, 131.94, 124.67, 
123.56, 117.94, 51.91, 41.50. HRMS: (ESI+) calcd. for C10H10N4O3Na [M+Na]+ 257.0651, found 
257.0666. 
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N-(2-Azidobenzoyl)-sarcosine Methyl Ester (11b) 
According to general procedure D in DCM, 2-azidobenzoic acid (106 mg, 
650 µmol) was reacted with sarcosine methyl ester·HCl (67 mg, 0.48 mmol) 
to give N-(2-azidobenzoyl)-sarcosine methyl ester (69 mg, 54%) as a yellow 
oil. 

IR (neat) ν 2946, 2124, 1748, 1636, 1398, 1290, 1203, 1070, 759 cm-1. Mixture of rotamers: 1H NMR 
(300 MHz, CDCl3) δ 7.46–7.37 (m, 1H), 7.35–7.10 (m, 3H),  4.29 (br s, 1.3H), 3.87 (br d, J = 10.0 
Hz, 0.7H), 3.78 (s, 2H), 3.69 (s, 1H), 3.14 (s, 1H), 2.90 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 
168.76, 168.60, 168.37, 135.99, 135.85, 130.21, 130.12, 127.84, 127.72, 127.38, 127.20, 124.66, 
124.62, 118.08, 117.99, 51.90, 51.81, 51.71, 47.99, 37.02, 33.52. HRMS (ESI+) calcd. for 
C11H12N4O3Na [M+Na]+ 271.0807, found 271.0809. 

N-(2-Azidobenzoyl)-N-benzyl Glycine Methyl Ester (11c) 
According to general procedure D in DCM, 2-azidobenzoic acid (230 mg, 
1.41 mmol) was reacted with N-benzyl glycine methyl ester (202 mg, 1.13 
mmol) to give N-(2-azidobenzoyl)-N-benzyl glycine methyl ester (270 mg, 
88%) as a yellow oil.  

IR (neat) ν 2950, 2129, 1748, 1645, 1295, 1212, 750 cm-1. Mixture of rotamers: 1H NMR (500 MHz, 
CDCl3, 323K) δ 7.56–7.09 (m, 9H), 5.36–5.17 (m, 0.3H), 4.45 (s, 1.6H), 4.27–4.03 (m, 1.2H), 3.75 
(s, 2.6H), 3.63 (s, 1.3H). 13C NMR (126 MHz, CDCl3) δ 169.49, 169.38, 169.29, 169.11, 136.83, 
136.31, 135.98, 135.46, 130.73, 130.65, 128.86, 128.76, 128.39, 128.21, 128.02, 127.76, 127.69, 
127.63, 125.21, 125.08, 118.69, 118.46, 53.41, 52.26, 52.21, 48.95, 48.71, 45.30. HRMS (ESI+) 
calcd. for C17H17N4O3 [M+H]+ 325.1301, found 325.1298. 

N-(2-Azidobenzoyl)-α-methylalanine Methyl Ester (11d) 
According to general procedure D in THF, 2-azidobenzoic acid (873 mg, 
5.35 mmol) was reacted with α-methylalanine methyl ester (501 mg, 4.28 
mmol) to give N-(2-azidobenzoyl)-α-methylalanine methyl ester (476 mg, 
42%) as a yellow oil. 

IR (neat) ν 3352, 2984, 2937, 2129, 1740, 1649, 1524, 1273, 1143, 754 cm-1. 1H NMR (300 MHz, 
CDCl3) δ 8.13 (ddd, J = 7.9, 1.7, 0.4 Hz, 1H), 8.08–8.05 (m, 1H), 7.49 (ddd, J = 8.0, 7.4, 1.7 Hz, 
1H), 7.25–7.17 (m, 2H), 3.76 (s, 3H), 1.66 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 174.47, 163.02, 
136.60, 131.98, 131.78, 124.67, 124.33, 117.85, 56.41, 52.15, 24.46. HRMS (ESI)+ calcd. for 
C12H14N4O3Na [M+Na]+ 285.0964, found 285.0961. 

N-(2-Azidobenzoyl)-N-benzyl Phenylalanine Methyl Ester (11e) 
According to general procedure D in DCM, 2-azidobenzoic acid (500 mg, 
3.06 mmol) was reacted with N-benzyl phenylalanine methyl ester·HCl (750 
mg, 2.45 mmol) to give N-(2-azidobenzoyl)-N-benzyl phenylalanine methyl 
ester (488 mg, 48%) as a yellow oil. 
IR (neat) ν 3028, 2946, 2358, 2129, 2098, 1731, 1645, 741 cm-1. Mixture of 

rotamers: 1H NMR (500 MHz, CDCl3) δ 7.53–7.11 (m, 11.8H), 7.11–7.04 (m, 1.5H), 6.99 (t, J = 7.5 
Hz, 0.1H), 6.82 (dd, J = 7.0, 2.7 Hz, 0.5H), 6.36 (dd, J = 7.6, 1.4 Hz, 0.1H), 5.10 (d, J = 15.3 Hz, 
0.1H), 4.94–4.79 (m, 0.4H), 4.53–4.47 (m, 0.2H), 4.37 (dd, J = 8.5, 6.2 Hz, 0.2H), 4.32–4.15 (m, 
1.2H), 3.73 (s, 2.2H), 3.68–3.43 (m, 2.4H), 3.41 (d, J = 4.0 Hz, 0.8H), 3.26 (dd, J = 13.9, 7.7 Hz, 
0.1H), 3.13 (dd, J = 14.1, 6.3 Hz, 0.1H), 3.06–2.94 (m, 0.3H). 13C NMR (75 MHz, CDCl3) δ 
169.87, 134.82, 129.94, 129.16, 128.93, 128.59, 127.89, 127.70, 127.62, 127.48, 127.32, 126.58, 
126.26, 124.51, 124.32, 118.03, 117.87, 62.94, 53.38, 51.71, 45.68, 34.64. HRMS (ESI+) calcd. for 
C24H23N4O3 [M+H]+ 415.1770, found 415.1779. 
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N-(2-Azidobenzoyl)-L-proline Methyl Ester (11f) 
According to general procedure D in THF, 2-azidobenzoic acid (100 mg, 611 
µmol) was reacted with L-proline methyl ester·HCl (81 mg, 0.49 mmol) to give 
N-(2-azidobenzoyl)-L-proline methyl ester (134 mg, 55%) as a yellow oil. 
IR (neat) ν 2124, 1748, 1627, 1416, 1286, 1195 cm-1. Mixture of rotamers: 1H 

NMR (300 MHz, CDCl3) δ 7.50–7.32 (m, 2H), 7.25–7.06 (m, 2H), 4.69 (dd, J = 8.6, 4.3 Hz, 
0.75H), 4.20 (dd, J = 8.5, 2.9 Hz, 0.25H), 3.79 (s, 2.25H), 3.52 (s, 0.75H), 3.48–3.26 (m, 2H), 2.44–
2.19 (m, 1H), 2.17–1.76 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 171.94, 166.67, 166.49, 135.86, 
130.10, 128.52, 128.01, 127.78, 124.57, 124.41, 118.05, 59.86, 57.98, 51.83, 51.67, 47.87, 45.82, 
30.77, 29.05, 24.20, 22.44. HRMS (ESI+) calcd. for C13H15N4O3 [M+H]+  275.1144, found 275.1126. 

N-(2-Azidobenzoyl)-L-4-trans-hydroxyproline Methyl Ester (11g) 
According to general procedure D in DCM, 2-azidobenzoic acid (562 mg, 3.45 
mmol) was reacted with L-4-trans-hydroxyproline methyl ester·HCl (500 mg, 
2.75 mmol) to give N-(2-azidobenzoyl)-L-4-trans-hydroxyproline methyl ester 
(380 mg, 48%) as a yellow oil. 
IR (neat) ν 3447, 3278, 2946, 2124, 1727, 1636, 1446, 1416, 1295, 1208, 1139, 

750 cm-1. Mixture of rotamers: 1H NMR (400 MHz, CDCl3) δ 7.56–7.04 (m, 4H), 4.81 (t, J = 8.1 
Hz, 0.75H), 4.63–4.57 (m, 0.25H), 4.54–4.47 (m, 0.75H), 4.43 (t, J = 7.7 Hz, 0.25H), 4.00 (pseudo 
dt, J = 12.8, 2.1 Hz, 0.25H), 3.81 (s, 2.25H), 3.80–3.75 (m, 0.25H), 3.64 (dd, J = 11.5, 4.3 Hz, 
0.75H), 3.45 (s, 0.75H), 3.28 (dt, J = 11.5, 2.0 Hz, 0.75H), 2.39 (dddd, J = 13.3, 8.4, 3.0, 1.7 Hz, 
1H), 2.18 (ddd, J = 7.8, 6.3, 3.3 Hz, 1H), 1.99 (d, J = 4.4 Hz, 0.25H), 1.94 (d, J = 4.7 Hz, 0.75H). 13C 
NMR (75 MHz, CDCl3) δ 171.86, 166.80, 135.96, 130.37, 128.33, 128.02, 124.65, 124.40, 118.07, 
69.71, 68.61, 58.30, 56.63, 55.78, 54.27, 51.96, 51.72, 39.09, 37.63. HRMS (ESI+) calcd. for 
C13H15N4O4 [M+H]+ 291.1093, found 291.1100. 

N-(2-Azidobenzoyl)-pipecolinic Methyl Ester (11h) 
According to general procedure D in DCM, 2-azidobenzoic acid (424 mg, 8.73 
mmol), in this particular case 2.5 equiv, was reacted with pipecolinic methyl 
ester·HCl (500 mg, 3.49 mmol); to give N-(2-azidobenzoyl)-pipecolinic methyl 
ester (923 mg, 2.30 mmol, 92%) as a yellow oil. 
IR (neat) ν 2941, 2859, 2128, 1740, 1640, 1424, 1208, 1018, 754 cm-1. Mixture 

of rotamers: 1H NMR (300 MHz, CDCl3) δ 7.65–6.92 (m, 4H), 5.56 (d, J = 5.3 Hz, 0.75H), 4.71 (d, 
J = 12.2 Hz, 0.25H), 4.14 (d, J = 3.6 Hz, 0.25H), 3.76 (dd, J = 15.8, 9.3 Hz, 3H), 3.31 (d, J = 13.5 
Hz, 0.75H), 3.21–3.06 (m, 0.75H), 2.80 (td, J = 13.3, 3.3 Hz, 0.25H), 2.46–2.29 (m, 0.75H), 2.27–
2.16 (m, 0.25H), 1.84–1.08 (m, 5H). 13C NMR (75 MHz, CDCl3) δ 171.60, 171.26, 168.27, 136.31, 
130.56, 130.45, 128.35, 128.12, 127.81, 125.41, 125.28, 125.07, 118.89, 118.64, 118.61, 58.14, 52.48, 
52.07, 45.61, 44.89, 27.56, 26.66, 25.58, 25.46, 24.66, 22.81, 21.28. HRMS (ESI+) calcd. for 
C14H17N4O3 [M+H]+ 289.1301, found 289.1304. 

N-(2-Azido-5-chlorobenzoyl)-L-proline Methyl Ester (11i) 
According to general procedure D in DCM, 2-azido-5-chlorobenzoic acid 
(593 mg, 3.00 mmol) was reacted with L-proline methyl ester·HCl (310 mg, 
1.87 mmol) to give N-(2-azido-5-chlorobenzoyl)-L-proline methyl ester  
(466 mg, 1.51 mmol, 81%) as a yellow oil. 

IR (neat) ν 2954, 2120, 1748, 1640, 1433, 1295, 1195, 815 cm-1. Mixture of rotamers: 1H NMR (400 
MHz, CDCl3) δ 7.41–7.19 (m, 2H), 7.15–7.06 (m, 1H), 4.67 (dd, J = 8.7, 4.3 Hz, 0.75H), 4.17 (dd, J 
= 8.5, 3.0 Hz, 0.25H), 3.80 (s, 2H), 3.82–3.76 (m, 0.5H), 3.58 (s, 1H), 3.51–3.26 (m, 1.5H), 2.39–
1.79 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 171.69, 164.96, 134.53, 133.43, 132.48, 130.10, 
129.75, 128.05, 127.81, 119.45, 59.87, 58.06, 51.90, 47.86, 45.93, 30.73, 29.00, 24.17, 22.41. HRMS 
(ESI+) calcd. for C13H13ClN4O3Na [M+Na]+ 331.0574, found 331.0574. 
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2-Methoxy-4-methyl-3H-benzo-1,4-diazepin-5(4H)-one (12b) 
According to general procedure C for the aza-Wittig reaction, N-(2-azidobenzoyl)-
sarcosine methyl ester (11b, 150 mg, 604 µmol) was converted into 12b (28 mg, 
23%) that was obtained as a colorless solid. 
IR (neat) ν 2924, 2358, 1653, 1260, 763 cm-1. 1H NMR (300 MHz, CDCl3) δ 7.92 
(ddd, J = 7.9, 1.7, 0.5 Hz, 1H), 7.43 (ddd, J = 8.0, 7.3, 1.7 Hz, 1H), 7.23–7.12 (m, 

2H), 3.90 (s, 3H), 3.74 (s, 2H), 3.22 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 168.04, 162.98, 144.88, 
131.72, 130.88, 127.58, 126.19, 124.52, 54.62, 48.55, 36.50. HRMS (ESI+) calcd. for C11H13N2O2 
[M+H]+ 205.0977, found 205.0978. 

4-Benzyl-2-methoxy-3H-benzo-1,4]diazepin-5(4H)-one (12c) 
According to general procedure C for the aza-Wittig reaction, N-(2-azidobenzoyl)-
N-benzyl glycine methyl ester (11c, 150 mg, 0.462 mmol) was converted 12c (14 
mg, 11%) that was isolated as a colorless oil and 13c (66 mg, 48%) that was 
obtained as a white solid. 
IR (neat) ν 1632, 1597, 1446, 1260, 776, 690 cm-1. 1H NMR (500 MHz, CDCl3) δ 

8.08–8.02 (m, 1H), 7.49 (ddd, J = 8.0, 7.3, 1.7 Hz, 1H), 7.40–7.31 (m, 5H), 7.26 (ddd, J = 7.9, 7.3, 
1.3 Hz, 1H), 7.18 (dd, J = 8.0, 0.9 Hz, 1H), 4.87 (s, 2H), 3.78 (s, 3H), 3.71 (s, 2H). 13C NMR (126 
MHz, CDCl3) δ 167.94, 163.24, 144.94, 136.66, 131.78, 131.02, 128.69, 128.18, 127.73, 127.37, 
126.17, 124.46, 54.29, 51.76, 46.03. HRMS (ESI+) calcd. for C17H17N2O2 [M+H]+ 281.1290, found 
281.1289. 

N-(2-Aminobenzoyl)-N-benzyl glycine Methyl Ester (13c) 
IR (neat) ν 3218, 1688, 1627, 1476, 1143, 754, 724, 694 cm-1. Mixture of 
rotamers: 1H NMR (500 MHz, CDCl3) δ 8.05 (dd, J = 7.9, 1.5 Hz, 1H), 7.70 
(s, 1H), 7.54–7.44 (m, 1H), 7.41–7.28 (m, 6H), 6.94 (dd, J = 8.0, 0.8 Hz, 
1H), 4.88 (s, 2H), 3.82 (s, 3H), 3.49 (d, J = 5.3 Hz, 2H). 13C NMR (126 

MHz, CDCl3) δ 169.85, 167.24, 136.16, 135.58, 132.62, 132.10, 128.84, 128.35, 127.98, 126.49, 
125.39, 120.44, 51.91, 50.91, 49.87. HRMS (ESI+) calcd. for C17H19N2O3 [M+H]+ 299.1396, found 
299.1401. 
Note: In the 1H NMR spectrum the peak at δ 3.82 has a relative integral of 2.05H. However, the 
HSQC and DEPT135 spectra do indicate that this peak is the methyl ester. This effect is probably 
caused by rotamers. 

N-(2-Aminobenzoyl)-α-methylalanine Methyl Ester (13d) 
According to general procedure C for the aza-Wittig reaction, from the 
reaction of N-(2-azidobenzoyl)-α-methylalanine methyl ester (11d, 100 mg, 
0.381 mmol), N-(2-amino-benzoyl)-α-methylalanine methyl ester (52 mg, 
58%) was obtained as a yellow oil. 

IR (neat) ν 3464, 3343, 2984, 2946, 1718, 1636, 1515, 1148, 746 cm-1. Mixture of rotamers: 1H NMR 
(300 MHz, CDCl3) δ 7.34 (dd, J = 4.9, 3.6 Hz, 1H), 7.19 (ddd, J = 8.2, 7.3, 1.5 Hz, 1H), 6.70–6.52 
(m, 3H), 5.52 (bs, 2H), 3.75 (d, J = 1.9 Hz, 3H), 1.64 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 174.74, 
168.28, 148.30, 131.90, 126.87, 116.79, 116.03, 115.34, 76.95, 76.72, 76.52, 76.10, 56.01, 52.15, 
24.50. HRMS (ESI+) calcd. for C12H17N2O3 [M+H]+ 237.1239, found 237.1251. 

(S)-3,4-Dibenzyl-2-methoxy-3H-benzo-1,4-diazepin-5(4H)-one (12e) 
According to general procedure C for the aza-Wittig reaction, N-(2-
azidobenzoyl)-N-benzyl phenylalanine methyl ester (11e, 150 mg, 0.362 mmol) 
was converted into 12e (14 mg, 10%) that was isolated as a yellow oil. 
Additionally, 53% of the starting material was recovered.  
IR (neat) ν 3023, 1662, 1632, 1450, 767, 711 cm-1. 1H NMR (300 MHz, CDCl3) 

δ 8.10 (ddd, J = 7.9, 1.6, 0.4 Hz, 1H), 7.69–7.44 (m, 1H), 7.42–7.04 (m, 10H), 6.88–6.69 (m, 2H), 
4.94 (d, J = 14.6 Hz, 1H), 4.27 (d, J = 14.6 Hz, 1H), 4.08 (dd, J = 9.0, 8.1 Hz, 1H), 3.58 (s, 3H), 2.48 
(ddd, J = 21.5, 13.4, 8.5 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 166.43, 162.71, 142.87, 136.21, 
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135.62, 133.84, 131.68, 130.58, 128.27, 128.11, 127.97, 127.24, 126.86, 126.53, 125.64, 124.12, 
61.11, 53.54, 53.09, 34.06. HRMS (ESI+) calcd. for C24H23N2O2 [M+H]+ 371.1760, found 371.1958. 

 (S)-11-Methoxy-2,3-dihydro-1H-benzopyrrolo[1,2-a][1,4]diazepin-5(11aH)-one (12f) 
According to general procedure C for the aza-Wittig reaction, N-(2-azidobenzoyl)-
L-proline methyl ester (11f, 27.1 mg, 0.099 mmol) was converted into 12f (20 mg, 
81%) that was isolated as a yellow oil. 
IR (neat) ν 2941, 1649, 1627, 1450, 1407, 1312 cm-1. 1H NMR (400 MHz, 
CDCl3) δ 8.02–7.95 (m, 1H), 7.45 (ddd, J = 8.0, 7.3, 1.6 Hz, 1H), 7.23–7.14 (m, 

2H), 4.02–3.97 (m, 1H), 3.90 (s, 3H), 3.87 (dd, J = 7.6, 7.1 Hz, 1H), 3.57–3.50 (m, 1H), 2.62 (ddd, J 
= 6.2, 3.7, 2.4 Hz, 1H), 2.06–2.00 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 165.95, 162.49, 144.29, 
131.72, 130.33, 127.54, 126.56, 124.29, 54.71, 54.61, 46.98, 26.72, 24.12. HRMS (ESI+) calcd. for 
C13H15N2O2 [M+H]+ 231.1134, found 231.1135. 

(2R,11aS)-2-Hydroxy-11-methoxy-2,3-dihydro-1H-benzopyrrolo[1,2-a][1,4]diazepin-5(11aH)-one 
(12g) 

According to general procedure C for the aza-Wittig reaction, N-(2-
azidobenzoyl)-L-4-trans-hydroxyproline methyl ester (11g, 150 mg, 0.517 
mmol) was converted into 12g (81 mg, 64%) that was isolated as a yellow oil. 
IR (neat) ν 3352, 2946, 1662, 1614, 1459, 1316, 767 cm-1. 1H NMR (300 
MHz, CDCl3) δ 7.88–7.79 (m, 1H), 7.46–7.39 (m, 1H), 7.18–7.07 (m, 2H), 

4.61–4.50 (m, 1H), 4.15 (dt, J = 11.4, 5.7 Hz, 1H), 3.88 (s, 3H), 3.80 (ddd, J = 12.6, 3.4, 1.4 Hz, 
1H), 3.69 (dd, J = 12.6, 4.7 Hz, 1H), 3.53 (br s, 1H), 2.75 (ddd, J = 13.5, 6.2, 5.3 Hz, 1H), 2.13 
(dddd, J = 13.6, 8.0, 4.3, 1.5 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 166.84, 161.78, 144.30, 131.91, 
130.34, 126.62, 126.42, 124.41, 68.91, 54.90, 54.55, 53.67, 34.76. HRMS (ESI+) calcd. for 
C13H15N2O3 [M+H]+ 247.1083, found 247.1087. 

6-Methoxy-7,8,9,10-tetrahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-12(6aH)-one (12h) 
According to general procedure C for the aza-Wittig reaction, N-(2-
azidobenzoyl)-pipecolinic methyl ester (11h, 750 mg, 2.60 mmol) was converted 
into 12h (46 mg, 7%) that was isolated as a yellow oil and 13h (619 mg, 91%) that 
was also isolated as a yellow oil. 
IR (neat) ν 2941, 2859, 1640, 1450, 1333, 767 cm-1. 1H NMR (300 MHz, CDCl3) 

δ 7.88 (ddd, J = 7.8, 1.6, 0.4 Hz, 1H), 7.42 (ddd, J = 8.0, 7.3, 1.7 Hz, 1H), 7.15 (dddd, J = 8.0, 4.3, 
1.7, 0.9 Hz, 2H), 4.50–4.39 (m, 1H), 4.07 (dd, J = 6.6, 3.2 Hz, 1H), 3.91 (s, 3H), 2.95 (ddd, J = 13.7, 
12.2, 3.8 Hz, 1H), 2.22–2.08 (m, 1H), 1.92–1.47 (m, 5H). 13C NMR (75 MHz, CDCl3) δ 169.17, 
164.79, 144.62, 131.52, 130.43, 128.32, 125.76, 124.41, 54.39, 49.50, 40.12, 23.33, 23.03, 19.68. 
HRMS (ESI+) calcd. for C14H17N2O2 [M+H]+ 245.1290, found 245.1295. 

N-(2-Aminobenzoyl)-pipecolinic Methyl Ester (13h) 
IR (neat) ν 3443, 3360, 2937, 2683, 1731, 1614, 1420, 1217, 1001, 746 cm-1. 
Mixture of rotamers: 1H NMR (400 MHz, CDCl3) δ 7.22–7.08 (m, 2H), 6.82–
6.60 (m, 2H), 5.56 (br s, 1H), 4.43–4.25 (br s, 2H), 3.78 (s, 3H), 3.73–3.61 (m, 
1H), 3.40–3.09 (m, 1H), 2.51–2.20 (m, 1H), 1.91–1.07 (m, 5H). 13C NMR (75 
MHz, CDCl3) δ 172.07, 171.10, 144.73, 130.68, 127.77, 120.26, 117.67, 

116.16, 52.61, 52.29, 45.11, 26.69, 25.53, 21.46. HRMS (ESI+) calcd. for C14H19N2O3 [M+H]+ 
263.1396, found 263.1402. 

(S)-7-Chloro-11-methoxy-2,3-dihydro-1H-benzopyrrolo[1,2-a][1,4]diazepin-5(11aH)-one (12i) 
According to general procedure C for the aza-Wittig reaction, N-(2-azido-5-
chlorobenzoyl)-L-proline methyl ester (150 mg, 0.486 mmol) was converted 
into 12i (27 mg, 21%) that was isolated as a yellow solid and 14i (65 mg, 54%) 
that was isolated as a white solid. 
IR (neat) ν 2950, 2358, 1649, 1437, 1308, 1118, 1091, 996, 832, 728 cm-1. 1H 
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NMR (400 MHz, CDCl3) δ 7.98–7.94 (m, 1H), 7.39 (dd, J = 8.6, 2.6 Hz, 1H), 7.16–7.08 (m, 1H), 
3.97 (dd, J = 7.7, 1.8 Hz, 1H), 3.89 (s, 3H), 3.89–3.82 (m, 1H), 3.57–3.46 (m, 1H), 2.67–2.60 (m, 
1H), 2.12–1.98 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 164.03, 162.04, 142.23, 131.15, 129.29, 
129.13, 128.11, 127.59, 54.24, 54.00, 46.49, 26.08, 23.41. HRMS (ESI+) calcd. for C13H14ClN2O2 
[M+H]+ 265.0744, found 265.0745. 

(S)-7-Chloro-2,3-dihydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepine-5,11(10H,11aH)-dione (14i) 
IR (neat) ν 3239, 2950, 2358, 1701, 1627, 1480, 1437, 819, 728 cm-1. 1H NMR 
(400 MHz, CDCl3) δ 8.24 (s, 1H), 7.98 (d, J = 2.5 Hz, 1H), 7.43 (dd, J = 8.6, 
2.5 Hz, 1H), 6.95 (d, J = 8.6 Hz, 1H), 4.07 (dd, J = 7.6, 1.7 Hz, 1H), 3.91–3.73 
(m, 1H), 3.67–3.54 (m, 1H), 2.82–2.74 (m, 1H), 2.15–1.95 (m, 3H). 13C NMR 
(75 MHz, CDCl3) δ 170.20, 163.54, 133.14, 132.00, 130.43, 130.34, 127.99, 

121.89, 56.16, 46.99, 25.80, 22.96. HRMS (ESI+) calcd. for C12H12ClN2O2 [M+H]+ 251.0587, found 
251.0583. 

Dimethyl 2-(1-Azidopropan-2-ylidene)malonate (15) 
Adjusted procedure based on that of Montford et al.(14) 
Dimethyl 2-(1-chloropropan-2-ylidene)malonate (500 mg, 2.42 mmol) was 
dissolved in EtOH/H2O (1:1, 12 mL) and NaN3 (189 mg, 2.90 mmol) was added. 
The mixture was stirred and heated to 50 °C for 16 h. Then the reaction mixture 

was cooled to room temperature and brine was added. The mixture was extracted with EtOAc (3 ! 10 
mL) and the combined organic layers were dried over MgSO4 and concentrated in vacuo. After 
column chromatography, dimethyl 2-(1-azidopropan-2-ylidene)malonate (380 mg, 69%) was obtained 
contaminated with 6 wt% SN2’-addition product dimethyl 2-azido-2-(prop-1-en-2-yl)malonate. 
1H NMR (400 MHz, CDCl3) δ 4.22 (s, 3H), 3.82 (s, 3H), 3.79 (s, 3H), 2.08 (s, 2H). 13C NMR (75 
MHz, CDCl3) δ 165.53, 164.50, 151.06, 127.06, 126.57, 53.21, 52.43, 19.45. 
Data in correspondence with that in literature. 
 
NB. We found that the solvent is critical for the desired regioselectivity: 
Reaction in DMF at room temperature, 16 h: 85% total yield, 100% SN2’-addition 
Reaction in MeCN/H2O (9:1), reflux, 1 h: 74% total yield, 38% SN2-addition, 62% SN2’-addition 
Reaction in EtOH/H2O (1:1), 50 °C, 16 h: 74% total yield, 94% SN2-addition, 6% SN2’-addition 

Methyl 2-Methoxy-4-methyl-1H-pyrrole-3-carboxylate (17) 
According to general procedure C for the aza-Wittig reaction, dimethyl 2-(1-
azidopropan-2-ylidene)malonate (14) (53 mg, 0.235 mmol) was converted into 17 
(26 mg, 65% yield) that was obtained as an off-white solid. 
1H NMR (300 MHz, CDCl3) δ 8.06 (s, 1H), 6.05 (td, J = 2.2, 1.1 Hz, 1H), 3.96 (s, 

3H), 3.81 (s, 3H), 2.20 (d, J = 1.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 164.80, 150.67, 119.46, 
107.12, 96.37, 60.22, 50.07, 12.51. 
Data in correspondence with that in literature.(14) 
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Chapter 7  
 

Life Cycle Analysis of Catalytic 
Appel and Wittig Reactions 

 

 

 
 

Abstract 

During the development of new organophosphorus methods based on the in situ reduction 
protocol, the question raised whether net environmental improvements can be achieved 
when stoichiometric amounts of silanes are employed. Here, we conducted a Life Cycle 
Analysis (LCA), in which two classic reactions (Wittig and Appel) are compared with their 
catalytic counterparts in terms of CED and GHG emissions. The analysis shows that the 
replacement of phosphines by silanes can offer environmental improvements for the Wittig 
reaction, but that additional reagents and working in lower concentrations can offset these 
environmental improvements for the Appel reaction. These results clearly show the 
importance of LCA in early chemical methodology development and can guide the 
decision-taking process in future research programs.  
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7.1 Introduction 

As described in the previous chapters, organophosphorus catalysis based on in situ 
phosphine oxide reduction fully relies on the reduction of phosphine oxides with silanes 
(Figure 7.1). Thus far, the environmental effects due to the use of these silanes have been 
ignored, but the intrinsic requirement of a stoichiometric reducing agent raises the question 
whether environmental improvements of the reaction can be achieved in this manner. 
Especially since thus far, only silanes ((di)phenylsilane) have shown the desired balance 
between reduction potential and functional group tolerance. Similar to phosphines, these 
silanes require a rather lengthy synthetic preparation that might lead to a significant 
environmental impact as well.  

 
Figure 7.1 Schematic representation of in situ reduction strategy. The use of either phosphine 1 or 

phosphine oxide 2 allows the reduction 

The environmental improvement of existing chemical processes is a topic that receives 
increasing interest from the chemical society. A key requirement in such an improvement 
process is a quantitative analysis of environmental impact of both the old and new chemical 
processes. Basic metrics such as atom economy(1), E-factor(2) or effective mass yield(3) are 
methods that quickly give insight into potential environmental impact, because the factors 
can be easily determined from simple reaction equations. However, the outcome might be 
misleading. For example, different waste requires different treatments and the use of 
solvents is also sometimes excluded from such analyses. A more complete and precise 
analysis would be beneficial, but this is often hampered by a lack of process data. The 
emergence of new and more complete databases, however, in combination with universal 
methodological guidelines enables increasingly detailed studies to be performed on reaction 
pathways.(4) Life cycle analysis (LCA) is now considered to be the standard and most 
accurate method to evaluate the environmental performance of chemical production 
processes.(5) Such studies have been used to assess impacts in numerous industrial chemical 
processes already in the stage of production,(6) but they have also been used in earlier stages 
in development in comparative studies for the production of for instance polyols(7) and ionic 
liquids.(8) By using LCA, research and development resources can be focused on the 
development of processes that have environmental benefits and aid in further developing the 
green chemistry concept.(9) 

The aim of this chapter was to compare the environmental impact of the classic Appel and 
Wittig reactions with their new catalytic organophosphorus counterparts that are currently 
under development on a laboratory scale (Figure 7.1). The catalytic processes were analyzed 
using three different silanes: diphenylsilane, phenylsilane and poly(methylhydrosiloxane) 
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(PMHS). Diphenylsilane and phenylsilane have already shown considerable potential as 
stoichiometric reductants for use in catalytic systems, and were therefore included in the 
analysis.(10) In addition, a promising polymeric siloxane (PMHS) was included in the 
analysis due to its inherent stability and low cost.(11) At a very early stage in the development 
of this alternative chemistry, the presented data clearly show the environmental advantages 
and drawbacks of the reported new alternative processes and areas for further environmental 
improvement. 

7.2 System Boundaries and Functional Unit 

In an LCA, four separate stages can be distinguished. First the aim, system boundary and 
functional unit are defined. The functional unit is the common basis of comparison between 
the products of interest, e.g. the production of 1 kWh of electricity in the comparison of 
various ways to generate electricity (coal, gas, solar, nuclear, etc). Subsequently, in the 
inventory analysis the process data is collected for the full life cycle. The inventory analysis 
results in a quantitative overview of all resource extractions and emissions related to the 
functional unit. In the third step, the impact assessment,  the extractions and emissions are 
aggregated to a limited number of impact categories, such as global warming. Finally, 
interpretation of the results in which a sensitivity analysis is included that covers the major 
individual process contributors will lead to the conclusions.  

The functional unit was defined as the production of 1 mole of alkyl chloride (Appel 
reaction) or 1 mole of olefin (Wittig reaction). We followed a cradle-to-gate analysis, 
excluding the use phase of and waste treatment of the chemicals produced, as is common 
practice in the production of fine chemicals.(5b) In fact, we focused in the LCA on specific 
differences between the classic and catalytic reactions. 

 
Figure 7.2 System boundaries: in the LCA starting material alcohol and aldehyde and both products 

are not included in the system. Each catalytic reaction is analyzed with diphenylsilane (Ph2SiH2), 

phenylsilane (PhSiH3) and poly(methylhydrosiloxane) (PMHS). The functional unit was defined as 1 mole 

of product (alkyl chloride or olefin). 

7.3 Inventory Analysis 

The process trees for the Appel and Wittig reactions were based on expert judgment and 
available literature (Figure 7.3, Figure 7.4 and Table 7.4 in 7.10 Supporting Data Section). 
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For the Appel reactions, four chemicals are required as direct input: the alcohol, the 
chloronium donor (carbon tetrachloride (CCl4) or diethyl chloromalonate (DECM)), the 
silane or phosphine (PPh3) and acetonitrile as the solvent.(12) The concentration (0.1 M) was 
set as required for the catalytic reaction. For the Wittig reactions, the solvent of choice is 
toluene (3 M). In case of the classic reaction, the phosphorus reagent (ethyl 2-
(triphenylphosphoran-ylidene)acetate, EPPA) and aldehyde react as such, while in the 
catalytic reactions ethyl chloroacetate and the base sodium carbonate form the ylid in situ.  

In recent years, major progress has been made with the emergence of the ecoinvent database 
in which thousands of chemicals and chemical processes are included.(4) Most compounds 
required for our study are relatively advanced and often not present in the ecoinvent 
database. In these cases technical data from encyclopedia’s, scientific literature and patents 
were used and then further supplemented with general data, following guidelines as 
suggested by Hischier et al.(4b) Although precise models have been described to analyze plant 
processes, for example based on equipment used, the high level of complexity and the high 
degree of uncertainties about the final industrial processes does not allow the use of these 
models in the current context.(13) Furthermore, most (patent) literature does not include 
descriptions of the required equipment and confidentiality issues do not allow chemical 
industrial companies to share this information. 

Besides the guidelines from Hischier et al., the complexity and novelty of our case study 
called for additional, more specific, assumptions:(14) 

• Phosphine catalyst production is ignored since the exact composition, amount and 
industrially viable synthesis are still unknown. Furthermore, it is expected that its 
relative contribution to the LCA is only minor due to the relatively small amounts on 
final application (<1 mol%). 

• No transportation is taken into account, except when already present in ecoinvent, as its 
contribution to cumulative energy demand and global warming calculations is often 
rather small.(15) 

• In case of stoichiometric use of reagents (PPh3 and the silanes), organic waste is 
incinerated in a hazardous waste incinerator. 

• Inclusion of solvents is essential for LCA on pharmaceutical and fine chemistry, as it is 
known to account for a large share (75% on average) of the total energy usage.(16) For 
the batchwise reaction (LiAlH4 reduction, PPh3 production, Appel and Wittig 
reactions) a batchwise solvent distillation (acetonitrile) or incineration (other solvents) is 
taken into account by using Capello’s ecosolvent tool and a distillation efficiency of 
90%.(17),(18) To this end, the final impact of acetonitrile is the impact of production and 
distillation, minus the average gain of recovering the solvent. This method has been 
applied previously by Raymond et al. as well.(16) 

• Side products were regarded as waste and incinerated. 
 
The data sources can be divided into three categories: ecoinvent data, APME data and 
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technical literature data. Ecoinvent data covers the data originating from that database and 
is mostly based on unit process data.(19) The APME data are aggregated datasets that have 
been recently integrated into the ecoinvent database.(4b,20) For the purpose of our study, these 
data were considered to be of high quality. Finally, data that were unavailable from the 
database were collected from technical (patent) literature. 
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Figure 7.4 Life cycle invententory for the Wittig reaction. For every process, unless indicated otherwise, 

a standard amount of energy (2 MJ heat/kg, 0.333 kWh/kg), yield (95%) and air emissions (0.2% of raw 

materials) are accounted for. For clarity, the formation and treatment of waste is omitted from this 

scheme. EPPA is ethyl 2-(triphenylphosphoranylidene)acetate, the ylid for the Wittig reaction. 

7.4 Life Cycle Impact Assessment and Interpretation Methods 

For a quantitative impact comparison, two different methods were used: the global warming 
potential over 100 years (GWP 100a) as developed by the International Panel for Climate 
Change (IPCC) and the Cumulative Energy Demand (CED).(21) The GWP 100a reflects 
the cumulative increase in radiative forcing over a time frame of 100 years of greenhouse gas 
(GHG) emissions, expressed in carbon dioxide equivalents. The CED expresses the total 
energy consumption for the total life cycle inventory and can be considered as a useful proxy 
for the total environmental burden in early product development.(22) The collected data were 
analyzed using SimaPro 7.1® software to obtain the GHG emission and CED values.(23) 

In addition to the comparison of the classic and catalytic reactions, the contribution of the 
phosphines or silanes per reaction to the CED and GHG emissions was assessed. Finally, 
the sensitivities towards the solvent treatment and the efficiency of diethyl chloromalonate 
production was evaluated in terms of relative maximum and minimum deviation from the 
orginal CED and GHG values. In addition to the comparison of the classic and catalytic 
reactions, the contribution of the phosphines or silanes per reaction to the CED and GHG 
emissions was assessed. Furthermore, the sensitivities towards the solvent treatment and the 
efficiency of diethyl chloromalonate production were evaluated in terms of relative 
maximum and minimum deviation from the orginal CED and GHG values. Finally, since 
the yields of the catalytic and classic reactions are expected to be different (see Figure 7.3 
and Figure 7.4), the starting alcohol for the Appel reaction and starting aldehyde for the 
Wittig reaction will influence the LCA results. As the selected starting alcohols and 
aldehydes are not defined upfront, we calculated the maximum allowed CED and GHG 
emissions of the starting alcohol and aldehyde to maintain the conclusion that the catalytic 
reactions are preferable over the classic reaction. In order to put these numbers in 

Olefin
1 mol

Aldehyde
1.3 mol

ethyl chloroacetate
1.5 mol
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1.4 mol

PhMe (3 M)
3.9 mol
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perspective, we determined for a specific aldehyde whether the catalytic reactions would still 
be beneficial. In this particular case, aldehyde 3 was selected as it is known to be used in a 
Wittig reaction for the production Vitamin A.(24) We used Wernet’s Finechem Tool to 
estimate the CED and GWP emission of 3.(25) 

 
7.5 Results Appel Reactions 

The results of the classic and three catalytic Appel reactions are depicted in Figure 7.5. The 
data reveal that no reduction in CED and GHG emission is achieved by replacing PPh3 
(yellow) in the classic reaction for the silanes (dark blue) in the catalyic reactions. This can 
explained by the necessity to replace CCl4 by DECM (orange and purple) which increases 
both the GHG emissions and the CED that it offsets the advantage of using silanes. 
Furthermore, the main impact is caused by the solvent acetonitrile (green) in terms of both 
the GHG emissions and the CED. 

  
Figure 7.5 CED and GHG emissions profiles of the classic and catalytic Appel reactions. The bars are 

stacked for the individually contributing factors. The rest factor is comprised of heat, factory and waste 

treatment. See 7.10 Supporting Data Section for the exact numbers.  

7.6 Results Wittig Reactions 

For the Wittig reactions, the results are different compared to the Appel reactions (Figure 
7.6). First of all, the relative improvement by using silanes is larger due to a lower 
importance of the solvent in terms of CED and GHG emissions. Moreover, in contrast to 
DECM for the Appel reaction, the additional required reagent (i.e. sodium carbonate) has a 
relatively low share in both the CED and the GHG emissions. For this reason, a Wittig 
reaction performed with PMHS appears to be beneficial in terms of both CED and GHG 
emissions. The current state of the art involves a Wittig reaction with diphenylsilane 
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(Ph2SiH2), which reduced CED and GHG emissions by 18% and 35% respectively. 
Phenylsilane does not give different results compared to diphenylsilane. 

  
Figure 7.6 CED and GHG profiles of the classic and catalytic Wittig reactions. The bars are stacked for 

the individually contributing factors. The rest factor is comprised of heat, infrastructure and waste 

treatment. EPPA is ethyl 2-(triphenylphosphoranylidene)acetate, the ylid for the Wittig reaction. See 7.10 

Supporting Data Section for the exact numbers. 

  
Figure 7.7 Individual contributions to the CED and GHG emission profiles of the reagents and 

processes for the required amounts per functional unit of triphenylphosphine (PPh3) and silanes. For 

clarity purposes, similar reagents share the same category (i.e. color). For instance, PCl3 and SiCl4 (yellow) 

both need to be phenylated by either chlorobenzene and benzene (orange), respectively, and thus these 

reagents are located in the same category. Likewise, the solvents (green, toluene and diethyl ether) and 

the reducing agents (purple, lithium and LAH) are in their respective categories. 

Figure 7.7 shows the individual contributors leading to triphenylphosphine and the silanes 
with the amounts as used in the Appel reaction. The main contributors to PPh3 are the 
solvent (toluene) and chlorobenzene, while for the silanes this is lithium aluminum hydride 
(LAH) and benzene (in the case of Ph2SiH2). The difference between using PCl3 or SiCl4 is 
small in terms of both the CED and GHG emissions. The amount of phenyl groups in the 
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silane is clearly reflected by the CED caused by chlorobenzene and benzene as one phenyl 
group contributes for ca. 10 MJ-eq per functional unit. 

7.7 Interpretation 

For both the Appel and Wittig reactions, the difference in relative impact is caused by a 
small number of individual factors/reagents. These factors will be discussed in the following 
section and a sensitivity analysis is described. 

Phenylsilane and Diphenylsilane Production 
In our analysis we assumed that the chlorophenylsilanes are produced via the Barry process 
(i.e. from chlorosilanes and benzene) as is done by Dow Chemical Company.(26) Other 
processes that are known use chlorobenzene and chlorohydrosilanes as starting materials (i.e. 
direct process) as is performed by Wacker Chemie AG.(27) Chlorosilanes and 
chlorohydrosilanes are obtained by the same process and since we can deduce from Figure 
7.7 there is only a small difference between benzene and chlorobenzene, the impact from 
phenylsilanes would be similar via either the Barry or the direct process (for both cases LAH 
reduction is required to obtain the phenylsilanes, so this remains the same). Furthermore, 
we can deduce from Figure 7.7 that a phenyl (Ph) and a hydride (H) moiety contribute in a 
similar manner to the CED (10 MJ-eq) which explains the similarity in CED of these two 
reagents. 

Solvents 
For the Appel reaction, acetonitrile has an important share in the total CED and GHG 
emissions. In our analysis, we assumed a concentration of 0.1 M for both reactions. 
However, it is likely that classic Appel reactions can be performed at a higher concentration 
such as 1 M, while for catalytic Appel reactions this is not the case (see Chapter 4). 
Consequently, the CED emissions of the classic reaction might decrease with 47% and the 
relative drawback of using the new catalytic process further increases (Table 7.1 , entry 1). 
The results of the sensitivity analysis on the GHG emissions are similar to those of the 
CED and therefore only included in 7.10 Supporting Data Section (Table 7.10). 

For our analyses, we assumed incineration or distillation of the solvents, depending on the 
net CED and GHG emission gain or loss as predicted by the ecosolvent tool, aiming for the 
most environmentally benign treatment.(17) For the solvent amounts that are identical for the 
classic and catalytic reactions, the relative CED and GHG emission values will remain the 
same. Still, the absolute values might vary depending on exact solvent treatment conditions. 
To this end, the minimal and maximal deviations on the total CED values as calculated by 
the ecosolvent tool per functional unit are provided in Tables 1 and 2. The results of the 
sensitivity analysis on the GHG emissions are again similar to those of the CED and 
therefore only included in 7.10 Supporting Data Section (Table 7.11). 
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As the precise treatment (e.g. used equipment, impurities, energy source, etc.) is unknown, 
the relative errors per solvent are considerable, in particular when the amount of solvent is 
high (ca. 30%) such as acetonitrile in the Appel reaction (Table 7.1, entry 2) and toluene for 
the synthesis of the ylid in the Wittig reaction (Table 7.2, entry 3). In general, the other 
minimum and maximum values are deviating less than 10% from the original values. 

Table 7.1 Sensitivity analysis for the CED (MJ-eq/mol alkyl chloride) of the Appel reaction in maximum 

and minimum deviation from the original total values. 

Entry  Classic 
Appel PMHS Ph2SiH2 PhSiH3 

1 1 M conc. -47%    
 Sensitivity predicted by 

ecosolvent:     
2 MeCN +/-25% +/-30% +/-35% +/-25% 
3 Et2O   +/-7% +/-5% 
4 PhMe +/-9%    
5 EtOH  +/-5% +/-6% +/-5% 
      
6 DEBM process efficiency  +/-23% +/-18% +/-18% 

Table 7.2 Sensitivity analysis for the CED (MJ-eq/mol alkyl chloride) of the Wittig reaction in maximum 

and minimum deviation from the original total values as provided by the ecosolvent tool. 

Entry  Classic 
Wittig PMHS Ph2SiH2 PhSiH3 

1 PhMe in reaction +/-6% +/-12% +/-6% +/-6% 
2 PhMe (ethylchloroacetate) +/-6% +/-15% +/-7% +/-7% 
3 PhMe (ylid) +/-34%    
4 Et2O (silane)   +/-16% +/-9% 
 
Diethyl Chloromalonate (DECM) in the Appel Reaction 
The significant contribution of DECM in the Appel reaction, offsets any advantages made 
by using silanes. It is therefore important to evaluate the individual factors that contribute to 
the impact of these reagents. From the mass flows that lead to this compound (Figure 7.3), 
it became clear that especially the high amount of ethanol (40 mol) in the carbonylation 
process to diethyl malonate and the high amount of chlorine (39 mol) in the alpha-
chlorination process are responsible for the CED and GHG emission contributions.(28) In 
our analysis, it is assumed that the excess of both ethanol and chlorine is not recycled back 
into the reactions, but this cannot be confirmed by the consulted literature. A possible 
recycling of the ethanol and chlorine, thus assuming a stoichiometric consumption leads to 
ca. 20% less total CED and ca. 32% less total GHG emissions per functional unit (Table 7.1 
and 7.2, entry 6). Hence, if diethyl chloromalonate is produced in a higher efficiency with 
respect to ethanol and chlorine than originally assumed, its contribution would result in a 
similar impact level for the four options for the Appel reaction.(29) 
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Waste Types and Treatment 
For both the classic and catalytic reactions, the amount of waste in weight is similar and has 
only minor impact on the CED and GHG emissions (results not shown). However, the 
composition differs significantly since the classic reactions produce phosphorus waste and 
the catalytic reactions silicon waste. Both were modeled as general hazardous waste, and 
consequently their contribution on the CED and GHG emissions is similar. However, 
other environmental impacts could be significantly different for the silicon or phosphorus 
waste. For instance, concentrated amounts of phosphates result in eutrophication and can 
cause significant damage to ecosystems.(30) For silicates, such adverse effects are not 
expected, and thus this waste is expected to have less environmental impact.(31) 

Starting Alcohols and Aldehydes 
Since the yield of the catalytic reaction is lower than that of the classic reaction, the 
environmental impacts of the starting materials for the former reactions will be higher. For 
the Appel reaction, this will have no consequences on the final conclusions as the CED and 
GHG emissions of the catalytic reactions are already higher than the classic reaction. 
However, for the Wittig reaction this is not the case and before drawing final conclusions, 
the discrepancy should be accounted for. Table 7.3 shows the maximum allowed CED and 
GHG emissions of the starting aldehyde to maintain the conclusion that the catalytic 
Wittig reactions are preferable over the classic reaction. The calculations are included in the 
Supporting Data Section at the end of this chapter. 

Table 7.3 The maximum CED and GHG emissions of the starting aldehyde in the catalytic Wittig 

reactions to maintain an environmental benefit. 

Entry  CED 
(MJ-eq/mol olefin) 

GHG emission 
(kg CO2/mol olefin) 

1 PMHS 519 51 
2 Ph2SiH2 149 25 
3 PhSiH3 175 27 

 
Wernet’s Finechem Tool provided a CED of 47 MJ-eq/mol olefin for aldehyde 3, while the 
GHG emissions were predicted to be 2.0 kg CO2/mol olefin.(25) Hence, the impacts of 
aldehyde 3 fall well within the tolerated range to retain environmentally preferable catalytic 
reactions for all three silanes. 

7.8 Conclusions 

We conclude that the replacement of stoichiometric amounts of phosphine with 
phenylsilane or diphenylsilane in the Appel reaction both reduces the CED (93 vs. 66 MJ-
eq/mol alkyl halide production) and the GHG emissions (5.8 vs 4.2–4.7 kg CO2/mol alkyl 
halide production) of those specific reagents. Moreover, the replacement with PMHS 
appears to have a major reduction in both CED and GHG emissions. However, these 
advantages are eclipsed by the large contribution of the solvent acetonitrile and offset by the 
requirement of diethyl chloromalonate (DECM). Furthermore, it should be noted that the 
contribution of solvent can be lower for the classic (PPh3) Appel reaction, but this is not the 
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case for the catalytic reactions. Moreover, a theoretically optimized DECM production still 
displays a major contribution of this component and does not alter the outcome in such an 
extent that the catalytic variants become favorable. Hence, the catalytic Appel reactions with 
silanes are no improvement in terms of CED and GHG emissions, unless a solution can be 
found for the requirement of DECM and the relatively large amount of acetonitrile. The 
high impact of the solvents clearly show that additional research should be dedicated to 
decrease the impact of solvents by minimizing their use and/or by application of more 
environmentally benign solvents. LCA studies can assist in finding such environmentally 
preferred solvents for chemical processes.(16,32) 

The Wittig reaction does not require larger amounts of solvent and the contribution of the 
additional reagent sodium carbonate marginally contributes to the impacts. Hence, the 
advantages of silanes in the catalytic reaction over triphenylphosphine in the classic reaction 
are clearly pronounced in the reduction of CED and GHG emissions, particularly by using 
PMHS (62% less cumulative energy usage and 66% less GHG potential).  

These results can serve as a stimulus to continue research in this relatively new, but 
important field of chemistry and aid in deciding the directions in which this should be 
heading (i.e. use of PMHS instead of (di)phenylsilane and prioritize the use of less solvents). 
Furthermore, they clearly exemplify the importance of LCA in early chemical methodology 
development. 
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7.10 Supporting Data Section 

Table 7.4 Specified assumptions per reagent/process based on technical data. 
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Table 7.5 CED (MJ-eq/mol alkyl chloride) of Appel reactions with and without solvent treatment 

correction. 

CED  Based on 100% solvent use Corrected for solvent treatment 
(MJ-eq)   Catalytic Appel reactions  Catalytic Appel reactions 
Category Classic PMHS PhSiH3 Ph2SiH2 Classic PMHS PhSiH3 Ph2SiH2 
MeCN 537 603 605 604 121 137 139 138 
PPh3 152 

   
93    

CCl3 7 
   

11    
DECM 

 
182 182 181  134 134 133 

Silane 
 

10 126 115  11 66 66 
Rest 8 10 13 11 8 10 13 11 
Total 704 805 926 911 233 292 352 348 
 

Table 7.6 GHG emissions (kg CO2/mol alkyl chloride) of Appel reactions with and without solvent 

treatment correction. 

GHG em. Based on 100% solvent use Corrected for solvent treatment 
(kg CO2) 

 
Catalytic Appel reactions  Catalytic Appel reactions 

Category Classic PMHS PhSiH3 Ph2SiH2 Classic PMHS PhSiH3 Ph2SiH2 
MeCN 18.8 21.1 21.2 21.2 12.4 14.0 14.1 14.1 
PPh3 4.8 

   
5.8    

CCl3 0.3 
   

0.3    
DECM 0.0 6.0 6.0 6.0  6.4 6.4 6.4 
Silane 0.0 0.4 4.3 3.8  0.5 4.7 4.2 
Rest 0.9 1.0 1.0 1.0 0.9 1.0 1.0 1.0 
Total 24.8 28.6 32.5 32.0 19.4 21.9 26.2 25.6 
 

Table 7.7 CED (MJ-eq/mol olefin) of Wittig reactions with and without solvent treatment correction. 

CED  Based on 100% solvent use Corrected for solvent treatment 
(MJ-eq)   Catalytic Wittig reactions  Catalytic Wittig reactions 
Category Classic PMHS PhSiH3 Ph2SiH2 Classic PMHS PhSiH3 Ph2SiH2 
Toluene 19 23 23 23 5 5 5 5 
EPPA 271    117    
ECA  42 42 42  20 20 20 
Na2CO3  4 4 4  4 4 4 
Silane  10 126 115  10 66 66 
Rest 8 9 8 12 8 9 8 12 
Total 298 89 203 196 130 50 104 107 
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Table 7.8 GHG emissions (kg CO2/mol olefin) of Wittig reactions with and without solvent treatment 

correction. 

GHG em. Based on 100% solvent use Corrected for solvent treatment 
(kg CO2 

 
Catalytic Wittig reactions  Catalytic Wittig reactions 

Category Classic PMHS PhSiH3 Ph2SiH2 Classic PMHS PhSiH3 Ph2SiH2 
Toluene 0.5 0.5 0.5 0.5 0.7 0.8 0.8 0.8 
EPPA 7.9 

   
10.4    

ECA 
 

1.2 1.2 1.2  1.6 1.6 1.6 
Na2CO3 

 
0.2 0.2 0.2  0.2 0.2 0.2 

Silane 
 

0.4 4.3 3.8  0.4 4.7 4.2 
Rest 0.8 1.0 0.6 1.0 0.8 1.0 0.6 1.0 
Total 9.1 3.4 6.8 6.7 11.9 4.1 8.0 7.7 
 
Table 7.9 Original and alternative impacts by variation of the diethyl chloromalonate (DECM) process. 
For the alternative processes, stoichiometric amounts of ethanol and chlorine were used instead of the 
large excess used in the original process. 

 CED (MJ-eq/mol alkyl chloride) GHG emissions (kg CO2/mol alk. chl.) 
 DECM Total impact DECM Total impact 
 org. alt. org. alt. org. alt. org. alt. 
Classic Appel - - 233 233 - - 19.4 19.4 
         
Catalytic Appel:         
PMHS 182 69 292 226 6.0 2.1 26.8 17.5 
PhSiH3 182 69 352 287 6.0 2.1 32.5 22.0 
Ph2SiH2 181 69 348 284 6.0 2.1 32.0 21.4 
 
Table 7.10 Sensitivity analysis for the GHG emissions (kg CO2/mol alkyl chloride) of the Appel reaction 

in maximum and minimum deviations from the original total values. 

Entry  Classic 
Appel PMHS Ph2SiH2 PhSiH3 

1 1 M conc. -58%    
 Sensitivity predicted by 

ecosolvent:     
2 MeCN +/-29% +/-27% +/-21% +/-22% 
3 Et2O (silane)   +/-3% +/-3% 
4 PhMe +/-4%    
5 EtOH  +/-3% +/-3% +/-3% 
      
6 DEBM process efficiency  +/-35% +/-32% +/-33% 
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Table 7.11 Sensitivity analysis for the GHG emissions (kg CO2/mol olefin) of the Wittig reaction in 

maximum and minimum deviations from the original total values as provided by the ecosolvent tool. 

Entry  Classic 
Wittig PMHS Ph2SiH2 PhSiH3 

1 PhMe in reaction +/-6% +/-12% +/-6% +/-6% 
2 PhMe (ethylchloroacetate) +/-6% +/-15% +/-7% +/-7% 
3 PhMe (ylid) +/-16%    
4 Et2O (silane)   +/-16% +/-9% 

Calculations of the maximum allowed impact values of aldehydes in catalytic Wittig reactions. 

!!"#. = !!"#$%&!!"!!"#$ℎ!"#!!"!!"#"$%#&!!!"#$%&'( 
!!"#. = !"#$%!!"!!"#$ℎ!"#!!"#$%!"&!!"#!!"#$%&'#()!!"#$!!"!!"#"$%#&!!!"#$%&'( 

!!"#$. = !"#$%&!!"!!"#$ℎ!"#!!"!!"#$$%!!!"#$%&'() 
!!"#$. = !"#$%!!"!!"#$ℎ!"#!!"#$%!"&!!"#!!"#$%&'#()!!"#$!!"!!"#$$%!!!"#$%&'( 

Δ!"# = !"#. !""#$%&!!"##$%$&'$!!"#$""%!!!"#.!!"#!!!"#$.!!"#!!ℎ!!!"#. !"#$%&'(!!"!!"#$%&!!"#!"!#!$%
= !"##$%$&'$!!"#$""%!!"#$%&'!!ℎ!"#!!"!!"#$%&!7.7!!"#!7.8!! 

 
!!"#.
!!"#.

= !!"#$.
!!"#$.

, !ℎ!"!!!"#$. = !!"#.
!!"#$.
!!"#.

 

Δ!"# = !!"#. − !!"#$. = !!"#. − !!"#.
!!"#$.
!!"#.

= !!"#. 1 −
!!"#$.
!!"#.

, !ℎ!"!!!"#. =
Δ!"#

1 −!!"#$.
!!"#.

 

!!"#. = 1.3; !!!"#$. = 1.1, !ℎ!"!!!"#. ≈
Δ!"#
0.154! 

 

The Δ!"# can be obtained from Table 7.7 and Table 7.8 and with this the maximum allowed impact 
of the aldehyde (per functional unit, i.e. 1.3 mol aldehyde) to retain an environmental is determined. 

Entry  
CED 

(MJ-eq/mol olefin) 
GHG emission 

(CO2-eq/mol olefin) 
Δ!"# !!"#. Δ!"# !!"#. 

1 PMHS 80 519 7.8 51 
2 Ph2SiH2 23 149 3.9 25 
3 PhSiH3 27 175 4.2 27 
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Abstract 

Based on the findings described in this thesis, potential future areas of exploration in 
organophosphorus catalysis are described. New catalysts for phosphine oxide hydrogenation 
and additional applications such as the Mitsunobu reaction and amide bond formation are 
suggested. Finally, I reflect on the concept of organophosphorus catalysis by in situ 
phosphine oxide reduction and give my perspective on future developments in this new field 
of chemistry.  
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8.1 Conclusions 

The research described in the preceeding chapters has contributed to a remarkably fast 
development in organophosphorus catalysis. In fact, it was only in 2008 that Marsden et al. 
noted that “the phosphine oxide P=O bond […] conversion back to a reactive PIII species (to 
complete the catalytic cycle) would necessitate harsh, strongly reducing conditions 
incompatible with the existing functionality in the substrates (and potentially the 
products).”(1) This dogma was broken only one year later, when O’Brien reported on the first 
catalytic Wittig reaction, thereby inspiring us to step into this new area of chemistry.(2) Since 
then, we have made several contribution to the field of organophosphorus catalysis. First of 
all, we discovered that the dibenzophosphole oxide motif allows facile reduction by relatively 
mild silane reagents. Subsequently, several applications have been successfully developed, 
including the catalytic Appel, Staudinger and aza-Wittig reactions. Moverover, based on 
DFT-calculations, we proposed a mechanistic pathway for reduction of the phosphine 
oxides. This involves coordination to the silane and subsequent hydride transfer, during 
which the intrinsic 90° C!P!C bond angle in the five-membered phosphine oxide probably 
enables fast reduction compared to non-cyclic phosphine oxides. Additionally, these studies 
provided a rationale for the effect of Lewis basicity and enabled the design and synthesis of a 
more easily reducible phosphine oxide, possibly through a novel bidentate-type Lewis basic 
interaction. Finally, life cycle analysis revealed that the use of stoichiometric amounts of 
silanes can potentially be more environmentally benign than that of phosphines, but that 
lower concentration and/or use of alternative reagents can offset the advantages offered by 
silanes. It is my personal view that these results form a strong basis for future research on 
organophosphorus catalysis, which may well proceed along the lines that I depict in the 
following paragraphs. 

8.2 Catalyst Improvements 

During our investigations in organophosphorus catalysis we identified two important factors 
to achieve fast phosphine oxide reduction. First of all, the phosphine oxide should be 
incorporated into a five-membered ring, and secondly, the incorporation of an additional 
Lewis base (e.g. DMAP) enhances the reduction so that even poly(methylhydrosiloxane) 
can be used as a reducing agent. The incorporation of DMAP also facilitates separation of 
the phosphine oxide from the reaction mixture, either through precipitation by addition of 
pentane or by acid/base extraction. A drawback of the DMAP-substituted 
dibenzophosphole is that it appears to be rather unstable in Appel and Wittig reactions. 
Therefore, and based on earlier findings using 5-phenyldibenzophosphole in Wittig 
reactions and the reaction described by O’Brien, a saturated five-membered ring in 
combination with a methylene-spacer connected to a Lewis-basic moiety (1) may provide 
the desired stability and reactivity (Scheme 8.1).(2) 
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Scheme 8.1 Newly proposed phosphines based on 1, geared toward Wittig reactions. 

8.3 Hydrogenation of Phosphine Oxides 

The currently available (catalytic) organophosphorus reactions rely exclusively on 
phenylsilane, diphenylsilane or trimethoxysilane, which from a cost and/or toxicity 
viewpoint are rather undesirable. Although our work towards using the cheaper PMHS has 
been reasonably successful, hydrogen can be considered as the ideal reducing agent since it is 
even cheaper, more easily separated from a reaction medium and only producing water as a 
side product. I am aware of only one (patent) publication of a “catalytic” hydrogenation of 
phosphine oxide,(3) but this procedure involves extreme, heterogeneous conditions that 
would most certainly not give the required functional group selectivity for catalytic 
application (see Chapter 1). Reasonable selectivity might more readily be obtained by 
homogeneous catalysts. I would propose to start with two ligand designs based on Cole-
Hamilton’s use of Triphos and Milstein’s pincer complex coordinated to ruthenium.(4) Both 
have shown excellent reactivity in the reduction of amide bonds, following a similar 
mechanism as the reduction of phosphine oxide by silanes and borane (i.e. first coordination 
of the oxide and subsequent hydride transfer). I anticipate that there may be competition 
between the ligand and the organophosphorus reagent in both coordination to the metal 
catalyst and the involvement in the Wittig reaction, for which I propose two solutions 
(Scheme 8.2). First of all, a tridendate ligand will bind strong the metal center, minimizing 
competition of the organophosphorus species. A second scenario involves the design of a 
phosphine that can serve both as a ligand and also fulfill the requisite function for catalytic 
Wittig reaction (i.e. easily reducible). The pincer complex of Milstein (2) shows similarity to 
our proposed phosphine 1 and could perhaps be further developed to this end (L1). 

 
Scheme 8.2 Hydrogenation of phosphine oxides. 

8.4 Additional Applications in Organophosphorus Catalysis 

In addition to the reactions that have been investigated in this thesis, I envision that other 
reactions consuming phosphines can potentially be improved using organophosphorus 
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azodicarboxylate and a carboxylate nucleophile) is an example of such a reaction because it 
generates a large amount of waste and has been identified as a reaction that needs 
improvement, in particular for industrial application. Building on the results obtained from 
the catalytic Appel reaction, it might be feasible to replace the dialkyl diazodicarboxylates by 
other oxidizing agents such as CCl4 or CBr4 while maintaining the phosphorus turnover by 
using silanes. 

Furthermore, in the 1975 review by Appel, an amide bond formation by PPh3/CCl4 is 
described which can serve as an inspiration to develop novel catalytic peptide bond 
formation.(5) This can be considered as one of the major remaining challenges in synthetic 
organic chemistry and with the tools developed in this thesis, it might well be possible to 
achieve catalytic amide bond formation by organophosphorus catalysis.(6) In fact, progress 
into this direction has already been made in a recent report by the group of Ashfeld on an 
organophosphorus-catalyzed traceless Staudinger ligation.(7) 

Another application might be the reaction of carbon dioxide with iminophosphoranes 
yielding isocyanates. This way, CO2 can potentially replace the currently used highly toxic 
phosgene for the formation of isocyanates. In 1919, Staudinger already reported the facile 
stoichiometric reaction of P=N-containing compounds with CO2, but this has found limited 
applications to date.(8) The catalytic Staudinger and aza-Wittig reactions, described in 
Chapter 5 and 6, could serve as a worthy basis for such research. 

8.5 The in situ Reduction Strategy and Beyond 

The investigation described in this thesis show that, depending on the application, 
alternative phosphines might be required. This is unlike classic chemistry in which 
triphenylphosphine usually sufficed for Wittig, Mitsunobu, Staudinger and Appel reactions 
and only occasionally it is substituted by a phosphonate ester (Horner-Wadsworth-Emmons 
reaction), trimethylphosphine (Staudinger reduction), etcetera. For future reactions, the 
variation of phosphines most likely increases and dedicated optimized catalysts systems 
emerge per substrate/reaction type, similar to ligands used for organometallic catalysis and 
enzymes in biocatalysis. This might be the only way to achieve the required balance per 
reaction. 

As a final note, I would like to reflect on the conceptual consequences of the in situ 
phosphine oxide reduction strategy. Since such a protocol relies on a redox-driven 
mechanism, a stoichiometric reducing agent will be required for all scenarios, meaning that 
the process can never be fully catalytic. Therefore, on the long term, this phosphine-based 
chemistry might be entirely dismissed and alternatively, conceptually different reactions can 
take its place. For instance, cross-metathesis as initially developed by Grubbs is rapidly 
becoming a viable alternative for the Wittig reaction(9) and hydroxyl substitution can be 
achieved by Lewis acid catalysis(10) or hydrogen shuffling(11) with water as the only side 
product. However, before those reactions show the desired scope, robustness and selectivity, 
we should not dismiss the in situ reduction approach to organophosphorus catalysis protocol 
since there is still much to discover in this exciting new field of chemistry. 
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Summary 
In light of the development of more sustainable chemical processes, bio-based materials 
might serve well as a replacement for fossil-based feedstock. The dissimilar chemical 
composition (high amount of oxygen) of this new bio-based feedstock however, requires 
new chemical methods and careful evaluation of established methods of which application 
might increase as well. Considering the effectiveness of phosphorus reagents to react with 
oxygen-containing compounds, one can for instance expect an enlarged role for these 
reagents in the future and one should thus carefully look into phosphorus-based methods for 
future applications. The use of phosphorus in organic synthesis has been well established in 
the last century and eminent reactions such as the Wittig, Mitsunobu and Appel reactions 
are widely used. The concomitant formation of stoichiometric amounts of phosphine oxides 
is however a major drawback of this chemistry as it hampers purification and lowers the 
atom economy. It is therefore desirable to clean up this organophosphorus chemistry or to 
invent new and cleaner alternatives. 

The research described in this thesis falls within CatchBio, a Dutch public-private 
parthnership that “aims to develop clean and efficient processes for biomass conversion into 
low-cost and sustainable biofuels, chemicals and pharmaceuticals.” Given the possible 
importance of phosphorus reagents in the current chemical society in converting oxygen-
containing functionalities and the increasing abundance of such materials in the future, we 
have investigated organophosphorus catalysis based on the in situ reduction of the 
phosphine oxides. 

Chapter 1 describes the recent emergence of two distinct manifolds in organophosphorus 
catalysis and the underpinning research that led to these advances. The two strategies can be 
defined as redox-neutral or redox-driven methods and can be distinguished by whether the 
oxidation state of phosphorus species remains constant (PV) during the catalytic cycle 
(redox-neutral, Figure 1 left) or that its oxidation state is shuttled from PIII to PV throughout 
the catalytic cycle (redox-driven, Figure 1 right). The redox-driven strategy requires 
reduction of a phosphine oxide and the known methods to achieve such a reaction are 
reviewed. Finally, the aim and scope of the research that is performed with in this thesis are 
elucidated. 

 
Figure 1 Redox-neutral and redox-driven manifold. 
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Chapter 2 discloses that a five-membered phosphine oxide cycle is reduced faster than larger 
cyclic analogues and acyclic systems. Furthermore, 5-phenyldibenzophospholes are 
developed and selected as potential catalysts for they can be electronically tailored by 
substituents. In fact, the dibenzophosphole moeity lies at the core of the research described 
in this thesis. It was found that more electron density in the phosphine oxide enhanced the 
rate of reduction by diphenylsilane (Figure 2). 

 
Figure 2 Reduction of 5-phenyldibenzophosphole analogues by diphenylsilane. 

Chapter 3 elucidates the mechanism of the silane-mediated reduction by X-ray and DFT 
analyses. It is proposed that the phosphine oxide first coordinates to the silane and 
subsequently hydride transfer occurs. This latter step is facilitated by the intrinsic ring-strain 
by a C!P!C angle of ca. 90° in the five-member phosphine oxide cycles. The mechanistic 
proposals are supported by the synthesis and evaluation of 5-phenyldibenzophosphole 
analogues. Further synthetic efforts led to the discovery that a DMAP-phosphole oxide 
derivate is reduced more readily than its parent phenyl-substituted dibenzophosphole and 
that this is possibly enabled by a bidentate-type Lewis basic interaction of the phosphine 
oxide with the silane (Figure 3). Although the application of this new phosphine proved to 
be limited, its remarkable ease to be separated from the reaction mixture and subsequent 
reduction does stimulate further investigations. 

 
Figure 3 Enhanced reduction of DMAP-phosphole by diphenylsilane through the proposed 

unprecedented bidentate-type Lewis basic coordination modus. 

Chapter 4 reveals the first catalytic application of dibenzophosphole in the alcohol 
substitution with bromides and chloride (Appel reaction, Figure 4). It became clear that 
electronic fine-tuning of catalysts was crucial to achieve successful conversions and that the 
success of a situ reduction protocol highly depend on finding the right balance between the 
reactivities of the reaction components. For example, while the phosphine should readily 
react with the halonium donor, it must refrain from reacting with the alkyl halide product. 
Similarly, the halonium donor (an oxidizing agent) has to be reasonably unreactive towards 
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oxide. A proper balance between these reaction parameters has been successfully determined 
for the catalytic bromination of alcohols by using the bromonium donor diethyl 
bromomalonate, 5-phenyldibenzophosphole as catalyst and diphenylsilane as reducing 
agent. Significant progress was made for similar chlorination reactions. 

 
Figure 4 Proposed catalytic cycle for the Appel reaction 

Chapter 5 describes the development of a organophosphorus-catalyzed Staudinger reduction 
via an in situ P=N bond reduction with phenylsilane as most effective reducing agent 
(Figure 5). Functional groups such as nitro, alcohol, ester, olefin, and carboxylic acid were 
all fully compatible with the reaction conditions employed. Catalyst loading could be 
reduced to 5 mol% and still maintain reasonable reaction times (16 h). 

 
Figure 5 Organophosphorus-catalyzed Staudinger reduction. 

Chapter 6 builds upon the Staudinger reaction by displaying a catalytic Staudinger/aza-
Wittig reaction sequence. Although the P=N bond reduction is competing with the aza-
Wittig reaction for various substrates, moderate to good yields could be obtained for several 
cyclic substrates (Figure 6). In particular 2-azidophenol esters precursors showed good 
selectivity towards their benzoxazoles products. Moreover, benzodiazepine imidates could be 
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successfully obtained, although the substrate scope that give good conversions is limited to 
proline-derived precursors. 

 
Figure 6 Catalytic Staudinger/aza-Wittig sequence. 

Chapter 7 evaluates the environmental impact of the catalytic Appel and Wittig reaction 
and compares these with the classic counterparts by life cycle analysis studies. It was found 
that that the replacement of phosphines by silanes can offer environmental improvements 
for the Wittig reaction, but that additional reagents and working in lower concentrations 
can offset these environmental improvements for the Appel reaction. 

Chapter 8 finally concludes this thesis, provides an outlook for possible future work and 
evaluates organophosphorus catalysis via in situ phosphine oxide reduction as a concept. 
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Samenvatting 
Teneinde van de ontwikkeling van een duurzamere samenleving zouden biologisch-
gebaseerde materialen wellicht fossiel-gebaseerde grondstoffen kunnen vervangen als de 
basis voor onze chemicaliën. Echter, de afwijkende chemische samenstelling (m.n. de 
hoeveelheid zuurstof) van deze nieuwe bio-gebaseerde grondstoffen vragen nieuwe 
chemische methodes en een kritische evaluatie van gevestigde methodes die wellicht meer 
zullen worden toegepast in de toekomst. Bijvoorbeeld, vanwege de hoge efficiëntie waarmee 
fosfor reageert met zuurstofhoudende verbindingen, kan men bijvoorbeeld een toenemende 
rol voor fosfor gebaseerde methodes verwachten. Het gebruik van fosfor in de organische 
synthese is goed onderzocht in de afgelopen eeuw en eminente reacties zoals de Wittig, 
Mitsunobu en Appel reactie worden vaak toegepast. De gelijktijdige vorming van 
stoichiometrische hoeveelheden afval (m.n. fosfinoxides) is echter een groot nadeel doordat 
het de zuivering bemoeilijkt en de atoom economie van de reactie vermindert. Het is 
daarom wenselijk om deze organofosfor chemie te zuiveren of nieuwe schonere alternatieven 
te ontwikkelen. 

Het onderzoek dat is beschreven in dit proefschrift valt binnen Catchbio, een Nederlands 
publiek-private partnerschap dat als doel heeft het ontwikkelen van schone en efficiënte 
processen voor het omzetten van biomassa in goedkope en duurzame bio-brandstoffen en 
(farmaceutische) chemicaliën. Gegeven het huidige belang van fosfor in de omzetting van 
zuurstofhoudende verbindingen en de waarschijnlijke toename van zulke materialen in de 
toekomst, hebben wij organofosfor katalyse via in situ reductie van fosfinoxides onderzocht. 

In Hoofstuk 1 is de opkomst van twee varianten binnen de organofosfor katalyse en het 
onderzoek dat daaraan vooraf is gegaan beschreven. Deze twee strategiën kunnen worden 
gedefinieerd als redox-neutraal en redox-gedreven methodes en kunnen onderscheiden 
worden door de oxidatietoestand van het fosforreagent. Deze kan constant PV blijven 
gedurende de reactie (redox-neutraal, Figuur 1 links) of veranderen van PIII naar PV en vise 
versa (redox-gedreven, Figuur 1 rechts). De laatste strategie vereist een reductie van een 
fosfinoxide en in dit hoofdstuk zijn alle bekende methodes voor deze omzetting beschreven. 
Tot slot is het doel en het bereik van het onderzoek dat beschreven is in dit proefschrift 
uiteengezet. 

 
Figuur 1 Redox-neutraal and redox-gedreven strategiën. 
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In Hoofdstuk 2 is beschreven dat een vijfring fosfinoxides sneller worden gereduceerd dan 
grotere ringen en lineaire fosfinoxides. Verder is uiteengezet hoe 5-fenyldibenzofosfolen zijn 
ontwikkeld en hoe hun elektronische eigenschappen kunnen aangepast met zijgroepen. We 
hebben ontdekt dat een grotere elektronendichtheid op de fosfinoxide leidt tot een snellere 
reductie met difenylsilaan (Figuur 2). De dibenzofenylfosfol groep ligt ten grondslag van het 
onderzoek dat is beschreven in dit proefschrift. 

 
Figuur 2 Reductie van 5-fenyldibenzofosfol analoga met difenylsilaan. 

In Hoofdstuk 3 wordt het mechanisme van de silaanreductie toegelicht aan de hand van X-
ray en DFT analyses. Voorgesteld wordt dat de fosfinoxide eerst aan het silaan coördineert 
en dat er vervolgens een hydride overdracht plaatsvind. Deze stap wordt vergemakkelijkt 
door de intrinsieke ringspanning door een C!P!C hoek van ca. 90° in vijfring fosfinoxides. 
De mechanistische voorstellen worden ondersteund met de synthese en de evaluatie van 
analoge 5-fenyldibenzofosfolen. Verdere inspanningen leidden tot the ontdekking dat een 
DMAP-fosfol oxide analoog sneller wordt gereduceerd dat de oorspronkelijke 5-
fenyldibenzofosfolen en dat dit mogelijk wordt veroorzaakt door een nieuw bidentaalachtige 
Lewis-base interactie van het fosfinoxide met het silaan (Figuur 3). Alhoewel de toepassing 
van dit nieuwe fosfine beperkt bleek te zijn, stimuleert de gemakkelijke scheiding en 
opeenvolgende reductie verder onderzoek. 

 
Figuur 3 Versoepelde reductie van DMAP-fosfol met difenylsilaan via de voorgestelde nieuwe  

didentaalachtige Lewis-base interactie. 
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behouden om fosfinoxides te reduceren. Een juiste balans tussen deze reactie parameters is 
bepaald voor de katalytische bromering van alcoholen door gebruik te maken van diethyl 
bromomalonaat als bromonium donor, 5-fenyldibenzofosfol als katalysator en difenylsilaan 
als reductor. Tot slot is er bovendien een aanzienlijk vooruitgang voor vergelijkbare 
chlorering reacties gemaakt.  

 
Figuur 4 Voorgestelde katalytische cyclus voor de Appel reactie. 

In Hoofdstuk 5 wordt de ontwikkeling van een organofosfor gekatalyseerde Staudinger 
reductie via een nieuwe P=N bindingsreductie behandeld (Figuur 5). Fenylsilaan bleek de 
meest effectieve reductor en functionele groepen zoals nitro, alchol, ester, olefine en 
carbonzuren waren allen compatibel met de reactie condities. Met de inachtneming van 
redelijke reactietijden (16 u), kon de hoeveelheid katalysator worden verlaagd tot 5 mol%. 

 
Figuur 5 Organofosfor gekatalytiseerde Staudinger reductie. 

Het werk beschreven in Hoofdstuk 6 bouwt verder op de Staudinger reductie en een 
katalytische Staudinger/aza-Wittig reactie wordt beschreven. Alhoewel de P=N 
bindingsreductie in competitie is met de aza-Wittig reactie, worden redelijk tot goede 
opbrengsten verkregen met verschillende substraten (Figuur 6). Vooral 2-azidofenolesters 
gaven hun overeenkomstige benzoxazool producten in goede opbrengsten. Benzodiazopine 
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imidaten konden ook worden verkregen, al is het bereik binnen deze substraatgroep beperkt 
tot proline-gederivatiseerde uitgangsproducten. 

 
Figuur 6 Katalytische Staudinger/aza-Wittig sequentie. 

In Hoofdstuk 7 is het onderzoek naar de milieu impact van de katalytische Appel en Wittig 
reactie beschreven. De nieuwe katalytische methodes worden vergeleken met hun klassieke 
varianten doormiddel van een levenscyclus analyse. De vervangingen van fosfinen met 
silanen kan milieutechnische voordelen opleveren voor de Wittig reactie, maar het werd 
duidelijk dat de essentiële alternatieve reagentia binnen de Appel reactie eventuele voordelen 
teniet doen. 

In Hoofdstuk 8 zijn tot slot de conclusies en mogelijke richtingen voor vervolgonderzoek 
uiteengezet. 
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Dankwoord 
Geen enkel onderzoek wordt geheel alleen gedaan en het zou dan ook misplaatst zijn om 
niet diegenen te benoemen die essentiele bijdragen hebben geleverd aan de totstandkoming 
van dit proefschrift. 

Allereerst wil ik Floris Rutjes en Floris van Delft bedanken voor hun uitstekende 
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grote mate aan jullie te danken! 

Secondly,  I would like to thank prof. Binne Zwanenburg, prof. Steve Marsden en dr. Paul 
Alsters, for the many suggestions and corrections that they offered me on my manuscript. 
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lag op een industriële toepasbaarheid, maar juist op het vinden van nieuwe interessante 
chemie. Pedro Hermkens, Gerjan Kemperman, Hans de Vries, Bernard Kaptein, Lavinia 
Panella en Paul Alster worden allen bedankt voor hun input tijdens deze discussies. 

In dit proefschrift zijn verschillende samenwerkingsverbanden terug te vinden. De DFT 
berekeningen waren zonder dr. Gijs Schaftenaar van het CMBI niet mogelijk geweest en 
dankzij deze samenwerking hebben wij onze vermoedens betreffende het mechanisme mooi 
bevestigt zien worden. Het laatste hoofdstuk was een zeer intensieve samenwerking met 
prof. Mark Huijbregts van de afdeling Milieukunde binnen onze universiteit. Zijn expertise 
en begeleiding zijn essentieel geweest voor het gehele hoofdstuk en de overeenkomstige 
publicatie in Green Chemistry. Het intensieve contact en de goede discussies hebben mij 
ook anders leren kijken naar scheikundig onderzoek zelf. Het was een zeer leerzame en 
uitstekende samenwerking, bedankt daarvoor! 

Verdere inhoudelijke inbreng kwam natuurlijk ook van binnenuit de vakgroep Synthetische 
Organische Chemie. Met name in het begin waren de discussies met Dennis Waalboer zeer 
nuttig en gedurende de gehele periode kon ik dagelijks ideeën en resultaten overleggen aan 
Jorgen en Ferdi met wie ik ongeveer tegelijkertijd mijn promotie ben begonnen. Ook buiten 
de chemie ondernamen we veel samen, al waren fiets en chemie vaak niet helemaal 
gescheiden. Ik ben erg blij dat jullie mij paranimfen willen zijn tijdens mijn verdediging en 
kijk uit naar nog vele momenten op de fiets of in de chemie. Natuurlijk wil ik ook de overige 
leden Marjoke, Matthijs, Stefan, Angelique, Lieke, Jorge, Bas (2!), René (2!), Thomas, 
Lieke, Roseri, Rinske, Anup, Mariëlle, Bram, Marloes, Susan, Candice, en Dani bedanken 
voor hun inbreng. Ik had me geen betere collega’s en vrienden kunnen wensen. Martin 
Feiters wil ik bedanken voor zijn kritische blik tijdens werkbesprekingen en zijn assistentie 
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in het oplossen van soms lastige spectrale data. Ook de leden van de overige vakgroepen 
binnen de organische chemie afdeling, de van Hest en de Rowan groep, wil ik bedanken 
voor de plezierige werkomgeving en goede samenwerking. Veel van het beschreven werk was 
geheel niet uitgevoerd geweest, of in veel mindere kwaliteit, ware het niet dat er uitstekend 
ondersteunend personeel aanwezig was binnen de afdeling. Dit wordt dikwijls niet genoeg 
benadrukt en zij verdienen dan ook uiteraard een plek in dit dankwoord. Peter van Dijk, 
Jacky Versteeg, Ad Swolfs, Paul Schlebos, Theo Peters, Peter van Galen, Jan Dommerholt 
en Rene Aben: allemaal hartelijk bedankt! 

Van groot belang tijdens mijn promotieonderzoek waren natuurlijk ook de bachelor en 
master studenten die bij mij hun stage liepen. Zij verdienen speciale aandacht omdat ze het 
werk niet alleen veel leuker maakten, maar ook vooral omdat ze enorm veel inhoudelijk 
bijgedragen hebben gedurende de vier jaar. Het feit dat een ieder vermeld staat op één of 
meedere publicaties, geeft hun kwaliteit en enthousiasme aan en ik ben dan ook gezegend 
geweest met alleen maar uitstekende studenten! Hun individuele bijdragen staan aan het 
einde van elk betreffende hoofdstuk en in de publicatielijst aan het einde van dit 
proefschrift. In chronologische volgorde, Stefan, Stefan, Rianne, Jorick, Frank, Colet en 
Anneloes: allen hartelijk bedankt voor jullie inzet en enthousiasme! 

Tot slot is er een kleine groep mensen die welliswaar geen inhoudelijke inbreng heeft 
geleverd, maar die toch essentieel is gebleken tijdens de gehele periode. Soms wellicht met 
de verkeerde vragen (“Heb je al resultaat?”), maar altijd met goede bedoelingen en oprechte 
interesse. Zonder mijn familie waren de zorgen en stress zeker meer geweest. Mijn ouders, 
Jojanne, Friso en Annet, enorm bedankt voor de vragen, de interesse en het bieden van een 
warm thuis. And then finally, a word for someone who always knew exactly when to lift me 
up, or when to keep me with both my feet on the ground. Only depending on what was best 
for me. Although she was working on a similar mission, she was always there to listen and 
to encourage me. Rosalba, thanks for all your support, patience and love! 
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