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Abbreviations 

 

Ar  Aryl 

BINAP 2,2'-Bis(diphenylphosphanyl)-1,1'-binaphthyl 

BOC Di-tert-butyl-dicarbonate 

Bu Butyl 

COD             1,5-Cyclooctadiene 

Cy                   Cyclohexyl 

DMF N,N-Dimethylformamide 

DMSO Dimethylsulfoxide 

DPPE 1,2-Bis(diphenylphosphanyl)ethane 

Equiv. Equivalent 

ESI-MS Electrospray ionization mass spectroscopy 

FA  Formic acid 

FMOC-Cl 9-Fluorenylmethyl chloroformate 

GC Gas chromatography 

HRMS High resolution mass spectroscopy 

IR                    Infrared 

LDA Lithium diisopropylamide 

LiAlH 4 Lithium aluminiumhydride 

mbar Millibar 

Mes Mesityl 

NMR               Nuclear magnetic resonance 

NHC N-Heterocyclic carbene 

OAc Acetate 

Py Pyridine 

RT Room temperature 

SHOP Shell Higher Olefins Process 

S-PHOS 2-Dicyclohexylphosphanyl-2’,6’-dimethoxybiphenyl 

THF Tetrahydrofuran 

TLC Thin-layer chromatography 

TON Turnover number 

X Halide  



 

  

o-  ortho- 

p- para- 

m- meta 

tert. tertiary 

 

NMR-spectrocopy 

 

δ  Chemical shift 

d  Doublet (NMR) 

DEPT Distortionless enhancement by polarization transfer (NMR) 

J Coupling constant (NMR) 

s Singlet (NMR) 

t Triplet (NMR) 

m Multiplet (NMR) 

q Quartet (NMR) 

Hz                   Hertz 

ppm Parts per million 

brs                   broad signal 

dd                    double doublet 

ddd                  double double doublet 

dt                     double triplet 

tt                      triple triplet 
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1. General introduction 

 

1.1. Importance of phosphane ligands 

 

Organometallic chemistry has become an important field of chemistry after the 

discovery of Ziegler-Natta catalysts for low pressure catalytic polymerisation of 

ethylene in the early nineteen fifties [1] and the synthesis of ferrocene, the first 

metallocene. Lateron several catalysts were developed for various catalytic applications 

in organic synthesis and also in industrial processes like hydrogenation of alkenes and 

carbonyl compounds, oxidation reactions, ethylene polymerisation, C-C, C-N and  P-C 

coupling reactions and so on. Phosphane ligands became important as the backbone for 

a variety of catalysts. The lone pair on phosphorus of tertiary phosphanes and suitable 

stereoelectronic properties of phosphane complexes for key steps of the catalytic cycles 

led to an incredible number of catalytic studies with phosphane ligands and transition 

metal coordination compounds synthesised in the past two decades. Credit for the first 

and excellent phosphane based catalyst goes to Wilkinson’s complex [RhCl(PPh3)3], 

which catalyzes the hydrogenation of various alkenes at room temperature under 

atmospheric pressure of hydrogen [3]. Related catalysts with other late transition metals, 

e.g. ruthenium-phosphane based catalysts, were also developed to enhance the catalytic 

activity towards hydrogenation of 1-alkene [4]. While the early studies were focused to 

find new catalysts, the later research has been developed towards improved chemo-, 

regio- and stereochemical selectivity of the catalytic reaction, e.g. hydrogenation. For 

example, [RuCl2(PPh3)3] catalyses the selective hydrogenation of nitro compounds to 

amines without hydrogenating the aromatic ring or reducing other substituents [5], and 

[Pt(SnCl3)H(PPh3)2] reduces conjugate dienes to monoenes [6]. By replacing PPh3, 

other new catalysts of rhodium were synthesized, i.e. [RhCl(P*MePhPr)3] by means of 

(−)-methyl-propyl-phenylphosphane, used to hydrogenate α-phenylacrylic acid, 

CH2=C(Ph)COOH, to MeC*H(Ph)COOH with 15% enantiomeric excess [7a,b]. 

Knowles et al. improved yield and ee by development of other asymmetric phosphane 

ligands and finally the (R,R)-DIPAMP ligand for Rh-catalysed L-DOPA synthesis 
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[7c,d]. It was also proved that the asymmetric centre in the catalyst need not to be at the 

phosphorus but could be advantageously at one of the organic groups of the phosphane 

[8]. Thus, the rhodium catalyst prepared from neomenthyldiphenylphosphane gave an 

enantiomeric excess (ee) of 61% of S-(+)-3-phenylbutanoic acid on hydrogenation of β-

methylcinnamic acid. Similarly, reduction of (E)-α-methyl cinnamic acid and atropic 

acid gave (R)-2-methyl-3-phenylpropanoic acid (52% ee) and (S)-hydratropic acid (28% 

ee) by using this catalyst. This showed that asymmetric phosphanes and their 

preparation from optically active precursors have great importance and stimulated 

search for even better ligands. Kagan’s (−)-DIOP, (−)-2,3-O-isopropylidene-2,3-

dihydroxy-1,4-bis(diphenylphosphanyl)butane, which is prepared from L(+)-tartaric 

acid [9], is an early example of phosphane ligands with chiral backbone, which in the 

rhodium catalyzed hydrogenation of C=C compounds give high ee’s. Syntheses of such 

optical active phosphanes and catalysts have today great industrial importance.  

 

Chemical and physical properties of a metal complex depend strongly on the 

type of ligand and therefore also its suitability as catalyst for a certain reaction. 

However, different types of phosphorus ligands are known today and allow already a 

broad selection. Examples are monodentate non-chiral and chiral phosphane ligands, 

non-chiral and chiral P-P ligands, P-N ligands, ether phosphane ligands, P-N-P ligands, 

P-O− ligands and so on. Each ligand-transition metal combination has its own 

importance in the metal catalysis, for example P,P ligands like BINAP [10, 11], 

CHIRAPHOS [12], BPPM [13], DuPHOS [14], BICP [15], PHANEPHOS [16], 

BIPHEMP [17], PENPHOS [18], P-PHOS [19], SEGPHOS [20] and TANGPHOS [21] 

are found to form efficient catalysts towards a variety of asymmetric reactions. P-NH 

and P-NH-P ligands as shown in Figure 1 undergo facile deprotonation in the presence 

of metal ions to yield anionic chelating agents [22, 23]. Another type of P-N ligands, di-

tertiary phosphanylalkylamines Ph2PCH2NMe2 and Ph2P(CH2)2NMe2, was reported by 

Shell to be used in rhodium catalysed hydroformylations of allyl alcohol, 3-buten-2-ol 

and methallyl alcohol and accomplished high selectivity [24]. Hydroformylation with 

the rhodium catalyst / Ph2P(CH2)2NMe2 showed 59% conversion at 94:6 branched to 

linear ratio, whereas use of corresponding phosphane oxide as a precursor ligand 

surprisingly furnished conversion and similar selectivity (91:9) under identical 

conditions [25, 26]. Recently, a new PNP ligand (Figure 1 right side) has been reported 
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and found application for tetramerisation of ethylene using chromium as catalyst metal 

[27].  
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Figure 1: P-NH, P-NH-P and P-N-P ligands 

 

1.2. P,O− –Chelate Ligands and their transition metal 

complexes 

 

Besides the type of ligands mentioned above, P∩O−chelate ligands are one of the 

kinds having huge application in transition metal catalysis. Initially, o-

diphenylphosphanylbenzoic acid which can be regarded as a P ∩O−-chelate ligand, was 

discovered by Issleib et al., and they reported also the nickel, cadmium, and copper 

complexes of this ligand [28]. The combination of this ligand with Ni(1,5-COD)2 

affords a very active catalyst for ethylene oligomerization [29]. Palladium and platinum 

complexes of this ligand are also known [30]. Recently, Pfaltz et al.  have used the 

palladium complexes of o-(diorganophosphanyl)benzoic acid in the ‘Heck reaction’ of 

bromobenzene and styrene [31], and they showed that these complexes are more 

efficient catalysts than Pd(OAc)2 [32] and earlier known palladium complexes [33] for 

this particular reaction. Also, o-(diorganophosphanyl)benzene sulfonic acids were 

synthesized and their palladium complexes were used in co-polymerisation of ethylene 

and carbon monoxide by Rieger et al. [34]. Compounds of the type Ph2P-(CH2)n-COOH 

(n = 1 to 3) were also known in the literature [35]. Keim et al studied the activity of 
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nickel complexes of such ligands with varied n value towards oligomerisation of 

ethylene [36] and showed that the catalytic activity decreases in the order of n = 1 >> 2 

> 3 in the screening tests with Ni(π-C4H7)2. Recently, Walton et al. reported binuclear 

Mo and Re complexes of (Ph)2P-CH2-COOH [37]. Thus, the phosphanyl-

alkylcarboxylic acids possessing the skeleton of ‘P-(C)n-COOH’ have great value in 

coordination chemistry.  

 

Keim and co-workers were the first to show that also the phosphorus ylide 

Ph3P=CH-CO-Ph forms catalytically active P∩O− complex catalysts. In screening with 

Ni(COD)2 they found high catalytic activity towards ethylene oligomerisation in the 

presence of triphenyl phosphane [38]. The reddish brown crystals obtained in n-octane 

proved to be a phenylnickel-phosphanyl-enolate complex, formed by phenyl migration 

(Scheme 1). Later, the yellow-brown arsenic analogue was synthesized [39]. Much like 

o-diphenylphosphanylbenzoate, these keto-ylide ligands function as anionic P∩O− 

donors. Both of these nickel complexes of arsenic and phosphorus form active catalysts 

for ethylene oligomerisation producing mainly linear α-olefins (> 95%) in almost 

quantitative yields. Hence, they behave like o-diphenylphosphanylbenzoate nickel 

catalysts as anionic P∩O− donors. 

 

Ni(COD)2 + Ph3P + Ph3P CH C Ph

O Ph2
P

Ni

O

Ph

Ph3P
Ph

-2 COD

I  

 

Scheme 1: Phenyl migration in the reaction of triphenylphosphonium keto ylides with 

Ni(COD)2 

 

Keim and co-workers studied the mechanism of the formation of the P∩O− 

nickel complex and of the oligomerization (Scheme 2). It was proved that the formation 

of square planar nickel complex (I ), stabilised by triphenyl phosphane, was favoured 

[40]. The nickel-phenyl bond is reactive and allows insertion of ethylene. Further 

coordination and insertion of ethylene lead to chains. Termination of chain growth 
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occurs by β-hydride elimination, forming a short lived Ni-H complex which rapidly 

inserts further ethylene (Scheme 2). The Ni-H mechanism explains the formation of 

CH3 and vinyl endgroups in the catalytic products. A direct proof of the formation of 

Ni-H species succeeded by the synthesis and crystal structure analysis of a stable 

square-planar nickel-hydride complex with bis(trifluoromethyl)-substituted 2-

diphenylphosphanyl ethanolate and a bulky and basic tricyclohexyl phosphane in the 

fourth corner [41]. 

 

Precatalyst Ni

H
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O

P

Ni

O

P

Ni

O

P

Ni

O
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Scheme 2: Ni-H mechanism of ethylene oligomerisation 

 

 

An intensive study of the use of various o-phosphanylphenolate ligands in Ni-

catalyzed oligo- and polymerization of ethylene was performed by Heinicke et al. in 

cooperation with Keim [42]. Heinicke et al. studied the synthesis of phosphanylphenols 

by organometallic procedures, because the first routes to o-phosphanylphenols via o-

phosphanylphenol ethers and acidic ether cleavages [43] were not applicable to obtain 

acid-sensitive PH-functional derivatives, originally required to synthesise P=C-O 
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heterocycles [44]. After the development of various synthetic routes of o-

phosphanylphenols, Heinicke et al. looked for the use of the compounds in catalysis. A 

series of phosphanylphenols as shown in Figure 2 was screened for catalytic activity in 

the ethylene polymerization with Ni(COD)2, and effects of substituents and also 

solvents and temperature on these reactions were reported. The usability of methallyl 

nickel complexes of these compounds as single component precursors was also shown 

[29], whereas nickel bis(phosphanylphenolates) were inactive and require treatment 

with NaH for reactivation and use in ethylene polymerization. Neutral palladium 

phosphanylphenolates were generally inactive. 

 

R3

R4

PR1R2

OH

R1, R2 = Alkyl, Ph;
R3 = H, Me, tBu, OMe, F;
R4 = H, tBu   

 

Figure 2: 2-Phosphanylphenols used by Heinicke et al 

 

Aliphatic cyclic phosphanyl alcohols, 2-diphenylphosphanyl-cyclohexanol 

(Figure 3), saturated relatives of phosphanylphenols with less acidic OH groups, are 

also known and were synthesized by epoxide ring opening of cyclohexene oxide by 

using n-BuLi in THF [45]. Since 2-diphenylphosphanyl-cyclohexanol exists in two 

pairs of diastereoisomers, it was separated by cyclopalladation of (R)-(+)-1-(1-naphthyl) 

ethylamine [46]. Palladium complexes with 2-diphenylphosphanyl-cyclohexanol were 

synthesized (Figure 4) and used in P-C coupling reactions [47]. With small 

modifications, 2-(phenylphosphanyl)cyclohexan-1-ol was also synthesized [48], 

however its coordination chemistry was not reported. Lateron, 2-diphenylphosphanyl-

cyclohexanol, 2-(phenylphosphanyl)cyclohexan-1-ol (Figure 3) and related ligands 

were synthesized by corresponding epoxide ring opening by using CsOH in DMF at 

room temperature [49]. 
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PPh2
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PHPh
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H

Cl
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Figure 3: 2-Phosphanylcyclohexanols and an asymmetric Pd complex for enantiomer 

separation  

 

Thus P∩O− -chelate ligands, with O– donor formed either from carboxylic acid, 

alcoholic, phenolic or keto group, were found to form a sufficiently stable backbone for 

transition metal chelate complexes and catalyses such as the nickel catalysed oligo- and 

polymerization of ethylene. 

 

1.3. Phosphanyl amino acids: Synthesis and applications 

 

Natural and synthetic amino acids have great importance in the bioorganic 

research. Synthetic amino acids having coordination sites are important in the 

bioinorganic and medicinal research [50]. Introducing a good donor on a peptide or 

protein will increase or vary the coordination ability to bind a metal. Usually, three-

valent phosphorus would be a better donor for transition metals than N, O and S donor 

sites, which all can coordinate with a variety of metals. Tzschach and Kellner et al. first 

reported the N-phosphanylmethyl α-amino acids, synthesized by modified Mannich-

reaction using α-amino acids, diorganophosphane and formaline solution. They 

achieved 29 % of optical yield in the Rh-catalysed enantioselective hydrogenation of 

(Z)-α-acetamido-cinnamic acid as a substrate [51]. Later, molybdenum tetracarbonyl 

complexes of N,N-bis(phosphanylmethylen)amino acid esters were reported by Märkl et 

al., who synthesized these ligands by condensation of amino acid esters and 

hydroxymethylphosphanes [52]. P(O)RR´-derivatives with five-valent phosphorus, N-
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phosphonomethyl and N-phosphinoylmethyl glycine ethyl esters, were obtained in a 

formally analogous way by three-component condensation of glycine ethyl ester 

hydrochloride, formaline and HP(O)RR´ compounds [53]. The phosphonic acid 

glyphosate (H2O3PCH2NHCH2COOH), a highly efficient low-toxic herbicide produced 

in a 250.000 ton/year scale (3 Mrd US-$ in 2001), cannot be produced directly from 

glycine, formaline and H3PO3 because of considerable amounts of the N-disubstituted 

by-product. It can be synthesized however by a variety of routes with two or more 

synthesis steps [53a]. Other types of phosphanyl amino acids and phosphanyl peptides, 

usually as air-stable thiophosphinoyl amino acids, deprotected by Raney-nickel in the 

last step (before conversion to a transition metal phosphane catalyst), were studied by 

Gilbertson et al. They succeeded to synthesize FMOC-protected 

diphenylthiophosphinoyl serine (Pps) and to incorporate this into peptide libraries by 

using solid phase syntheses. After removal of sulfur by treatment with Raney nickel the 

resulting phosphanyl peptide (Ac-Ala-Alb-Ala-Pps-Ala-Ala-Val-Pps-Ala-Ala-Alb-Ala-

OH) was isolated as the first rhodium phosphanyl-peptide complex [54]. Gilbertson et 

al. also reported β-thiophosphinoyl prolines with N-protection by FMOC and tBOC 

groups and formed a rhodium complex of a tetrapeptide by using the above method 

[55]. The proper orientation of the phosphanyl group in the amino acid was achieved by 

an asymmetric synthesis. Gilbertson et al. tested finally such a peptide (Ac-D-Phg-D,L-

Pps-Pro-D-Val-D,L-Pps-D-Leu-support) in the palladium catalysed asymmetric 

alkylation of cyclopentenyl acetate which afforded high yield (>95%) and good ee (55 

%) [56]. Apart from solid phase synthesis of amino acids containing a phosphane 

moiety, Gilbertson et al. also showed a way of introducing the phosphanyl group to a 

peptide or amino acid via palladium catalysed P-C coupling reactions, provided the 

peptide or amino acid contain a phenolic group in their structure [57]. 

Phosphanylphenyl alanine can be obtained by phenyl iodination of N- and COO−-

protected phenylalanine and subsequent introduction of the phosphanyl group by 

palladium catalyzed P-C coupling reaction [58].  
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Figure 4: Amino acids containing a phosphane moiety reported by Gilbertson et al. 

 

Heinicke et al. were the first who synthesized α-phosphanyl amino acids. Unlike 

the above syntheses of phosphanyl amino acids, incorporating the phosphanyl group 

into amino acids, they performed three component one-pot condensation reactions of 

glyoxylic acid, primary amine and diphenylphosphane in ether as medium to get 

variously N-substituted diphenylphosphanyl glycine derivatives, worked up by 

crystallisation in methanol (Scheme 3) [59-61].  

 

(HO)2CHCOOH + tBuNH2 + Ph2P

NH2

COO

t-Bu

Ph2PH
Et2O

4-15 h

 

 

Scheme 3: Synthesis of N-(tert-butyl)diphenylphosphanyl glycine 

 

N-Substituted diphenyl(thio)phosphinoyl glycines (Figure 5) were also formed 

[59-61]. η1-P-Coordination was shown by synthesis of Mo, W and Cr pentacarbonyl 

complexes of phosphanyl glycine ligands. Treating of these compounds with Ni(1,5-

COD)2 gave catalysts for the oligomerisation of ethylene to linear PE waxes which hints 

to the formation of P∩O−-nickel chelate complexes [61]. 
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Figure 5: N-Aryl α-phosphanyl amino acids (R = H, 4-Me, 4-C(O)Me, 2-OH) 

 

Thus, amino acids or peptides having a phosphane group can be useful in 

transition metal complex chemistry and catalysis. 

 

1.4. Objectives 

 

Various N-substituted acyclic α-phosphanyl amino acids were studied in our 

working group with respect to synthesis, properties, use in catalysis and coordination of 

transition metals. As explained earlier (1.3), the synthesis comprises condensation of 

glyoxylic acid, primary amine and diorganophosphane. In particular the last step is 

reversible and leads to small equilibrium amounts of ammonium phosphanyl glycolates 

in the presence of moisture. Even trace amounts of Ph2PH can be observed in the 

presence of larger amounts of water. In attempts to obtain complexes these cleavage 

products may react preferably which leads to other products than expected from the 

equilibrium of the metal free phosphanyl glycines and complicates the complex 

chemistry. It can be expected that cyclic α-phosphanyl amino acids are more stable to 

hydrolytic cleavage. Cleavage of only one bond, P-C or N-C, does not lead to two 

molecules which rapidly separate by diffusion into the solution, and thus ring repair by 

back condensation should be a preferred reaction. This should improve the chances for 

stability and use as ligands. Two heterocyclic arsanyl amino acids have been obtained 

from 2-arsanylalkylamines and pyruvic acid but related phosphorus compounds, where 

phosphorus is embedded in a saturated N-heterocyclic ring, bearing a COOH group in 

α-position, were unknown in the literature to the best of my knowledge. The structure 

of these compounds is related to proline where CH2 in 3-position is replaced by the 
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phosphanyl group (PR). According to the concept of the C-P diagonal relationship [62] 

the new class of α-phosphanyl amino acids can also be regarded as “phosphaprolines”. 

From the structure, COO− in α-position to phosphorus, it can be expected that the new 

heterocyclic amino acids can act as P∩O−-chelate ligands and allow formation of 

complexes and transition metal catalysts. In particular, like known for 

phosphanylacetate [63], nickel catalysts for the oligomerisation of ethylene should be 

available. Their activity and selectivity may be compared to the P∩O− nickel catalysts 

with phosphanylglycinate [59-61] and phosphanylphenolate ligands [42] also 

investigated in the working group. The knowledge of the new compounds may also 

inspire future investigations towards introduction of protection groups for the use of 

such derivatives in peptide syntheses to generate new types of phosphanyl-substituted 

peptides. 

 

Thus my objectives of this thesis are: 

 

1. Synthesis, characterisation of cyclic α-phosphanyl amino acids, where 

phosphorus and nitrogen are in the ring system which stabilises the P,N-acetalic 

structure. Study of their chemical stability, physical properties and behaviour 

towards transition metal complex formation. 

2. Study of mechanistic aspects, in particular of the reactivity of phosphanes 

towards glyoxylic acid. For formation of phosphanylglycines primary reaction 

of the phosphane with glyoxylic acid was shown already. It should now be 

cleared, if this depends on the presence of a P-H bond or is simply due to the 

presence of the lone electron pair. Therefore, also reactions of tertiary 

phosphanes and phosphites with glyoxylic acid were studied.  

3. Study of the phosphaprolines and the products formed from tertiary phosphanes 

and glyoxylic acid as ligands or ligand precursors in the oligo-/polymerisation of 

ethylene by screening with a suitable Ni(0) complex and comparison of activity 

and selectivity with catalysts, generated from other P∩O− -chelate ligands 

investigated in the working group. 
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2. Results and Discussion 
 

2.1. Cyclic α-Phosphanyl-α-Amino Acids (3-Phenyl-phosphaprolines) 

 

2.1.1. Introduction 

 

α-Phosphanyl α-amino acids look attractive as synthetic amino acids with a 

phosphorus donor atom directly attached at the chiral α-carbon atom. Apart from the 

potential to be modified by N-protection groups and used in synthesis of transition 

metal coordinating small peptides, the adjacent COOH group should allow formation of 

five-membered P,O(−) chelate complexes, related to those used as ethylene 

oligomerisation catalyst in the SHOP process. In addition, the amino group might trap 

the proton liberated on binding a metal cation at the COOH group and provide solubility 

in polar media or a binding site for heterogenisation of the chelate complex on a solid 

support. A problem arising by binding two atoms with electron lone pairs, P and N, at 

the same carbon atom, that in addition by the COOH group is rather CH-acidic, is the 

easy cleavage of the acetalic C-N or P-C bond. This is kinetically favoured by formation 

of cationic leaving groups via a five-membered O-H⋅⋅⋅X hydrogen bond (X = N or P).  

Thus, for phosphanylglycines a facile hydrolytic substitution of the amino by a hydroxy 

group was observed [60, 61]. 

In heterocyclic α-phosphanyl α-amino acids the cleavage of one C-N bond does 

not yet remove the amino group. It remains more or less near at the α-C atom, and in 

the case of five-membered heterocycles the back reaction is sterical favoured and should 

stabilize these compounds. Therefore, the synthesis and reactivity of such compounds 

was of interest. Five-membered α-arsanyl amino acids have earlier been obtained by the 

group leader from 2-arsanylethylamines and pyruvic acid [84], but structural and 

reactivity studies are lacking. The homologous phosphorus compounds, 1,3-

azaphospholidine-2-carboxylic acids, by virtue of the structural relationship to proline 

also named 3-phosphaprolines, should then be available from 2-phosphanylalkylamines 

and α-keto carboxylic acids. The synthesis of 2-phenylphosphanyl ethylamine and N-

ethyl-2-phenylphosphanyl ethyl amine is already known [64]. Likewise, 

cyclocondensation reactions with aliphatic and aromatic aldehydes and ketones were 
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studied, which apart from formaldehyde require heating of the phosphanes with the 

corresponding carbonyl compound in the presence of acidic catalysts and with 

azeotropic removal of water. 

 

2.1.2. Synthesis 

 

For the synthesis of the phosphaprolines I selected a phenyl group as P 

substituent. 3-Phenylphosphaprolines should be less basic at phosphorus than 3-

alkylphosphaprolines, and thus they should be less sensitive to hydrolytic degradation. 

Furthermore, the exocyclic phenyl group should improve the stability to air oxidation as 

compared to an alkyl group in this position. The first step of the synthesis sequence was 

thus the preparation of phenyl phosphane, the second step the introduction of the 2-

aminoalkyl group and the final step the cyclocondensation with the α-keto carboxylic 

acid.  

 

2.1.2.1. Synthesis of starting compounds  

 

 Various methods are available to synthesize phenyl phosphane 2 [65]. It was 

prepared in 80% yield from dichlorophenylphosphane via conversion to 

diethylphenylphosphonate 1 with NaOEt, iodine in ethanol [66] and subsequent 

reduction with excess LiAlH4, using conditions optimized in the group for the 

preparation of 2-hydroxyphenylphosphane [67]. The purity was proofed by NMR 

control spectra.   

2-(Phenylphosphanyl)ethylamine 3a and N-ethyl-2-(phenylphosphanyl)ethyl 

amine 3b were synthesized as reported [64], by reaction of phenylphosphane with 

metallic sodium in liquid ammonia and subsequent reaction of sodium phenylphosphide 

(after colour change from blue to yellow) with the respective 2-chloroethylamine, 

freshly prepared from the hydrochloride (Scheme 4). 31P, 1H and 13C NMR data of the 

colourless liquids, not yet accessible in the early work, were measured and confirm the 

structure. The 31P chemical shifts of 3a and 3b at δ = −60.8 and δ = −58.7 ppm, 

respectively and P-H coupling constant of 1JPH = 210 Hz are typical for secondary 

phosphanes. 
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Scheme 4: Synthesis of 2-phenylphosphanyl ethylamine derivatives [64]. 

 

Because the condensation reaction of diphenylphosphane with glyoxylic acid 

and asymmetric phenylethylamines proceeds with high diastereoselectivity [68, 61] an 

attempt was made to synthesize chiral 1-phenyl-2-(phenylphosphanyl)-ethylamine. As 

strategy, the stereoselective coupling of lithium organophosphide with asymmetric 

tosylate was chosen, successfully applied in the synthesis of asymmetric ethylene 

diphosphanes [69]. For this purpose, toluene-4-sulfonic acid 2-amino-2-phenyl-ethyl 

ester 4 was prepared. Reaction of (D)(−)-α-phenyl glycinol with tosyl chloride in DCM 

in the presence of triethylamine to trap HCl gave low yield (33 %), but conversion with 

tosyl anhydride in ethyl acetate as a solvent produced the compound nearly 

quantitatively (98%). The subsequent reaction with lithium phenylphosphide, prepared 

from phenylphosphane and n-BuLi in THF or diethyl ether, did not lead to the expected 

P-C coupling. Phenylphosphane was detected as the only phosphane by 31P-NMR in the 

soluble part of the crude reaction mixture. Elimination and formation of phenylaziridine 

[70] is assumed to take place instead of P-C coupling (Scheme 5). This behaviour is 

similar to that of 2-bromoethylamine, which in contrast to 2-chloroethylamine prefers 

elimination to substitution.  
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Scheme 5: Attempted synthesis of (D)-1-phenyl-2-phenylphosphanyl ethylamine. 
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2.1.2.2. Synthesis of cyclic α-phosphanyl-α-amino acid derivatives 

 

The condensation reaction of 2-phenylphosphanyl ethylamines 3a and 3b with 

α-keto carboxylic acids R1-CO-COOH was studied for R1 = hydrogen, methyl and 

phenyl, representing non-, alkyl- and aryl-substituted keto carboxylic acids. Whereas 

the reactions with simple aldehydes or ketones despite the presence of toluenesulfonic 

acid requires reflux in benzene or toluene and azeotropic removal of water [64], the 

reactions of 3a or 3b with glyoxylic acid, pyruvic acid and phenyl glyoxylic acid take 

place already at room temperature and are exothermic. Diethyl ether was chosen as 

solvent because it dissolves all reactants but is unable to dissolve zwitterionic amino 

acids. This allows easy separation of the product from the reactants and improves the 

yield by shifting the condensation equilibrium towards the least soluble product. 

Experimentally, the ethereal solution of α-keto carboxylic acids was added slowly to 3a 

or 3b under inert conditions. The corresponding cyclic α-phosphanyl amino acid 

precipitated immediately. It was purified simply by washing with diethyl ether several 

times after stirring for 10 minutes. The water molecule formed from this condensation 

reaction was simply washed away with ether, and the heterocyclic α-phosphanyl amino 

acids were obtained in almost quantitative yields. Formation of an alternative six-

membered lactam by amide condensation was not observed.  
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Scheme 6: Synthesis of phenylphosphaprolines. 

Entry 5a 5b 5c 6a 6b 
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Because of the configurational stability of phosphanes [71] an asymmetric 

phosphorus atom is generated besides the asymmetric carbon atom in the 

cyclocondensation. Therefore, two pairs of diastereoisomers are observed, i.e., R-R, S-S 

and R-S, S-R isomers. Interestingly, the way of mixing the phosphanylethylamine 3 and 

α-keto carboxylic acid plays an important role for the dominance of one pair of 

diastereoisomers over the other. This was found during the synthesis of compound 5a. 

When an ethereal solution of glyoxylic acid was added to 3a (basic conditions until 

complete addition) the RR/SS-diastereoisomers of 5a are dominating (Figure 6). On the 

other hand, when the phosphanylethylamine 3a was added to the ethereal solution of 

glyoxylic acid (acidic conditions until complete addition), the RS/SR pair of 

diastereoisomers is formed preferably (Figure 7). The different ratio of RR/SS to RS/SR 

diastereoisomers for the two ways of combining the reactants in the same solvent 

(diethyl ether) and at the same temperature accounts for a kinetically controlled and pH-

dependent reaction.  

 

 

Figure 6: Glyoxylic acid added to 3a. 
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Figure 7: 3a added to glyoxylic acid.  

 

Since diastereoisomers have different physical properties they can practically be 

separated via crystallisation techniques [72, 73]. Resolution of diastereoisomers by the 

crystallisation depends on parameters like concentration of sample in the desired 

solvent, solvent used [74] and resolving agents [72]. Best results were obtained in case 

of 5a without chiral agents and in dry methanol. It was crystallised in MeOH within a 

week at optimum concentration (see chapter 2.1.6) and separated by filtration. The 

crystallized 5a has other solubility properties than the crude product. It is insoluble in 

chloroform, methanol, DMF and DMSO at ordinary conditions. To dissolve a NMR 

sample in CD3OD an ultra-sound bath had to be used. Usually, compound 5a shows the 
31P-NMR chemical shifts at δ 1.31 and δ −11.8 corresponding to two pairs of 

diastereoisomers (Figure 8). However, the crystallized sample of 5a dissolved in 
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CD3OD shows only one 31P-NMR signal at δ 1.31 (Figure 9). In order to know the exact 

configuration of these molecules, single crystals were grown from the crystallised 

sample of 5a. X-Ray analysis showed that the molecules in the crystal have RS- and SR- 

configuration (more see Chapter 2.1.6). This means for 5a, that the phenyl group is in 

trans-position to the COO− group (Figure 9). Thus, the 31P-NMR chemical shift at δ 

1.31 corresponds to the RS/SR pair of diastereoisomers of 5a and the 31P-NMR chemical 

shift at δ −11.8 obviously corresponds to the RR/SS pair of diastereoisomers of 5a. 

 

 

Figure 8: 31P-NMR chemical shifts of 5a. 
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Figure 9: 31P-NMR chemical shift after separation of one pair of the 

diastereoisomers of 5a. 

 

2.1.3. Physical and chemical properties  

 

The phenylphosphaprolines are colourless solids. 5a and 5b are quite stable to 

air and moisture whereas 5c, 6a and 6b are hygroscopic and are sensitive to air and to 

moisture. 

The phenylphosphaprolines are insoluble in hydrocarbons, diethyl ether and 

soluble in DMF and DMSO. In chloroform 5a is sparingly soluble whereas 5b and 6a 

show good solubility in this solvent. 5b precipitates on longer storage. 5c, 6b are 

soluble but precipitate after some minutes. This hint to changes of the structures in 

solution. The solubility properties of the phenylphosphaprolines in methanol show 

similar effects. Crude compounds 5a, 5b are very good soluble in MeOH at room 

temperature but crystallise in few days without removal of solvent. Compound 6a is at 

first soluble in MeOH but precipitates then within hours whereas compounds 5c, 6b 

after dissolution in methanol start to precipitate slowly within minutes. To get an idea 
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on the reason of this unexpected behaviour, the seemingly stable solution of 5a in 

CD3OD was measured by NMR repeatedly at three days (each after ca. 24h) and again 

after a week. The 31P-NMR spectra are depicted in Figure 10. Together with the 1H and 
13C NMR spectra they give evidence that the cis-diastereoisomers of 5a slowly flip to 

the trans-diastereoisomers. The results show that compound 5a is kinetically not very 

stable and able to slow isomerization. Acyclic precursor molecules slowly turning to 5a 

can be excluded from the analysis of the 1H and 13C NMR spectra of both, cis- and 

trans-diastereoisomers (Chapter 2.1.5).  

 

 

Figure 10: Detection of kinetic instability of 5a in CD3OD by 31P-NMR spectroscopy 

(trans/cis-ratio increasing  by time). 

 

For compound 6a similar observations were made. It is soluble in CDCl3, 

CD3OD, DMSO, DMF and water. 1H and 31P NMR spectra of freshly prepared samples 

in CD3OD display more cis- than trans-isomer. However, the 13C NMR spectra, that need 

longer measuring times, show an increase of the trans:cis-ratio, at least to a 1:1 ratio , but 

usually more trans- than cis-isomer. 1H NMR spectra measured in CDCl3, DMSO-D6 or 

DMF-D7 reveal increased trans:cis ratios of 2:1, >2:1, and ca. 3:1, respectively. In 

DMSO the sensitivity to air oxidation seems higher, and oxygen diffunding through the 
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plastic caps of the NMR tubes causes P-oxide signals at δ 37.3 and 37.7 ppm (equal 

intensity of cis and trans). The amount of hydrolysis by water in DMSO is low, indicated 

by trace phosphorus signals at δ −12.1 and −14.7 ppm for a ring-opening product with 

PhP(R)-CH(OH)COO− structure unit. Only in neat D2O strong but not complete 

hydrolytic cleavage is observed. The hydrolysis leads to bond cleavage at the N-C2-bond 

with formation of two diastereoisomers with PhP(R)-CH(OH)COO− structure unit - δ31P 

−11.31 and −12.93 (slightly more) and δ1H (PCH) 4.61 (d, 2JPH = 14.1 Hz), 4.66 (d, 2JPH 

= 14.3 Hz, slightly more) -, a P-C2 cleavage product with Ph(R)P(O)D substructure - 

δ31P 29.10 (t, 1JPD = 78.7 Hz) -, and a small amount of Ph(R)PD with δ31P −60.97 (t, 1JPD 

= 34.3 Hz). The product mixture may be formed as suggested in Scheme 7. The main part 

of the reactant was not yet deuterolyzed at the measuring time. Relative 31P signal 

intensities are not quantitatively because relaxation times may vary, but they give a 

qualitative illustration on the products (ca. 7% belong to diastereoisomeric P-oxides of 

the reactant and 3% to various trace products).  
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Scheme 7: Proposed routes for deuterolysis of 6a.  

 

 To examine the stability of 3-phenylphosphaproline 5a in D2O  NMR 

measurements were performed shortly (1h) after the solution was prepared, after one 

day  and after a week. Shortly after dissolution a large part of 5a was already 
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hydrolysed. The 31P-NMR spectrum displays the signals of trans-5a and cis-5a at 

δ 1.30 and −11.09 with relative intensities of 17 and 23 %, respectively. The two 

additional signals at δ −10.72 (35 %) and −13.69 (26 %) can be attributed to cis- 

(RR/SS) and trans-diastereoisomers (RS/SR) of I 5a, the hydrolysis products of 5a (I 5a: R, 

R1 = H of I1 in Scheme 8). After one day, the relative intensities of cis-I 5a and trans-5a 

increased to 40 and 25%, respectively, whereas cis-5a and trans-I 5a decreased to 17 and 

18%. .   After a week the content of cis-I 5a and trans-5a was 44 and 36 %, that of the 

minor constituents cis-5a and trans-I 5a (each ca. 10 %. This indicates a dynamic 

hydrolysis equilibrium of 5a with I 5a where cis-I 5a and trans-5a are the more stable, 

major components. 

 

2.1.4. Mechanism 

 

For the cyclocondensation reaction of 2-phosphanylethylamines with simple 

aldehydes or ketones a modified Mannich mechanism was discussed in the early studies 

of Issleib, Oehme et al. [64, 75]. It was assumed that the primary step was the formation 

of an imine (basic conditions) or immonium group (acidic conditions) which 

subsequently are attacked by the soft nucleophilic phosphanyl group, comparable to the 

attack of soft carbon nucleophiles at C=N intermediates in the Mannich condensation 

[76]. In the three-component condensation reactions of glyoxylic acid with 

diphenylphosphane and tert-butylamine or p-toluidine, however, primary formation of 

the organoammonium salts of diphenylphosphanylglycolic acid was observed by NMR 

reaction monitoring. The precipitates formed immediately after mixing the three 

components displayed large (with tBuNH2) or moderate (with p-TolNH2) amounts of 

the corresponding diphenylphosphanylglycolates whereas after one day only traces of 

the primary products were detectable in favour of the respective N-substituted 

diphenylphosphanyl glycines.  

It was assumed that the relative reaction rate of the secondary phosphanyl and 

primary amino group of 2-phosphanylethylamines towards glyoxylic acid is not 

principally changed compared to non-functionally substituted phosphanes and amines 

with an analogous aryl/alkyl substitution pattern, and that the first step in the 

cyclocondensation of 2-phosphanylethylamines is comparable to the three-component 

condensation. Apart from the probably diffusion controlled proton transfer reactions the 
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first step should thus be the nucleophilic attack of σ3-phosphorus at the carbonyl carbon, 

which is electrophilic in nature. Such reactions are well documented [77]. The α-

hydroxyalkylphosphanes are however unstable in the presence of amines with N-H 

bonds. For α-hydroxymethylphosphanes numerous condensation reactions with amines 

to acyclic [75] and cyclic aminomethylphosphanes [78] have been reported.   

In order to shed light on the mechanism, an additional experiment was 

performed. Compound 3a was treated with ethereal solution of glyoxylic acid for short 

time. After stirring for 30 seconds the solvent was removed in vacuum, the residue 

dissolved in CD3OD and immediately measured by NMR. The 31P{1H} NMR spectrum 

displayed four signals at δ −14.07, −10.71, −9.02 and 1.31 (Figure 11a) along with 

minor signals of 3a and its deuterated form at δ −59.43 and −60.90 (t). The sharp signal 

at δ 1.31 and the broader signal at δ −10.71, ratio of PCH signals by 1H integration 

22:36, belong to trans-5a and cis-5a, respectively. The two other signals at δ −14.07 

and −9.02, PC1H ratio 16:26, can be attributed to RR/SS-I 5a and RS/SR-I 5a (I 5a: R, R1 = 

H of I 1 in Scheme 8). Rotations around the P-C bond to the -CH(OH)COO− group may 

lead to averaged 2JPH coupling constants which did not allow unambigous assignments 

of the superimposed doublets to the one or the other diastereoisomer. The identification 

as P-C(OH)-COO− species is based on characteristic 13C NMR signals, small doublets at 

δ 74.7 (2JPC = 25.2 Hz) and 74.3 (2JPC ≈ 20 Hz, lower intensity), significantly downfield 

from the P-CH(N) doublets of 5a at δ 66.9 (1J = 34 Hz) and 67.0 (1J ≈ 34 Hz), and two 

small COO− signals (δ 177.9, 178.9) in addition to those of 5a (δ 170.3, ca. 173, br). 

Measurement of the same sample after two hours indicated diminishing of the relative 

intensities of the signals of I 5a and increase of those of 5a. cis-5a provides now the 

predominant phosphorus signal (Figure 11b. A third measurement after a week 

displayed only signals of 5a, with dominance of trans- over cis-configuration of 5a 

(Figure 11c). This shows that primarily P-CH(OH)COO− species are formed. 
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Figure 11: 31P-NMR spectra of mechanistic study of 5a. 

 

The presence of 2-aminoethyl substituents at phosphorus makes the 

diastereoisomeric hydroxyalkylphosphanes I 1 and I2 like organoammonium 

phosphanylglycolates [61] to reactive intermediates, which undergo cyclisation to 5a in 

the second step (Scheme 8). Because of the moderate intrinsic acidity by the NH+ group 

of neutral (alkyl)amino acids, protonation of the OH group and cleavage of water 

generating a carbo-cation appears as most probable step, followed by nucleophilic 

attack of the amino group to complete the ring-closure reaction. Formation of cis-5a is 

kinetically preferred (1H NMR integral ratio see above, lower 31P signal height at δ 

−10.71 in Fig. 11a is due to line broadening), but after the cyclisation is complete its 

content diminishes by slow transformation to the more stable trans-configuration (see 

also Chapter 2.1.3).   
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Scheme 8: Mechanism of formation of 3-phenyl phosphaprolines 

 

A final aspect to be considered in the mechanistic discussion is the slow 

isomerization of cis-5a with RR- and SS-configuration to the more stable trans-

diastereoisomer 5a with RS- and SR-configuration in methanol solution, mentioned in 

Chapter 2.1.3. The isomerization requires a ring-opening ring-closure reaction, either of 

the N-C2 or the P-C2 bond. Because like in the acyclic phosphanylglycines with the 

structurally related P-C(COO+)-N moiety [60, 61] the N-C bond is cleaved much easier 

than the P-C bond (cf. Scheme 7), the N-C2 bond cleavage via N-protonation appears as 

the more probable mechanism. Thus, the isomerization is attributed to minor back 

reaction with water, which reversibly cleaves the N-C bond and allows competing ring 
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closure to cis-5a and the thermodynamically more stable trans-5a, which lastly 

becomes the major product. 

 

2.1.5. Structure elucidation by spectroscopic studies 

 

  The 3-phosphaprolines 5a-c and 6a-b are chiral compounds having two 

asymmetric centres at 2- and 3-position of the 1,3-azaphospholidine ring. Thus, in 

accordance with the basic 2n rule (n = number of chiral centres) [79], the 3-

phosphaprolines should exist in four stereo-isomers, each two pairs of diastereoisomers, 

and show cis and trans stereo-isomers. In practice, mixtures of isomers were observed 

in all cases. 5a, 5b and 6a are soluble in methanol and are characterised by 1H, 13C and 
31P-NMR in CD3OD as mentioned already. 5c and 6b are nearly insoluble in CD3OD as 

well in CDCl3 and thus failed to give usable NMR spectra.  

 

2.1.5.1. 31P-NMR study 

 

The 31P NMR spectra of 5a have been discussed and presented already in the 

context of diastereoisomer separation and properties. For this compound isolation of a 

single pair of diastereoisomers, the trans-isomers with RS- and SR-configuration, 

succeeded and allowed assignment to the phosphorus resonance at δ 1.3. The upfield 

signal at δ −11.9 belongs then to the cis-isomers with RR- and SS-configuration. For the 

other 3-phenylphosphaprolines the trans- and cis-isomers could not be separated 

completely, so that due to the two chirality centres at C2 and P3 of the 1,3-

azaphospholidine ring always two signals are observed. These two signals correspond to 

the SS- and RR-pair of diastereoisomers with 3-phenyl group and 2-COO− groups in cis-

position and to the RS- and SR-pair of diastereoisomers with 3-phenyl group and 2-

COO− group in trans position. (Because of the heteroatoms in α- and β-position the CIP 

priorities are the same for 2-H, 2-Me and 2-Ph). For 5a the upfield signals (stronger 

shielding) also belong to the cis-isomers and the downfield signals to the trans-isomers. 

This is confirmed by the lower intensity of the downfield phosphorus signal and the 

lower intensity of the 2-Htrans doublet compared to the 2-Hcis doublet. The 2-H signals 

can easily be distinguished by the large 2JPCH coupling constant of the cis-isomers with 

the P lone electron pair close at 2-H and the small 2JPCH coupling if 2-H resides in trans-
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position to the P-lone electron pair [80]. The phosphorus signals of 6a at δ 6.5 and −8.3 

(Figure 12) are somewhat downfield from those of 5a, but the difference between cis- 

and trans-signals is similar (∆δ 14.5 vs. 13.2). The downfield position of the trans-

isomers can however not be generalized. In the 2-methyl-3-phosphaprolines the two 

phosphorus signals are close to each other. Compound 5b shows the 31P-NMR chemical 

shifts at δ 8.8 and 6.9 (∆δ 1.9) in an intensity ratio of 58:42%. The stereo-dependence of 

the 3JPCCH coupling of methyl protons of α-methylated phosphorus heterocycles is not 

so well investigated as the angle dependence of 2JPCH or the 3JPXCH couplings of 

heterocyclic phosphonates [80]. It seems reasonable to assume that the proximity of the 

P lone electron pair to the methyl protons increases the amount of the P-H coupling like 

as observed for 2JPCH in cis-5a. With this assumption the stronger methyl doublet at δ1H 

1.33 with 3JPCCH = 7.1 Hz belongs to the trans-isomer and the weaker doublet at δ1H 

1.80 with 3JPCCH = 17.7 Hz to the cis-isomer. The integral ratio trans:cis 58:42% 

corresponds to the intensity ratio of the phosphorus signals and means that the 

phosphorus resonance of the dominating trans-isomer is still slightly more downfield 

than the signal of the cis-isomer (Figure 13). In the case of 6b it proved difficult to get 

spectral information. The solubility was low and a precipitate formed after some time in 

CD3OD, dry CDCl3, THF-d8 or dry DMSO-d6. The 31P-NMR chemical shifts in dry 

CDCl3 at δ −0.17, −3.89, and −5.87 or in CD3OD at δ −0.94 and −3.80, along with other 

minor signals hint at the trans- and cis-isomers and impurities. The sensitivity of 6b to 

oxidation and/or hydrolysis seems to be much larger than in the case of 5a whereas 6a 

with an additional N-ethyl group is already quite air sensitive. Long time 13C NMR 

measurements in plastic capped NMR tubes, which allow slow diffusion of oxygen into 

the sample, displayed small amounts of P(O)CN carbon nuclei (δ 71.3, 71.6) with the 

typical large one bond P-C coupling constant of phosphane oxides (1JPC = 76.2, ca. 80 

Hz) besides the PCN carbon signals of 6a with tervalent phosphorus (δ 68.7, 69.3; 1JPC 

= 24.9, 24.1 Hz).  31P NMR measurements of 6b in two successive days with the same 

sample (plastic capped) showed at the first day 31P resonances at δ −6.6, −4.5, −0.1 

along with minor signals at δ 18.0, 21.1 and at the second day only signals at δ 18.2, 

21.5, i.e. in the range of P-oxides.  
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Figure 12: 31P{1H} NMR of 6a in CD3OD. 

 

 

Figure 13: 31P{1H} NMR of 5b in CD3OD. 
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2.1.5.2. 1H-NMR study 

 

The 3-phenyl phosphaprolines 5a-c and 6a,b are mixtures of diastereoisomers 

and display rather complex splitting pattern for the PCH2 and NCH2 protons in the 1H-

NMR spectra. However, the ‘PCHN’ protons of 5a and 6a, appearing in the window 

between the NCH2 and the aryl protons, can be easily analyzed. They are indicative for 

cis- or trans-isomers by the above mentioned different two-bond coupling constants 

[80] and allow to determine the cis/trans ratio. The trans-pair of diastereoisomers of 5a 

(2R,3S- and 2S,3R-configuration) shows the 2-H doublet at δ 4.53 with a small two-

bond coupling to phosphorus (2JPH = 1.4 Hz), and the cis-pair of diastereoisomers 

(2S,3S- and 2R,3R-configuration) reveal this signal at δ 4.44 with a comparatively 

higher coupling constant of 2JPH = 15.8 Hz. 6a presents this proton similarly at δ 4.35 

(2JPH = 2.1 Hz, trans) and δ 4.45 (2JPH = 16.1 Hz, cis).  

The four CH2 protons in the five-membered ring are all non-equivalent because 

rotations, allowing to average different chemical shifts, are not possible in cyclic 

compounds. Therefore, by additional coupling with phosphorus, the four protons at C-4 

and C-5 form a complicate ABCDX or ABKLX spin system (AB for PCH2, CD or KL 

for NCH2, X for P). The complexity of the spectra is further increased by the presence 

of each two pairs of diastereoisomers, which give each two sets of signals. Only in 

CD3OD solution of 5a the signals are separated sufficiently to allow a roughly first 

order assignment of the PCH2 and NCH2 protons and even determination of equal or 

axial positions by the angle dependent coupling constants. The analysis was strongly 

facilitated by the isolation of pure racemic 5a with only one set of signals (Figure 14). 

The assignment of HA in cis-position to the P lone electron pair is based on the large 
2JPCH coupling constant, the assignment of HC and HD on fitting sets of coupling 

constants. The geminal 2JHH couplings fall in the typical range of 12-16 Hz, the 3JHAHD 

coupling of 11.8 Hz corresponds to the diaxial and 3JHBHC = 2.3 Hz to the diequatorial 

arrangement in cyclohexanes whereas the axial-equatorial coupling constants 3JHAHC = 

7.3 Hz and 3JHBHD = 5.7 Hz are somewhat larger than axial-equatorial three-bond H-H 

couplings in cyclohexane derivatives [81]. After the assignment of the proton signals of 

trans-5a also the remaining signals of the protons of the cis-isomer in the cis-trans-

isomer mixture of 5a could be assigned (see experimental part).  
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Figure 14: Assignments of the proton signals of trans-5a. 

 

For compound 5b an assignment was performed based on an HH-COSY (Figure 

15) and CH-COSY experiment. The larger intensities of the trans- compared to the 

corresponding cis-proton signals and consistent HH- and CH-cross peaks allowed the 

assignment, but the coupling constants were not determined for the superimposed 

signals.  
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Figure 15: Alkyl range of the HH-COSY spectrum of cis/trans-5b and assignments. 

 

2.1.5.3. 13C NMR study 

 

The solution structures of compounds 5a,b and 6a,b are elucidated by 

characteristic 13C-NMR data in CD3OD. In the 13C NMR spectrum of 6b in CDCl3 some 

signals were unresolved or at noise level and for the 2,3-diphenylphosphaproline 5c the 

solubility was too low to measure reliable NMR data. In this case small amounts of 

soluble impurities or decomposition products dominated the spectra. Comparative 13C 

NMR data of compounds 5a, 5b and 6a are listed in Table 1.  
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Table 1: Characteristic 13C NMR data of cyclic α-phosphanyl-α-amino acid: 

 

Entry 
5a 

δ  13C ( nJPC Hz) 

5b 

δ  13C ( nJPC Hz) 

6a 

δ  13C ( nJPC Hz) 

2-CH3  - 
20.29 (2.4)  

22.63 (23.1) 
  

C2 (trans); C2 (cis) 
66.56 (35.5);  

66.47 (36.1) 

75.09 (31.8);  

73.15 (36.7) 

73.15 (39.2);  

73.17 (35.6) 

C4 (trans); C4 (cis) 
24.55 (17.7); 

24.99 (19.5) 

22.27 (18.6); 

22.57 (25.5) 

24.31 (17.9); 

23.19 (15.5) 

C5 (trans); C5 (cis) 
48.98 (5.3); 

47.47 (3.8) 

48.26 (3.0); 

46.84 (3.0) 

55.30 (2.3); 

57.42 (5.0) 

Ci (trans); Ci (cis) 
133.93 (24.6); 

136.97 (25.3) 

132.97 (27.9); 

134.34 (29) 

133.93 (25.2); 

137.03 (26.2) 

Co (trans); Co (cis) 

133.69 (18.4); 

131.22 (15.9) 

134.07 (19.6);  

134.28 (19.3) 

134.44 (20.0);  

131.14 (15.8) 

Cm (trans); Cm 

(cis) 

129.75 (6.5); 

130.23 (5.2) 

130.04 (5.8); 

129.71 (6.8) 

129.64 (6.8); 

130.36 (5.1) 

Cp (trans); Cp (cis) 
130.73; 

130.03 

131.15; 

131.08 

130.07; 

131.05 

COO- (trans); 

COO- (cis) 

172.60 (13.2); 

169.47 (0) 

175.82 (15.4); 

172.44 (0) 

172.28 (13.4); 

168.55 

N-CH2 (trans); 

N-CH2 (cis) 
- - 

52.80; 

53.50 

N-CH2-CH3 

(trans); 

N-CH2-CH3 (cis) 

- - 
11.49; 

11.06 
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2.1.6. Crystallographic study 

 

There are several factors effecting the crystallisation of substances. The basic 

factors are solvent used, optimum concentration of substance in the solvent and 

temperature. From compounds 5a and 5b single crystals could be grown in dry 

methanol and were found suitable to be studied by X-ray crystallography (P. G. Jones). 

Experimentally, dry methanol was added in such an amount that it just dissolved the 

compound 5a or 5b. More precisely, dry methanol was added to compound 5a or 5b 

slowly at room temperature until all substance was dissolved with continuous shaking 

and addition was stopped immediately after dissolution of the substance. Then, the 

solutions were allowed for crystallisation at room temperature. Under these conditions 

compound 5a crystallised in 3-4 days and 5b crystallised in 8-10 days. The 

crystallisation was repeated and gave reproducible results in the above mentioned time. 

However, compounds 5c, 6a and 6c were not stable in the solvents, e.g. CH3OH, 

CHCl3, DMF by time, and thus the attempts of crystallising these compounds failed. 

 

 The crystal structure analysis of 5a (Figure 16) reveals four independent 

molecules with 2S,3R configuration in an orthorhombic unit cell, space group Pna21, 

with altogether 16 molecules. A pseudotranslation of b/2 was detected. In the packing 

(Figure 17) intermolecular hydrogen bonds were observed which are topologically 

different from molecule to molecule. The crystals of compound 5b similarly display the 

trans-geometry. Figure 18 depicts the molecule with 2R,3S configuration. In the 

monoclinic packing (space group P21/n, Z = 4) the 2R,3S- and 2S,3R-molecules form 

hydrogen-bonded zick-zack lines which are paired to ladders by each two hydrogen 

bonds between the molecules with opposite configuration (Figure 19).  

 

 In a comparison of the internal bond angles within the azaphospholidine ring of 5a 

and 5b (Table 2) it is found that the angle at C(4)-P(3)-C(2) is almost perpendicular 

(91°) whereas the angles around the carbon atoms of the five-membered ring vary from 

104 to 107°. At the N-atom the angles are slightly widened, particularly for 5b with 

adjacent C2-substituent. That the ring is not planar can be seen from the packing figure. 

5a shows torsion angles of −31.05° for C(5)-N(1)-C(2)-P(3) and 23.59° for C(2)-P(3)-

C(4)-C(5). For 5b similar values (with opposite sign) were observed, 24.43° for C(5)-
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N(1)-C(2)-P(3) and −28.83° for C(2)-P(3)-C(4)-C(5). The total space demand of the P-

substituents is not very large. The sum of the C-P-C angles around 5b amounts to 

299.7° and corresponds to an average angle demand of ca. 100°. Thus, formation of 

coordination compounds should not be a problem unless the stability of the heterocycles 

suffers from other destabilizing effects.  

 

Table 2: Bond angles in azaphospholidine ring of 5a, 5b 

 

5a (°) 5b (°) 

C(2)-N(1)-C(5) 108.85 C(5)-N(1)-C(2) 111.34 

N(1)-C(2)-P(3) 106.77 N(1)-C(2)-P(3) 105.21 

C(4)-P(3)-C(2) 91.38 C(4)-P(3)-C(2) 91.37 

C(5)-C(4)-P(3) 104.31 C(5)-C(4)-P(3) 104.57 

N(1)-C(5)-C(4) 105.83 N(1)-C(5)-C(4) 105.28 

 

 

Figure 16:  Four independent molecules of trans-5a with 2S,3R-configuration in the 

crystal (Z = 16). 
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Figure 17: Packing of 5a in the crystal (left side, first row from above 2S,3R-, second 

row 2R,3S-configuration). 

 

 

 

 

Figure 18: Molecular structure of trans-5b in the crystal (2R,3S- diastereoisomer 

depicted). 
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Figure 19: Packing of trans-5b in the crystal (left columns of the hydrogen-bridged 

ladders possess 2R,3S-, right columns 2S,3R-configuration). 

 

2.1.7. Hints at complex formation of 3-phenyl phosphaprolines and use 

of in-situ nickel catalysts for oligo- and polymerisation of ethylene 

 

The formation of complexes can be detected by several methods and 

observations. Some of the simpler methods are based on changes of the solubility, 

colour, pH or changes in chemical properties of metal ions or the ligand. Advanced 

techniques use e.g. visible absorption spectral studies, measurements of conductance, 

magnetic susceptibility, oxidation potential or dipole moment. 

Phosphaprolines appear as interesting ligands for transition metal complexes 

because of the suitable coordination properties of trivalent phosphorus which may be 

varied with the exocyclic P-substituent, the additional N- and COO− -donor groups 

allowing hemilabile, alternative or chelate coordination, the possibility to improve the 

solubility of the complexes in polar solvents by the organoammonium or carboxylate 

group and the potential to incorporate the phosphaprolines as artificial amino acids into 

small synthetic peptides for use as asymmetric catalyst ligands. The synthesis of peptide 

libraries with sulfur-protected phosphanyl amino acids, having the phosphorus atoms in 

β-, γ- and δ-position, was intensively studied by Gilbertson and his coworkers [82]. 
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Some precursor molecules have also been studied by other groups [83]. α-Phosphanyl 

amino acids have not been studied in this direction so far because of the sensitivity to 

hydrolysis [61]. 

For my work the structural relationship to phosphanylacetic acids was of 

interest. This structural unit is part of the phosphaprolines. Phosphanylacetic acids are 

able to form five-membered P∩O−-nickel chelate complexes and were used as 

oligomerisation catalysts in the industrially important Shell Higher Olefin Process [85-

90]. The precondition for the catalytic activity is i) the formation of square-planar 

organonickel P∩O− chelate complexes where P∩O− acts as spectator ligand and creates a 

stable P∩ONi(II) backbone, ii ) a labile forth coordination site for coordination of 

ethylene and iii ) the possibility to eliminate the organic substituent by β-hydride 

elimination.  

Because of the presence of the P-C-COOH structural unit, the 3-phenyl-

phosphaprolines should also meet these criteria and therefore were studied these 

compounds with respect to formation of nickel complexes and tested them for 

usefulness as ligands in nickel catalysed oligo- or polymerisations of ethylene. If the 

isolation of defined nickel complexes fails, their catalytic activity indirectly illuminates 

the coordination chemical background. Because 3-phenyl-phosphaprolines are insoluble 

in THF and showed the best solubility in MeOH, this solvent was selected to prepare 

the complexes.  

Initial attempts of synthesizing nickel complexes of 3-phenyl-phosphaprolines 

were made in THF and Ni(COD)2 as a metal provider, molar ratio 1:1. Because of the 

low solubility in THF, the solid ligand (5a-c, 6a-b) was added to the solution of 

Ni(COD)2 in THF, expecting that the ligand would dissolve by complexation. This 

worked well in catalytic tests of acyclic phosphanylglycines, which are soluble in THF 

but were applied neat to prevent ligand decomposition before complex formation [61]. 

In the case of phosphaprolines, however, no change in the physical state of the ligand in 

the yellow solution of Ni(COD)2, no formation of complexes was observed. The only 

effect was catalysis of the decomposition of Ni(COD)2 to nickel black. Similar 

observations were made with solutions of Ni(COD)2 in toluene. Complex formation was 

observed in methanol by colour change. Finally, a tricky procedure was found to 

prepare a catalytically active solution of nickel complexes of 3-phenyl phosphaprolines. 

The ligand (5a-c, 6a-b) was dissolved in dry methanol and Ni(COD)2 was dissolved in 
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dry THF. Then the solution of Ni(COD)2 in THF was added to the solution of ligand in 

methanol. This is the best way to get the nickel complexes of these ligands. There are 

some practical precautions to be considered in order to obtain these complexes in this 

procedure. They are:  

 

1. The solution of Ni(COD)2 in THF has to be added slowly to the ligand in MeOH. If 

the solution of the ligand in methanol is added to the solution of Ni(COD)2 in THF, the 

ligand precipitates immediately because of low solubility and the precipitate catalyses 

the decomposition of Ni(COD)2 to nickel black. Thus the addition must be done in the 

above mentioned order to obtain the complex. 

2. The volume of MeOH must be larger than that of THF at mixing. Else the ligand 

immediately precipitates and no complexation occurs. 

 

Since the solubility plays an important role during the complex formation, DMF 

also can be employed as a solvent. In the case of 5b, the solution of the ligand is mixed 

with the solution of Ni(COD)2 in DMF at room temperature and stirred for a while to 

provide a greenish yellow nickel complex. The solution is then concentrated in vacuum 

at 60 °C and kept for crystallisation at −15 °C. Crystals were formed within 2 weeks at 

that optimum concentration. Unfortunately the crystals, no crystals were formed from 

5b or other phosphaprolines in methanol, even after months, although the ligands form a 

complex with the Ni(COD)2, indicated by the colour change Attempts to characterise 

the complex in solution by NMR failed so far  whereas for a solution of 2-

diphenylphosphanylphenol and Ni(COD)2 (1:1) formation of a (η1-

phosphanylphenol)(COD)nickel(0) complex (major) and an allyl-type (C8H13
−)Ni(II)-

phosphanylphenolate(P,O)-complex (minor) was detected by NMR [42e]. Because 

heating of 2-diphenylphosphanyl-4-methylphenol and Ni(COD)2 led to the respective 

cis-bis(phosphanylphenolate-P,O)nickel(II) chelate complex [112] (see Chapter 2.4.2.) 

it was expected that the phosphaproline ligands also may form diamagnetic square-

planar bis(P,O−)-chelate nickel complexes (Figure 20), at least on heating in a 2:1 molar 

ratio of ligand to Ni(COD)2. However, the nickel complexes of 3-phenyl-

phosphaprolines adopt another geometry. The greenish colour hints at an octahedral 

structure which for nickel(II) is paramagnetic in nature. This leads to broad signals, 

which in particular for 31P NMR are not more observable as the signal height is reduced 
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to noise level. Possibly the amino group is involved in additional coordination, but 

decomposition reactions are likewise possible. Further studies are required to isolate 

defined complexes. 

 

O
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O
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O

O
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Ph

Ph

where R1 = H, Et; R2 = H, CH3, Ph. 

 

Figure 20: Originally envisaged bis(P, O−)-nickel complex; real structure unknown 

 

Three methods were tested to prepare the catalyst solution for screening the 

ligands 5a-c and 6a-b in the nickel catalysed oligo/polymerisation of ethylene. 

 

Method A: Solid ligand was added to the solution of Ni(COD)2 in THF. 

 

Method B: Solid ligand was added to the solution of Ni(COD)2 in THF followed by 

addition of triphenylphosphane as stabilizing auxiliary. (Addition of triphenylphosphane 

to phosphanylenolate [87] or phosphanylphenolate [42c] P∩O−-nickel catalysts leads to 

shorter oligomers and can be used to control the average chain lengths.) 

 

Method C: The solution of Ni(COD)2 (~0.1 mmol) in THF (10 mL) was added slowly 

to the corresponding phosphaproline 5a-c or 6a,b (~0.1 mmol) in MeOH (15 mL) at 

room temperature and stirred for 10 minutes to give a greenish yellow solution. Then 

the solvent was evaporated to dryness under vacuum to get a greenish yellow solid 

nickel complex. It is important to note that the complex should be well dried from 

MeOH, otherwise the catalyst will not function. The nickel complex was then 

suspended in fresh THF or toluene (20 mL) followed by addition of NaH (1-2 mmol) at 

0 °C.  

 

Methods A and B did not form an active catalyst for ethylene oligomerisation 

whereas method C provided oligomerisation catalysts. Thus, NaH is necessary to 
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generate an active catalyst. The colour before and after addition of NaH during catalyst 

preparation according to method C is noted in Table 3 and shows that there is a 

complexation of the ligand in the reaction with Ni(COD)2 even before addition of NaH, 

although this complex does not act as catalyst. The catalytic experiments via method C 

are indicating that the ligands 5a and 5b are suitable catalysts in THF as well as in 

toluene (Table 8), whereas 5c, 6a and 6b did not provide catalytic active species under 

these conditions. 

 

Table 3: Colours of the nickel complexes formed from phosphaprolines and Ni(COD)2 

before and after addition of NaH according to method C. 

 

The activation of the colour-indicated catalytically inactive complexes by 

sodium hydride can be explained by partial cleavage of stable bis(P∩O−) nickel chelate 

complexes, probably formed during heating the precatalysts with ethylene under 

pressure. This would explain the late start of ethylene consumption in the pressure time 

graph (see below). NaH may form a mono-(P∩O−)chelate/P~COONa Ni-hydride 

complexes with labile P- or N-coordinated phosphaprolinate. A structure proposal is 

shown in Scheme 8. It allows to explain the catalytic acitivity for ethylene 

oligo/polymerisation after treatment with NaH in principally the same way as the 

activation by NaH or BuLi of well defined but catalytically inactive bis(phosphanyl-

enolate-P,O) or bis(phosphanyl-phenolate-P,O) nickel chelate complexes [41, 42e].  

The resulting Ni-H or Ni-Bu species can follow the Ni-H mechanism [41], explained in 

Chapter 1.2. The rate of the conversion of ethylene is slow as shown in the pressure 

time graph (Figure 21), but this is similar in the activation of 

bis(phosphanylphenolate)nickel complexes with sodium hydride [42e] and hints at slow 

formation of the catalytically active species at the surface of undissolved NaH. The 

Ligand Before addition of NaH After addition of NaH 

5a Greenish yellow Greenish yellow 

5b Greenish yellow Greenish yellow 

5c Orange  Orange  

6a Orange Greenish yellow 

6b Orange Greenish yellow 
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selectivity for mainly linear products with methyl and vinyl end groups, proved by 1H 

NMR spectra (in C6D5Br at 100 °C) of the oligo- and polymers, obtained in the catalytic 

reactions, is in accordance with a nickel hydride chain start and β-hydride elimination as 

chain growth termination step, a mechanism proven by Keim et al. for 

phosphanylacetate nickel catalysts [36, 63, 85c, 89]. The molecular weights MNMR, 

calculated from integration of the proton NMR spectra, show formation of oligomers 

with chain lengths depending on the ligand. Chain lengths of ethylene oligo/polymers 

obtained with phosphanylacetate-type nickel catalysts are generally much lower than 

those obtained with phosphanylenolate or phosphanylphenolate nickel complexes [42a, 

88a, 90].  
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Scheme 8: Structure proposal for the formation of nickel catalysts for the 

oligomerisation of ethylene by sodium hydride. 
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Figure 21: Pressure-time plots for batch-oligomerization of ethylene with catalysts 

formed from 5a-c and 6a,b and Ni(COD)2 and activation by NaH in THF or toluene. 

 

Other nickel sources were also used to form nickel complexes of these ligands. 

Compound 5a was found to form a greenish yellow complex with NiBr2⋅2THF or with 

Ni(acac)2 in methanol. However, no structure information could be obtained by NMR 

because of paramagnetic properties of either impurities or the complex itself. When 5a 

was treated with TlOEt and subsequently with Ni(α-bipyridyl)(Mes)Br in methanol the 
31P NMR spectrum shows a signal at δ 99.8 along with other minor signals. The nature 

of this compound is however not clear. The synthesis of palladium complexes was also 

tried. 5a showed a strong colour change from yellow to red with Pd(acac)2 in MeOH. 

But unusual broad signals were observed in the 1H NMR spectrum and no signal in the 
31P NMR spectrum. 

 

2.1.8. Conclusions 

 3-Phenyl phosphaprolines were synthesized, structurally characterised and their 

properties were studied in detail. In screening with Ni(COD)2, they form active catalysts 

for ethylene oligo- or polymerisation in the presence of NaH in THF as well in toluene.   
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2.2. α-Phosphonium glycolates 

 

2.2.1. Introduction 

 

The investigations on the synthesis of phosphaprolines by cyclocondensation of 

2-phosphanylethyl amines with glyoxylic acid and α-ketocarboxylic acid had shown 

that the primary step in the cyclocondensation is not the formation of imines or 

immonium salts to which the P-H function is added, but the addition of P-H to the C=O 

group, a well known reaction type [77], or replacement of an hydroxy group of 

glyoxylic acid hydrate by the phosphanyl group via proton catalyzed elimination of 

water. If the latter is true, then even tertiary phosphanes should be able to add at the 

carbo-cation. To clear this point the reactivity of some tertiary phosphanes towards 

glyoxylic acid hydrate was investigated.  

 

The products of the reaction, phosphonium glycolates, would possess a 

tetracoordinated phosphorus atom directly attached at the carboxylate group and are 

thus relatives of the α-keto phosphonium salts. A tautomer with proton shift from the 

acidic α-CH to COO− would have the same zwitterionic structure as α-keto phosphorus 

ylides. The latter are known to react with Ni(COD)2 to form a PhNi(II) P,O−-chelate 

complex. Triphenylphosphane, used as additive, traps and stabilizes this complex by 

occupation of the forth coordination site but is labile enough to allow replacement by 

ethylene. Thus, these systems are highly efficient oligomerization catalysts for ethylene 

[38, 39]. Other tertiary phosphanes can also be used and allow to vary the chain lengths 

of the oligomers [87]. Based on our interest in studies on new types of P,O−-Ni catalysts 

[42a] the usability of the new compounds for generation of such catalysts was also 

investigated.  

 

Finally it should be mentioned that phosphorus ylides play an important role in 

‘Witting reactions’, named after the chemist Georg Wittig, who discovered the potential 

of these compounds for synthesis of olefines with aldehydes or ketones. The phosphorus 

ylides are usually prepared by action of base on alkyltriaryl phosphonium salts, which 
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are themselves readily available from alkyl halides and triarylphosphanes upon heating 

[92, 93], microwave irradiation [94] or long time stirring [95]. However, phosphonium 

salts also can be synthesized by the reaction of tertiary phosphanes with aldehydes in 

presence of an acid catalyst [96]. The compounds reported in this chapter have an 

intrinsic acidic group.  

 

2.2.2. Synthesis 

 

Addition of an ethereal solution of a tertiary phosphane to glyoxylic acid 

monohydrate dissolved in dry diethyl ether at room temperature leads immediately to a 

white precipitate. Analysis of the products gave evidence of the formation of α-

phosphoniun glycolates (Scheme 9) which according to a Scifinder search represent a 

new subclass of zwitterionic phosphonium salts. ω-Phosphonium alkanecarboxylates, 

accessible from ω-chloro-alkane carboxylic acids and tertiary phosphanes are known 

since long [97], but phosphonium acetates with α-OH group not yet.  

 

 

Ar3P : +
CH(OH)2

COOH

dry Et2O

10 Min

Ar3P
O

O
OH

7a-d  
 

7a, Ar = P(4-CH3C6H4)3 , 7b, Ar = P(3-CH3C6H4)3 , 
7c, Ar = P(C6H6)3 and 7d, Ar = DPPE . 

Scheme 9: Synthesis of α-phosphonium glycolates. 
 

Usually, such condensation of tertiary phosphane and aldehyde requires acid 

catalysts like HCl [96] or Nafion ion exchangers and the reaction is feasible at higher 

temperatures. The presence of the acidic group within the reactant allows rapid reaction 

under mild conditions, either by cleavage of water from the glyoxylic acid hydrate or by 

addition of the proton at the C=O bond and subsequent addition of the nucleophilic 

phosphane at the carbo-cation (Scheme 10). Because of the low solubility of the 

zwitterionic product this precipitates from the solution. The low concentration of 

phosphonium glycolate in solution shifts the hydrolysis equilibrium of these highly 
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moisture sensitive compounds to the product side. Thus the right solvent is crucial for 

this reaction. The precipitate (product) was then washed several times with dry diethyl 

ether and dried under vacuum to give α-phosphonium glycolates. 

 

 

Ar3P : + Ar3P
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OHO
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O
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O

O H

 

Scheme 10: Proposed mechanism. 

 

In several acyclic phosphanylglycines coordination of methanol at the COO− 

group by hydrogen bond was observed [61]. This puts the question if a water molecule 

is bound via a hydrogen bridge at the COO−-group of the final product. In order to 

check the presence of coordinated water 200 mg (0.6 mmol) of 7c was treated with 50 

mL of dry THF so that the expected water content would be 0.0108 mL considering a 

1:1 molar ratio of H2O: 7c, i.e. 0.0216 %. The solution was filtered, then ‘Karl Fisher 

Titration’ was performed with 20 mL of the filtrate twice. The sensitivity of the ‘Karl 

Fisher Titration’ is 0.001-0.005 % of moisture for the recommended 20 mL volume of 

the sample, but no water was found. 

 

Different tertiary phosphanes, tritolylphosphanes (p, m and o), 

triphenylphosphane and DPPE were applied in the reaction with glyoxylic acid. Except 

for tri-o-tolylphosphane a conversion according to Scheme 9 was observed (Figure 22). 

The yield of the compounds 7a-d follows the basicity order of the phosphane [91] used, 

i.e., the order of yield is 7d (87%) > 7a (80%) > 7b (49%) > 7c (38%). That the reaction 

failed in the case of P(2-CH3C6H4)3 is probably due to the steric hindrance by the ortho-

methyl groups at the phenyl rings of the phosphane. Thus, it may be concluded that 

tertiary phosphanes can form an adduct with glyoxylic acid monohydrate unless 

prevented by steric factors. 
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Figure 22: α-Phosphonium glycolates 

 

 The compounds 7a-c possess the following common properties: 

• They are all solids and are highly moisture sensitive, 

• are sparingly soluble in chloroform, 

• are insoluble in acetonitrile, benzene, THF or n-hexane, 

• are soluble in MeOH, followed by decomposition. In the case of 7a precipitation 

of tri(p-tolyl)phosphane, which is insoluble in MeOH, starts after about a 

minute. Similar precipitation was observed in the case of 7b. However, 

precipitation was not observed in the case of 7c because triphenyl phosphane is 

soluble in MeOH under these conditions. The 31P-NMR spectrum of 7c showed 

the signal of Ph3P at δ −4.62 in CD3OD. 

•  Similarly, 7a-c are soluble with decomposition in moist DMF or DMSO.  

Compound 7d differs from 7a-c in so far as it is completely insoluble in CDCl3. 
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2.2.3. Solution NMR studies  

 

Because the compounds 7a-d are not stable in methanol solution, CDCl3 was 

selected as an NMR solvent for structural characterisation, despite the compounds 

are only sparingly soluble. For compound 7d, NMR spectra could not be measured 

as it is insoluble in this solvent. The 31P chemical shifts of 7a-c are δ = 22.16, 22.8 

and 22.8, respectively in CDCl3 and are thus very similar to the known 31P chemical 

shift of the phosphonium acetic acid Ph3P
+CH2COO− with δ = 23 in CD3OD [98]. In 

addition to the strong signals small peaks are observed for 7a-c at slightly lower 

field (∆δ ca. 3.3) (Figure 23).  

 

 

Figure 23: 31P NMR spectra of 7a-c in CDCl3 
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These hint to impurities which might derive from the dimeric hemiacetal of 

glyoxylic acid. It is known that glyoxylic acid in aqueous solutions forms 2.5 to 12% of 

dimeric hemiacetal besides 69 to 88% of monomeric hydrate [99] (Figure 24), and the 

dimer may react with the triaryl phosphanes to the side products (Figure 25). The 

elemental analyses account for small excess amounts of glyoxylic acid in 7a-c which 

are in accordance with this assumption. Separation and more detailed characterisation 

are not possible by the easy decomposition.  

 

O
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O
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HO

CH COOH
HO
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Figure 24: Monomer and dimeric glyoxylic acid [99]. 

 

O

O

OH

OH

O

Ar3P

O

 

 

Figure 25: Assumed side product, mono-phosphonium-substituted glyoxylic acid 

dimer. 

 

Structurally more informative than the phosphorus NMR-data, which indicate rather 

the type of compound, are the characteristic 13C NMR spectral data of the α-

phosphonium glycolates 7a and 7b. The triphenylphosphonioglycolate 7c was not 

sufficiently stable and decomposed during the long measurement in CDCl3, which was 

necessary by the low solubility. 7d could not be measured as it is insoluble in aprotic 

solvents as already mentioned above. Ethyl triphenylphosphonium bromide was 

considered as a reference molecule RM  (Figure 26) [100] for a comparison with the 

data of the new compounds. It shows the 13C NMR chemical shifts of Ci at δ 117.9 with 

large P-C coupling constant of 85.5 Hz and Co at δ 133.6 (2J = 9.8 Hz), Cm at δ 130.6 
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(3J = 12.3 Hz), and Cp at δ 135.1. The chemical shifts and P-C coupling constants of the 

tolyl carbon nuclei of 7a-c (Table 4) are in good accordance with these data when the 

influence of the methyl group is considered by the established increment method. The 

coupling constants are little affected by the methyl group and allow an easy assignment 

of ipso-, ortho-, meta- and para-carbons. Ci of 7a shows the typical large coupling 

constant of 90.9 Hz, and the signal is shifted a little bit upfield to δ 115.2 because of the 

+I effect of the p-methyl group. The signal of Cp is shifted to low field and appears at δ 

145.7. The difference of ∆δ = 10.6 corresponds to the typical downfield shift by the 

methyl group. The one-bond coupling to the α-carbon atoms in 7a and 7b is somewhat 

larger than in the Ph3PEt+ cation by the electron withdrawing influence of the hydroxy 

and carboxy group.   

 

P H2C CH3 Br

o

m

i

p

1 2

 

Figure 26: Ethyl-triphenylphosphonium bromide (RM) 

 

Table 4: The characteristic 13C NMR data of α-phosphonium glycolates 7a-c. 

Entry  Data Ci Co Cm Cp C1 C=O Ar-CH 3 

RMa) 
δ (13C) 

δ nJ(31P13C) 

117.9 

85.5 

133.6 

9.8 

130.6 

12.3 

135.1 

- 

17.0 

51.3 
- - 

7a 
δ (13C) 

δ nJ(31P13C) 

115.2 

90.9 

134.4 

9.6 

130.5 

12.9 

145.7 

- 

67.8 

61.3 

167.7 

- 

21.8 

- 

7b 
δ (13C) 

δ nJ(31P13C) 

118.5 

84.9 

131.7 

9.1 

134.6(Co´) 

9.8 

128.3 

12.9 

139.9(Cm )́ 

12.5 

135.3 

- 

70 

63 

167.6 

- 
21.6 

7c 
δ (13C) 

δ nJ(31P13C) 

In 

noise 

134.5 

vbr 

129.5 

vbr 

In 

noise 

In 

noise 

166.3 

- 
- 

a) [101]  
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2.2.4. Application potential 

 

 As mentioned already in the introduction, the phosphonium glycolates are 

relatives to the precursors of α-keto phosphorus ylides which were found very useful in 

the generation of nickel complexes for the oligomerisation of ethylene [38, 39]. Because 

of this relationship and the very easy synthesis of 7a-d the usability of these compounds 

in the nickel catalysed oligo- or polymerisation of ethylene was studied.  

 

2.2.4.1. Screening for formation of catalysts of ethylene oligo- or 

polymerisation from 1a-d and Ni(COD)2. 

 

Formation of equilibrium amounts of phosphonium ylide tautomers from 7a-c by 

migration of the α-CH-proton to COO− could not be observed by 31P NMR despite the 

C-H acidity is relatively high by the COO− (−M), phosphonium (−I) and OH-group (−I) 

effect. Ylide formation would have generated phosphorus signals in the region of δ 0 to 

5 ppm [100b], but such signals were not observable. Nevertheless, it was tested if in the 

presence of Ni(COD)2 trace amounts of tautomers of 7a-c or if the latter themselves 

would be able to form catalysts. For this purpose the ligand (7a-c) was added to a 

solution of Ni(COD)2 in THF or toluene (amounts see Table 5) at room temperature. 

The zwitterionic ligand dissolves in the presence of Ni(COD)2 by formation of a 

complex, indicated also by colour change from yellow to brown. After stirring for 20 

min, the solution was transferred to the nitrogen filled autoclave, which was pressurised 

with ethylene to ca. 40 bar and put in a heating bath (100 °C, 15h) to test the formation 

of a catalyst and its activity and selectivity (Method A). Because under these conditions 

no conversion of ethylene was observed, a mixture of equal amounts of 7a or 7c and 

triphenylphosphane was added to Ni(COD)2 in THF or toluene and tested under else 

equal conditions (Method B). However, also this procedure did not lead to conversion 

of ethylene. 

 

Because without deprotonation 7a-c did not form catalysts with Ni(COD)2, 

generation of ylides from the phosphonium compounds 7a-d prior to the catalytic tests 

was employed. The reaction conditions and the strength of base required to deprotonate 
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phosphonium salts with α-CH depend entirely on the nature of the resulting ylide. In 

general, phosphorus ylides can be generated from phosphonium salts by using bases like 

sodium or sodium hydride, potassium alkoxide, n-butyl lithium or tert-butyl lithium. 

Sodium hydride and n-butyl lithium were selected to produce ylides from these 

compounds for the catalytic tests. In a first attempt (Method C) ligand 7c was added to 

Ni(COD)2 in THF or toluene followed by addition of NaH (0 °C). After stirring for 5 

min the mixture was filtered, the filtrate transferred to the autoclave, ethylene 

pressurised and heated. Because this procedure also failed to convert ethylene,  two 

further variants (Method D) were tested. NaH was added to the complex solution 

formed from 7a-d and Ni(COD)2 in THF or toluene at 0 °C, and after 5 min the 

suspension was used for the catalytic test. Alternatively, a tert-BuLi solution in pentane 

was added to the complex formed from 7c and Ni(COD)2 in toluene and the resulting 

solution tested. The results, compiled in Table 2, show that tert-butyl lithium was 

unsuitable to activate the complexes whereas NaH proved applicable to generate 

catalysts from 7a or 7c and Ni(COD)2 in THF and led to reasonable ethylene conversion 

and turnover numbers (4562, 3860).  

 

Table 5: Results of ethylene oligo- or polymerisation tests with  

7a-d/Ni(COD)2. 

 

Method 
C2H4 (g, mmol); 

solvent (20 mL) 

Ligand (mmol), 

Ni (mmol); 

Pstart (bar)[a],T (°C), t (h), 

Additive PPh3/NaH (mmol) 

Product (g); 

C2H4 Conversion 

(%) [b]; 

TON 

17.6, 627; THF 
7a (0.1), 0.12; 

40, 70, 15 
- 

15.6, 556; THF 
7c (0.1), 0.1 ; 

40, 65, 15 
- A 

17, 606;  THF 
7b (0.1), 0.1 ; 

40, 65, 15 
- 

16.2, 577; THF 
7a (0.1), 0.15 ; 

50, 100, 15, PPh3 (0.1) 
- 

B 

17, 606; toluene 
7c (0.18), 0.18 ; 

50, 100, 15, PPh3 (0.18) 
- 
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C 16.6, 592; THF 
7c (0.08), 0.08 ; 

50, 100, 15, NaH (1.0) 
- 

16, 570; THF 
7a (0.1), 0.1 ; 

40, 80, 15, NaH (0.75) 
82; 4562  

13.9, 495; THF 
7c (0.11), 0.095 ; 

42, 80, 15, NaH (1.0) 
74; 3860 

13.9, 495; THF 
7b (0.1), 0.1 ; 

42, 80, 15, NaH (1.0) 
- 

18.5, 659; THF 
7d (0.1), 0.05 ; 

40, 80, 15, NaH (2.4) 
- 

17.4, 620; THF 
7d (0.13), 0.15 ; 

40, 80, 15, NaH (1.7) 
- 

D 

17, 606; toluene 
7c (0.1), 0.14 ; 

42, 80, 15, tBuLi (0.48) 
- 

 

[a] Starting pressure measured by electronic pressure sensor; [b] conversion of ethylene 

determined by mass difference after releasing unreacted ethylene.  

 

2.2.4.2. Characterisation of the oligo- and polymers 

 

 Using Method D, the catalyst formed with 7a converted 82% of the ethylene. 

66% of the ethylene was turned to polymers, 5.6 % to dimers (C4) and the remaining 

part to C6 to C12 olefins. Similarly, in the case of 7c, 74% conversion of ethylene 

was observed, 48% to polymers, 13% to dimers (C4) and the remaining part to C6 to 

C12 olefins. The polymers obtained were analysed by 1H and 13C NMR in 

bromobenzene-d5 at 100°C after swelling for 24h, by melting range and density. The 

results are presented in Table 6. The GC analysis showed that the largest part of the 

oligomers are linear α-olefins. The microstructure of the polymers was determined 

by the NMR spectra. This gave evidence, that mainly linear polymers with methyl 

and vinyl end groups were formed. Migration of the final double bond to intern 

olefins was rather low (10 and 8%) despite long washing of the polymer with 

MeOH/conc. hydrochloric acid (1:1 v/v) to remove nickel. The methyl excess 

compared to the C=C groups was only about 1.5, that means in average 1.5 methyl 

side groups / chain. This is a very slow branching degree.  
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Table 6: Summary of GC reports 

 
[a] Conversion of ethylene determined by mass difference after releasing unreacted ethylene;  

[b] based on the assumption of mass proportional detection of the chemically closely related 

compounds (FID);  [c] 1H NMR measured at 100 °C after 24h swelling at 100 °C in C6D5Br 

under argon, MNMR calculated from integrals of CH=, CH2 and CH3 signals considering the 

number of protons per carbon; [d] calculated by compositional vinyl /CH=CH group ratio 

from 1H NMR integrals. 

 

 

 

Ligand; Additive; 

Solvent 

7a; NaH; 

THF 

7c; NaH; 

THF 

Total conversion 

Of ethylene (%)[a];  
82 74 

Total polymer 

obtained (%) 
66 48 

 

Σ C4 
[b] 

5.6 13 

Total 

Olefins 

obtained (%) 

Olefins [b] 

other than 

C4 

 

10.4 13 

C6-C12 Olefins 

distribution 

by GC [b]  

C6: 22%, C8: 15%, C10: 

3%, C12: 0.3% 

C6:34%, C8:25%, C10:4%, 

C12:0.2% 

1H NMR:  [c] 

M (g/mol) 
2650 2350 

α/internal [d] 

olefins (mol/mol) 
90:10 92:8 

Me/ C=C  2.4 2.5 

M.P (°C); Density (gm/ml) 130.8-134.4; 0.905 126.4-129.8; 0.920 
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2.2.4.3. Monitoring of the catalytic conversion  

 

The reaction of ethylene was monitored using an electronic pressure sensor. 

Pressure versus time plots of the ethylene conversion catalysed by 1a-d/Ni(COD)2 

in the presence of NaH in THF (Method D) show that the reaction rate is slow and 

that 7b and 7d do not form active catalysts (Figure 27). 

 

 

Figure 27: Pressure versus time plot of ethylene conversion in the presence of 7a-d / 

Ni(COD)2 and NaH in THF.  

 

2.2.4.4. Formation of active catalysts  

 

It is known from many investigations of Keim and coworkers [85, 86], but also 

from other groups [90, 42a], that organonickel P,O−-chelate complexes catalyse the 

oligo- or polymerisation of ethylene with high selectivity for linear polymers with 

methyl and vinyl end groups. Other types of nickel complexes also catalyse the oligo- or 

polymerisation but give olefin isomer mixtures or more or less, in part highly branched 

polymers [86]. The high selectivity for linear oligo- and polymers with methyl and vinyl 

end groups suggests that the catalysts formed from the phosphonium glycolates 7a and 
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7c with Ni(COD)2 in the presence of sodium hydride in THF also belong to the group of 

organonickel P,O−-chelate catalysts. This requires that one p-tolyl and phenyl group, 

respectively, is cleaved off from 7a and 7c. This cannot be achieved by NaH so that it is 

reasonable to assume that the formation of the nickel catalysts from 7a and 7c proceeds 

in a similar way as proven by Keim et al. [38, 39] for the formation of nickel 

oligomerisation catalysts from β-keto-phosphorus ylides, Ni(COD)2 and trapping by 

Ph3P. The phosphane stabilises the complex by formation of a square planar adduct 

which could then be characterized by crystal structure analysis [38]. This showed 

migration of a phenyl group from the triphenylphosphonium group to nickel and 

coordination of nickel(II) to a diphenylphosphanyl group and oxygen in a five-

membered chelate structure. The same aryl migration was observed for o-

triphenylphosphoranylidene-benzoquinone in the presence of an auxiliary phosphane, 

which as mentioned in the introduction is bound hemilabile and allows oligomerisation 

with tuning of the average chain lengths of the oligomers [87]. Also ylides stabilise the 

rearrangment product [88d]. 

 

The formation of brown solutions from the insoluble zwitterionic compounds 

7a-c and the yellow Ni(COD)2 gives evidence that complex formation occurs before 

addition of NaH, and the colour change hints to formation of nickel(II) phosphane 

complexes. Because ylides could not be detected by NMR, their concentration is at least 

very low and the probability of coordination of Ni(0) at the ylide and subsequent 

migration of the phenyl group is also low. Insertion of Ni(0) into the P+-C bond for 

formation of a PhNi+ species can be excluded as Ni(COD)2 and Ph4P
+Br− in THF or in 

methanol did not display a colour change, rather decomposition by time. Therefore, the 

formation of a catalytically inactive P,O−-Ni(II) complex, must take another course. The 
31P-NMR spectrum (in THF-D8) of the dark brown solution, formed by addition of one 

equivalent of 7a and then pTol3P to the solution of Ni(COD)2 in THF apart from little 

unconverted 7a (δ 23.5) displayed a strong signal at δ 37.4, a very broad signal at δ ≈ 

−7 and a strong broad signal at δ 27.7. The signal at δ 37.4 falls in the range of 

bis(diphenylphosphanylphenolato-P,O)nickel chelate complexes [101], the very broad 

absorption is attributed to pTol3P in dynamic exchange and the other broad band falls in 

the range between the chemical shifts of phenylnickel phosphanylphenolates (δ = 22-

24) [40, 102] and methallylnickel P,O−-chelates (δ 27-29) [42e].  
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When a toluene solution of Ni(COD)2 was added to a mixture of tri-p-

tolylphosphane and 7a, followed by addition of 10 molar excess of NaH in small 

portions at 0 °C, the 31P NMR spectrum in C6D6 shows a sharp signal at δ = 37.7 ppm. 

This is in the signal range of stable bis(diphenylphosphanyl-organocarboxylate) nickel 

chelate complexes. 

 

It is assumed that on heating in the presence of ethylene under pressure one chelate ring 

of the bis(P∩O−)-nickel complex is slowly cleaved in THF by excess NaH to a short-

lived hydrido complex [NiH(P∩O−)(P~ONa)], that the labile P~ONa ligand is replaced 

by ethylene which then inserts into the Ni-H bond. The resulting NiEt species is the first 

intermediate in the chain growing cycle which is finished by β-hydride elimination 

yielding the oligo- or polymer prodcuts and the next NiH starting species as illustrated 

in Scheme 2 in the Chapter 1.2 on copolymerisation reactions with nickel 

phosphanylphenolate catalysts. Why 7b did not form a catalyst is still unclear; possibly 

the migration of the m-tolyl group is sterically hindered by the substituent in m-position. 

Further efforts to get isolable crystals of the new type of bis(P,O−) nickel complexes are 

necessary for an exact determination of the structure and the fate of the α-OH group.  

 

2.2.5. Conclusions 

 

Glyoxylic acid monohydrate forms adducts with tertiary aryl phosphanes unless 

prevented by steric factors. The adducts of glyoxylic acid monohydrate with 

triphenyl phosphane, tris(p-tolyl)phosphane, and tris(m-tolyl)phosphane were 

completely characterised by spectroscopical methods, that with DPPE by elemental 

analyses. The adducts 7a or 7c with Ni(COD)2 in THF form complexes which on 

heating in the presence of NaH oligo- and polymerise ethylene under pressure with 

good selectivity to linear α-olefins. The major catalytic products are waxy polymers 

and minor products observed by GC are butene, hexene, octene, and decene. 
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2.3. Reactions of triethylphosphite and diethylphosphite with 

glyoxylic acid  

 

2.3.1. Introduction 

 

The reaction of triaryl phosphanes with glyoxylic acid in diethyl ether to 

zwitterionic phosphonioglycolates puts the question if a related reaction takes place 

with triethyl phosphite. From the Michaelis-Arbuzov reaction between triethyl 

phosphite and alkyl halides [103] it is known that alkoxyphosphonium halides are 

instable intermediates that react to P=O compounds and alkylate the halide anions. For 

the reaction between triethylphosphite and glyoxylic acid this would mean that an 

intermediate triethoxyphosphoniumglycolate with strongly alkylating properties of the 

P(OEt)3
+ group could be formed which might have the potential to esterify the COO− or 

to ethylate the OH group. It should be mentioned in this place that diethylphosphono O-

ethylglycolate is already known and was synthesised by Ulrich et al. [104] by a P-C 

coupling reaction between diethyl phosphite and the ethyl ester of glyoxylic acid on 

heating at 80 °C for 5 h (Scheme 11).  

 

(EtO)2P(O)H + P
OEtO

O

O
EtO COOEt

OH Reflux 80 °C

EtO
OEt

EtOH

H  

Scheme 11: Ulrich et al. condensation reaction [104] 

 

A synthesis from triethyl phosphite and glyoxylic acid, if it would provide this 

product, would however be easier, and because this and the related compounds are 

interesting as structural relatives to the pharmaceutical important 

hydroxymethanbis(phosphonates) [105] the reaction of triethyl phosphite and of diethyl 

phenylphosphonite with glyoxylic acid in diethyl ether was studied. They are described 

in the following along with further experiments to address mechanistic aspects for 

understanding competing reactions and formation of side products.  
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2.3.2. Behaviour of triethyl and diethyl phosphite towards glyoxylic 

acid  

The reaction of triethyl phosphite with glyoxylic acid did not proceed in the 

simple way shown by triaryl phosphanes but furnished a mixture of products (Scheme 

12). The first step, the formation of a white precipitate immediately after addition of 

triethyl phosphite to glyoxylic acid in diethyl ether, is comparable. However, this 

precipitate disappeared within few minutes. The products detected in the solution by 

NMR were diethyl phosphite (δ 31P 7.96), diethylphosphono glycolic acid 9a, the 

envisaged ethyl ester 10 (δ31P 16.97, 16.63), and two phosphates with δ31P −1.04 and 

−1.20. The assignment of 9a and 10 is based on the comparison with NMR data of 

independently synthesised samples. 9a was obtained in pure form from diethyl 

phosphite and glyoxylic acid in diethyl ether, 10 was synthesized from diethyl phosphite 

and (EtO)CH(OH)COOEt [104]. The identification of the phosphates in the mixture 

was supported by proton coupled phosphorus NMR. The splitting pattern of the two 

superimposed multiplets (Figure 28) indicate three OCH2 groups at phosphorus. . The 

larger signal is  assigned to (EtO)2P(O)-OCH2-COOH (10), a P-C to P-O rearrangement 

product , the smaller might belong to (EtO)3PO, possibly formed via an intermediate 

phosphorane. The proton NMR spectrum of the product mixture displays two minor 

doublets for P(O)-CH-O at δ 4.56 (∆δ 1 Hz) with a two-bond coupling constant 2JPH = 

16.1 Hz, which is in accordance with that of the α-CH doublet of the independently 

synthesized 9a and thus assigned to 9a and the related ester 10, and an intense doublet 

at δ 4.56 with 3JPH = 10.9 Hz, which is assigned to the P-OCH2COOR protons of 11. 

The OCH2 singlet of glycolic acid, formed along with triethylphosphate, was detected at 

δ = 4.14.The OCH2 multiplets of the P(O)OEt groups of 9a and 10 absorb in the range δ 

= 4.05 to 4.35 and are superimposed at the high end by the POEt multiplets of the POEt 

protons of 11 and triethylphosphate. Fractional distillation of the reaction mixture of 

glyoxylic acid and triethyl phosphite after stirring for 3 days provides at 90 °C/10−4 

mbar a mixture of triethyl phosphate with glycolic acid, molar ratio ca. 2:1 based on 

OCH2/OCH3 
1H integration and on signal heights of the OCH2 signals in the 13C NMR 

spectrum. The identity of glycolic acid follows from the good accordance of its proton 

(δ 4.16) and carbon chemical shifts (OCH2 δ 60.16, COOH δ 174.88) with the data in 

the Aldrich NMR Atlas.   
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Figure 28: 31P NMR spectrum (proton coupled and decoupled) of the reaction mixture 

formed from triethyl phosphite and glyoxylic acid monohydrate  

 

The formation of the phosphono glycolic acid 9a may be attributed to hydrolysis 

of the intermediates and/or to condensation of diethylphosphite with glyoxylic acid 

hydrate. The latter way was proved by independent reactions, as mentioned above, and 

led to pure 9a. The formation of the ethyl esters 10 is due to alkylation by the 

alkoxyphosphonium group rather than to acid catalysed esterification with ethanol 

liberated in the hydrolysis because the ethanol concentration is low. The rearrangements 

of α-hydroxyalkylphosphonates to alkylphosphates are known and are usually 

performed base catalysed under mild conditions [106], also when the α-OH group is 

protected by an acetyl group [107].  
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Scheme 12: Reactions of triethyl and of diethyl phosphite with glyoxylic acid  

 

2.3.3. Behaviour of phenyl diethylphosphonate and 

phenylphosphinates to glyoxylic acid 

 

For more general conclusions, also the reaction of diethyl phenylphosphonite 

with glyoxylic acid monohydrate in diethyl ether was tested. Ethyl phenylphosphinate 8 

(δ31P 24.8, PH δ 7.60, 1JPH = 565 Hz) was the main product, indicating higher 

sensitivity to hydrolysis than triethyl phosphite. A minor, but still strong signal at δ31P 

18.8 is assigned to diethyl phenyl phosphonate, supported by the increased OCH2 to 

phenyl  proton ratio of roughly 5:3 in the mixture. It might be formed under the inert 

conditions by migration of the Ph(EtO)2P
+-goup from the α-carbon atom to oxygen and 
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subsequent cleavage of the O-αC bond yielding PhP(O)(OEt)2 and +CH2COO−, which 

adds water to glycolic acid (compare Scheme 12).  

 

In the reaction of diethyl phenylphosphonite with glyoxylic acids besides the 

above mentioned main products small amounts of side products were formed. A small 

signal at δ 20.2 and δ −30.2 and trace signals in the range δ 19.5-28 hint to a 

phosphonate of the type Ph(EtO)P(O)OCH2COOR and to unidentified 

P(O)CH(OH)COOR species with CH indicated by doublets in the region δ 4.50 to 4.70 

(JPH 9.7 to 10.9) and δ 4.41 (JPH = 14.0 Hz). Trace signals at δ 33.2 and 33.4 account for 

Ph(EtO)P(O)CH(OH)COOR, R = H or Et by similarity with the NMR data of 

Ph(EtO)P(O)CH(OH)COOH (9b), δ31P 35.2, 36.9, determined by independent synthesis 

from glyoxylic acid and ethyl phenylphosphinate 8. The latter was prepared in 98% 

yield from dichlorophenylphosphane and sodium ethoxide in ethanol. Additionally, 

phenyl phosphinic acid was reacted with glyoxylic acid in THF yielding 

phenylphosphinoyl glycolic acid 9c (Scheme 13). This compound was characterised by 
31P NMR (δ = 32.12 major, 31.56 minor) and 1H NMR data, which display 

characteristic α-CH doublets at δ 4.61 (2JPH = 14.0 Hz) major and 4.65 (2JPH = 13.6 Hz) 

minor). 

  

 

OR

P HPh

O

OR

P

O

Ph
COOH

OH

(HO)2CHCOOH+
dry Et2O

48 h

9b, R = Et
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Scheme 13: Synthesis of phenylphosphinoyl-glycolic acids  

 

Finally it should be mentioned that the compounds 9b and 9c have each two 

chiral centres, at the phosphorus atom and the neighbouring α-carbon atom. Thus they 

exist according to the 2n rule (n is number of chiral centres) in four optically active 

isomeric forms [74, 108], i.e. in two pairs of diastereoisomers as shown in Figure 29.  
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Figure 29: Different stereoisomers of 9b. 

 

Compound 9b shows the 31P-NMR chemical shifts at δ = 35.2 and δ = 36.9 

corresponding to two pairs of enantiomers whereas 9a displays only a single signal 

(Figure 30).  

 

 

Figure 30: 31P-NMR spectra of 9a and 9b in CDCl3. 
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2.3.4. Mechanism of the reaction of R2PH(O) compounds with 

glyoxylic acid  

 

The proposed mechanism of formation of 9a and 9b follows the mechanism of 

the Abramov reaction [109] without base. In accordance with this mechanism the minor 

tautomer of the R2PH(O) compounds undergoes nucleophilic attack on the carbonyl 

carbon to give an ionic intermediate which by subsequent deprotonation and protonation 

forms the final product (Scheme 14). 
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Scheme 14: Proposed mechanism of formation of 9a and 9b  

 

2.3.5. Conclusions 

The reactions of triethyl phosphite and phenyl diethylphosphonate with 

glyoxylic acid are rather complex and provide mixtures. The initial ethoxyphosphonium 

salts do not undergo intramolecular alkylation of the carboxy group and formation of 

R(EtO)PCH(OH)COOEt as was assumed because of the halide alkylation shown in the 

Michealis Arbuzov reactions. Only a minor amount of (EtO)2PCH(OH)COOEt was 

formed. Actually, glyoxylic acid monohydrate is hydrolysing triethyl phosphite and 

diethyl phenylphosphonite or primary adducts thereof formed with glyoxylic acid. 

However, diethyl phosphite and phenylphosphinates form well defined condensation 

products with glyoxylic acid monohydrate. 
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2.4. Complementing studies on 2-phosphanylphenylester and 

2-phosphanylphenol based nickel catalysts for ethylene 

polymerisation and copolymerisation with αααα-olefins* 

 

2.4.1. Introduction 

 

 Organonickel complexes bearing a chelating phosphanyl-enolate ligand are of 

great importance in the large scale production of linear α-olefins in the Shell Higher 

Olefin Process (SHOP) [85, 86], but also allow preparation of polyethylene and 

ethylene-olefin copolymers. Organonickel 2-phosphanylphenolate catalysts or related in 

situ prepared catalyst systems [42a,c,g; 110] likewise accomplish selective oligo- or 

polymerization of ethylene to linear α-olefin chains and allow tuning of the molecular 

weights over a wide range, for polymers by variation of the substituents at phosphorus 

[42e] and for low-molecular-weight oligomers by phosphane additives [42c,h]. P-Basic 

dicyclohexyl phosphanyl-phenolate catalysts are somewhat less selective and allow 

limited incorporation of α-olefins yielding copolymers with various substituents at the 

main chain [111]. Cationic methallyl nickel 2-phosphanylphenol complexes are more 

active but unselective and give rise to isomer mixtures, mainly of C4 and C6 [42b]. 

Phosphanylphenyl ethers were also screened in situ with Ni(cod)2(cod = 1,5-

cyclooctadiene) but neither of these compounds formed catalysts [42e,h]. This suggests 

that the selectivity mediated by neutral 2-phosphanylphenolate nickel catalysts requires 

a leaving group at oxygen. For use of phosphanylphenols a mechanism involving 

formation of NiH catalysts was postulated and experimentally supported by NMR 

spectroscopic data of precatalyst solutions generated at room temperature from 2-

diphenylphosphanyl-phenol and Ni(COD)2 [42e].  

 

 

______________________________________________________________________ 

* My part in these studies was the investigation of the nickel complexes, of the 

stabilising action of COD and of the copolymerizations with 1-decenol and polar vinyl 

comonomers.   
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To explore if O-acyl groups can be cleaved from phosphanylphenyl esters or 

behave like the O-alkylethers towards Ni(COD)2 and ethylene, O-acylated-2-

phosphanylphenols were synthesized by bromination of p-cresol, dilithiation, coupling 

with chlorodiphenylphosphane, and final O-substitution with carboxylic acid chlorides 

RC(O)Cl (R = Me, tBu, Ph, 4-MeOC6H4) (Scheme 15) [112]. 

 

OH

Br

OLi

PPh2

O

PPh2

O

R1. 2 nBuLi

2. Ph2PCl

RC(O)Cl

 

 

Scheme 15: Synthesis of O-acylated 2-phosphanylphenols 

 

It was found that the 2-phosphanylphenyl esters 12a-d as ligand precursors 

allowed the nickel-catalysed polymerization of ethylene as a batch procedure at a bath 

temperature of 100 °C. The precatalysts were generated in situ by mixing toluene 

solutions of Ni(1,5-cod)2 and 12a-d at 0 °C (10 min) and stirring for 5 min at room 

temperature before pressurising and heating with ethylene [112]. Usually the ethylene 

starting pressure was 40–50 bar. For studying the fate of the acyl groups it was only 20 

bar to increase the ligand to ethylene ratio. In this case, the O-substituent was detected 

as end group in the oligomer or polymer fraction. Furthermore, the nature of the O-

substituents has influenced the catalyst and consequently the product properties [112]. 

The polymerization of ethylene with catalyst systems 12a-dNi generally proceeds 

rapidly, almost quantitatively within 1–1.5 h (including initiation period) and with good 

reproducibility. The turnover numbers were limited by the ethylene/catalyst ratio in the 

batch procedure. The products are mainly low molecular weight (MNMR2100–4000) 

linear polyethylenes with CH3 and vinyl end groups, but a small amount of the polymers 

possess acyl end groups, as mentioned above, derived from ligand 12 employed in the 

catalyst. The ethylene consumption rate is not greatly different for catalysts 12a-dNi, but 

a clear dependence on the size of the substituent R can be seen in the pressure–time 

plots (Figure 31). The system with the bulky pivaloyl group reacted fastest, followed by 

the benzoyl- and 4-methoxybenzoyl systems, whereas the small acetyl group led to the 

12 a B C d 

R Me t-Bu Ph 4-MeOC6H4 
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slowest reaction. It is assumed that these findings are due to intermolecular interactions 

of polymer R–C(O) end groups with catalytically active nickel centres. They are 

facilitated for small acyl groups and cause slight retardation of the ethylene 

consumption, but stabilize the catalyst against deactivation routes and thus give higher 

conversions [112]. 

 
Figure 31: Pressure–time plots for batch polymerization of ethylene with catalysts prepared in situ from 

Ni(cod)2 and 12a (solid), 12b (dashed), 12c (dotted),  12d (dashed/dotted) in toluene; bath temperature 

100 °C 

 

Open questions after the above mentioned studies concerned the nature of the 

nickel complexes formed primarily from 12a-d and Ni(COD)2 and those responsible for 

the catalytic activity and catalyst deactivation to propose a reliable mechanism of the 

polymerisation.  

 

Other questions not yet answered in prior investigations within the working 

group on phosphanylphenolate nickel catalysed polymerisation of ethylene and 

copolymerisation with olefins concerned the effect of 1,5-COD on the catalyst stability 

and the effects of additions of functionally substituted olefins. To complete the above 

mentioned investigations and to enable an experience-based comparison of 

phosphaproline and phosphanylphenol derived P,O−-nickel catalysed ethylene oligo- or 

polymerisation, complementary studies on the formation of nickel complexes from 12d 

and Ni(COD)2 and on the effects of 1,5-COD, vinyl acetate and 1-decenol additives in 

the nickel phosphanylphenolate catalysed poly- or oligomerisation of ethylene were 

performed.   
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2.4.2. Detection of nickel complexes formed from O-acylated 

phosphanylphenols 

 

As outlined above, investigations to get knowledge about the type of nickel 

complexes formed from 12a-d and Ni(COD)2 and responsible for the high activity in 

the ethylene oligo- or polymerisation were carried out. Whereas with catalysts formed 

from phosphanylphenols and Ni(COD)2 only CH3 groups are observed at the saturated 

end of the chain, acyl end groups were detected by 1H and 13C NMR in a small amount 

of the polymers. This is consistent with a mechanism for the starting reaction where 

nickel(0) inserts into the O-H or the O-C(O) bond of the phosphanylphenols and their 

acyl derivatives 12a-d, respectively. The major part of the CH3- and vinyl-terminated 

polymers goes back to β-hydride elimination of olefins and new cycles starting with the 

thereby formed Ni-H catalysts. 

 

For the investigations to prove this mechanism and to find out the structure of 

the primary nickel complex I have chosen ligand 12d. The reason is that the ligand 12d 

has a p-methyl group at the phenol ring and a p-MeO group at the benzoyl group and 

that the two strong singlets, each representing three hydrogen atoms and one of the two 

parts of the molecule, can easily be detected by NMR. The detection of only one or of 

both of these signals after the complex formation may provide information on the fate 

of the two groups of 12d. When 12d was mixed with Ni(COD)2 in a 2:1 ratio in THF at 

room temperature, the solution concentrated after stirring overnight and overlayered 

with n-hexane yellow crystals were obtained after several days. Prolonged storage led to 

an additional colourless precipitate and a few orange-brownish crystals of a Ni(II) P,O-

chelate complex. Structure information could be obtained from the yellow crystals after 

washing with n-hexane and drying in vacuo by NMR measurements in THF-d8, from 

the orange-brown crystals by X-ray diffraction, but not from the microcrystalline white 

precipitate, because it could not be obtained in a separated form. 

 

The NMR data of the yellow complex display two sets of signals, those of 12d 

and coordinated 12d. According to 1H NMR integration, the ratio of 4-Me and 4-MeO 

groups is each 1:2, corresponding to a 1:1 molar ratio 12d and Ni(0)(12d)2. This hints at 

a complex 13 of the composition [Ni(0)(12d)3], which in solution dissociates into 12d 
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and Ni(0)(12d)2 (Scheme 16). Cleavage of the O-C(acyl) or O-C(phenyl) bond by 

nickel(0) can be excluded at this stage, as most of the signals of 12d were found to be 

only slightly shifted in 13 as well. Exceptions are nuclei involved in the coordination to 

nickel and adjacent carbon nuclei. Phosphorus displays a coordination chemical shift of 

∆δ(31P) = 45.1 ppm, which is close to ∆δ = 42.8 ppm for [Ni0(2-Ph2P-4,6-tBu2C6H4OH-

η
1P)(PMe3)3] [101], whereas the ∆δ(31P) values for 2-phosphanylphenol nickel(II) or 2-

phosphanylphenolate nickel(II) P,O−-chelate complexes are slightly (∆δ = 48.2 ppm) 

[42b] or significantly larger (∆δ = 58–70 ppm) [42e,h; 101]. Phosphanylphenolate 

coordination is additionally excluded for Ni(0)(12d)2 by downfield shifts of the 13C-2 

and 13C-i(Ph) nuclei compared to 12d (∆δ = 7.4, 3.1 ppm) and relatively small one-bond 

P–C coupling constants (1JP,C-2 = 11.9 Hz,1JP,C-i = 31.9 Hz). For nickel (II) 

phosphanylphenolates, 
13

C-2 and 
13

C-i(Ph) signals are upfield shifted, and the one-bond 

P–C couplings are considerably larger (1JP,C = 45–51 Hz) [42, 101]. The coordination of 

a second ligand at nickel is indicated by a doublet of doublet for 13C-i(Ph). Additional 

interactions of the carbonyl oxygen atom to Ni
0 
are suggested by strong downfield shift 

of the ester 13C(O) resonance (δ = 199.7 ppm, ∆δ = 36.1 ppm). Coordinated carbon 

monoxide is improbable, as no other degradation products of 12d were observed, 

likewise a benzoyl group at nickel, which in addition should display a much stronger 

downfield shift [113].  

 

O
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PPh2

Me
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in THF-d8 solution: 13 (n = 2) + 12d 

Scheme 16: Reaction of Ni(COD)2 with 12d at room temperature.  
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Among the orange-brown crystals a single crystal was found. It displayed multiply 

split reflections but altogether very weak X-ray diffraction, probably because of large 

ranges of disordered solvent, and the refinement led only to R1 14% and wR2 43%. 

This is not sufficient for publication but detects the nature of the compound formed. It 

has a cluster structure 15 (Figure 32) with four nickel(II), two 4-methoxyphenyl anions, 

two phosphanylphenolate chelate ligands and two chloride anions of unclear origin, 

which however were convincing in the refinement. Ni3 and Ni4 possess C-bound 

ligands and prove the insertion of nickel(0) into the C-C(O) bond of 12d. Ni3 and Ni4 

are bridged via phenolate oxygen and cloride to the central hexacoordinate Ni2 cation. 

From the back side a cis-bis(phosphanylphenolate) with Ni1 is coordinated by two 

bridging oxygen atoms.  

 

 

Figure 32: Structure proposal for 15 based on crude X-ray diffraction data.  

 

Concerning the origin of chloride, it was assumed at first that, because the 4-

methoxybenzoic acid ester ligand 12d in contrast to the other phosphanylphenyl esters 

including the benzoic acid ester was sparingly soluble in diethyl ether, coordination of 

LiCl at the carbonyl group might be possible, supported by the +M-effect of the p-
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methoxy group. However, several attempts to get crystals of a complex of 12d with 

LiCl from 12d and LiCl in THF failed. Also attempts to synthesize compound 15 or 

[Ni(0)(12d)3] from 12d in the presence of LiCl in THF at room temperature failed to 

give single crystals suitable to X-ray diffraction. These results suggest that impurities by 

unconverted 4-methoxybenzoyl chloride should be considered as the source of chloride 

in 12d, detected with AgNO3/HNO3, rather than trace impurities of LiCl. The complex 

15 can then be formed by insertion of Ni(0) into the C-Cl or Caryl-C(O)Cl bond of the 

acid chloride, combination of two such species with two nickel-cis-

bis(phosphanylphenolate) molecules and extrusion of the CO groups. When 12d was 

heated with Ni(COD)2 at 80 °C in a 3:1 molar ratio, with or without an equimolar 

amount of LiCl solution in THF, and then concentrated and over layered with n-hexane 

reddish brown crystals were obtained. A suitable single crystal was analysed by X-ray 

diffraction. The crystal structure analysis showed the formation of the bis-(P∩O−)-

chelate nickel complex 14 with square planar geometry (Figure 33). This complex was 

detected also as the stable final complex after catalyst deactivation and is thus not 

responsible for the ethylene conversion.  

 

The reddish brown crystals of 14 were not only studied by X-ray diffraction but 

also by multinuclear NMR and elemental analysis. Unfortunately, NMR spectra of this 

complex in THF-d8 show broad signals due to paramagnetic impurities, but the values 

of the carbon and hydrogen analysis are in satisfying agreement with the calculated 

values.  
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Figure 33: Crystal structure of nickel complex 14 formed from 12d after the reaction at 

80 °C in THF / n-hexane 

 

The formation of 14 gives evidence that the precatalyst must be generated under 

mild conditions and that heating can be started only in the presence of excess ethylene 

that occupies free coordination sites and stabilises the catalyst. The NMR data of the 

yellow complex 13 show that primarily a η1P-Ni(0) complex without cleavage of the 

C(O)OR group is formed. Attempts to monitor the decomposition route of 13 by NMR 

failed by formation of a precipitate in the NMR tube. However, it is known that 

Ni(COD)2 reacts with benzoic acid esters in the presence of triphenylphosphane under 

mild heating (55–70 °C) mainly with scission of the acyl–OR bond, although for some 

R groups, acyl O–R cleavage is also observed [114]. For complexes of type 13 the first 

route, acyl–OR cleavage (Scheme 3), is preferred. Evidence is given indirectly by 

detection of acyl end groups in the ethylene polymers. Hence, the above reaction proves 

the scissoring effect of nickel(0) on the acyl–OR bond and gives a proof to suggests the 

mechanism shown in Scheme 17.  
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Scheme 17: Proposed Mechanism of polymerisation by 12a-d 

 

Additional support for the hydride mechanism is provided by activation of the 

nickel cis-bis(P∩O−-chelate) 14 with sodium hydride. When crystals of 14 were tested 

as precatalysts in the oligo- or polymerisation of ethylene in toluene at 100 °C no 

conversion of ethylene was observed. However, in the presence of excess NaH nearly 

quantitative conversion of ethylene (96%) with TON of ca. 7000 (mol / mol) was found. 

The reaction was monitored by pressure versus time registration (Figure 34). It is slower 

than with Ni(COD)2 but almost complete after 3 h whereas complete conversion of 

ethylene with Ni(COD)2 as catalyst precursor requires a small amount of 1,5-COD as 

stabilising additive. It is assumed that the reaction follows the nickel-hydride 

mechanism as explained in introduction.  

 

It is known that strong acids or nickel catalysts can isomerise the α-olefines to 

internal olefins by time and by heating [115]. To evaluate the effect of the purification 

of the polymer with concentrated hydrochloric acid / methanol on the ratio vinyl to 

inner-olefin, the polymer obtained from the last mentioned catalytic experiment was 

divided into two parts, F1 and F2, and purified by two different ways. One part was 

treated in the usual way, stirred for 24h with MeOH and HCl (12 M) in an 1:1 volume 
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ratio and then washed with a sufficient amount of MeOH and dried at air. The second 

part of the polymer, F2, was stirred for a week in the mixture of MeOH / HCl before 

washing with methanol and drying. Characterisation of the two samples by 1H-NMR 

spectroscopy in bromobenzene-d5 after swelling at 120 °C for 24h showed for the 

polymer sample F1 an α-olefin : internal olefin ratio of 92:8 whereas that of F2 was 

89:11. Moreover, the molecular weight MNMR of polymer F1 was 3075, whereas that of 

F2 was slightly lowered to 2824. Thus, the effect of the treatment of the polymer 

product with MeOH/concentrated hydrochloric acid is relatively small, is minor 

isomerisation and degradation of the α-olefins to internal olefins.    

 

 

Figure 34: Pressure/time plot of batch polymerisation of ethylene in toluene with a 

catalyst formed from crystals of 14 and excess NaH. 

 

 

2.4.3. Effects of 1,5-COD and polar comonomers on the behaviour of 

nickel phosphanyl phenolate complex catalysts towards ethylene 

 

2-Phosphanylphenolate nickel catalysts were studied in the working group not 

only with respect to the oligo- or polymerisation of ethylene [42e], but they also were 

tested for copolymerisation with co-monomers like styrene, allylbenzene, 4-methyl-1-

pentene, 1-hexene, trans-2-hexene, ethyl oleate or ethyl undecenoate. The catalyst 

PPHH/Ni, generated from 2-diphenylphosphanylphenol (PPHH, Figure 35) and 

Ni(COD)2, led to short chains and very low co-monomer incorporation but usually to 

improved conversion by catalyst stabilisation. The more P-basic catalyst CCHH/Ni , 

generated from 2-dicyclohexylphosphanylphenol (CCHH ) and Ni(COD)2, gave longer 
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chains, noticeable higher but still low incorporation of co-monomer, but usually lower 

or low conversion. The 13C NMR spectra of the co-polymers display isolated side 

chains.  

PPh2

OH

PiPr2

OH

PcHex2

OH

But

iBu

PPHH CCHH IIBB  

 

Figure 35: 2-Phosphanylphenols used as ligand precursors. 

 

The above mentioned results put the question, if varying results with PPHH/Ni 

catalysts, generated from Ni(COD)2 of different sources, may be attributed to small 

amounts of 1,5-COD, possibly added for stabilisation of commercial Ni(COD)2. 

Addition of the cyclic diene 1,5-COD (1 mL) to the PPHH/Ni precatalyst (molar ratio 

88:1) led to rapid and almost complete conversion of the ethylene to low-molecular 

weight polyethylene without noticeable incorporation of COD (Figure 36) (Table 10). 

1,5-COD is thus a suitable auxiliary to improve the activity of phosphanylphenolate 

nickel catalysts in the ethylene oligomerisation. The similarity of the effects to those of 

trans-2-hexene may be due to labile Ni-olefin π-bonds, in the latter case possibly labile 

cis-chelate complexes with pentacoordinated nickel, which disfavour deactivation of 

(P∩O−)Ni-R catalyst species (R = chain or H) while easy dissociation does not retard 

coordination of ethylene and its subsequent incorporation into the chain. 

 

Figure 36: Pressure/time plot of batch polymerisation of ethylene in toluene with a 

catalyst formed from PPHH/Ni and 1,5 COD . 
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The other point to be studied is the effect of a functional group of the co-

monomer on the catalyst activity and the co-monomer incorporation in the case of 

polymerisation.  

 

Recently, copolymerisation of ethylene with 1-decen-9-ol [116] as well as 5-and 

1-undecen-9-ol [117] was studied using α-iminocarboxamide or bulky N,N´-

disubstituted diimino-acenaphthene nickel complexes. In both systems, protection of the 

OH group by metalation with Me3AL was required. Incorporation of the 

hydroxyalkenes was reported but CH2OH groups have not been detected by NMR 

studies of the microstructure. As copolymers with OH-terminated side chains might be 

of interest for introduction of special functional groups or for combination with polar 

inorganic or biomaterials and phosphanylphenolate nickel catalysts proved tolerant to 

water in toluene or THF [42e], I studied the conversion of ethylene in the presence of 1-

decenol and PPHH/Ni, CCHH/Ni  and IIBB/Ni  catalysts without protecting the OH 

group. The bulky 2-diisopropylphosphanyl-4,6-di-tert-butylphenol (IIBB ) ligand 

precursor was included into these tests to hinder catalyst deactivation by the 6-tert-butyl 

group which shifts O-substituents sterically towards phosphorus.  

 

With PPHH/Ni rapid and high conversion of ethylene was realized (Figure 37a), 

only slightly lower than in the presence of ethyl 1-undecenoate. The more P-basic 

CCHH/Ni  and IIBB/Ni  catalysts, however, convert ethylene only slowly (Figure 

37b,c). The CCHH/Ni  catalyst is nearly blocked after short reaction time and provides a 

copolymer with smaller molecular weight than the IIBB/Ni  catalysts. If the 

concentration of 9-decen-1-ol in toluene was lowered to the half value, as used in the 

experiments with PPHH/Ni or IIBB/Ni , nearly no conversion was observed. Since no 

colloidal nickel was observed, formation of an inactive complex is assumed. It was 

earlier observed that ethanol is unsuitable as solvent in the PPHH/Ni-catalyzed ethylene 

polymerization and that it promotes the formation of catalytically inactive nickel bis-

(phosphanylphenolates) [88].  
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Figure 37: Pressure-time plots of the polymerization of (a) ethylene/1-decenol by 

PPHH/Ni-(COD)2, (b) ethylene/1-decenol by CCHH/Ni(COD)2, and (c) ethylene/1-

decenol by IIBB/Ni(COD)2. 

 

It is assumed that a slow but in principle similar complex formation is induced 

by the OH group of the co-monomer which competes with the polymerization. In the 

case of the slow ethylene conversion by CCHH/Ni the catalyst is deactivated after 

conversion of only 43% of ethylene whereas in the case of the rapid conversion by 

PPHH/Ni dialkyphosphanylphenolate most of the ethylene is converted (86%) before 

deactivation. The bulky 6-tert-butyl diisopropylphosphanylphenolate catalyst IIBB/Ni 

after an initial short radical reaction converts ethylene only slowly, but complete 

deactivation is prevented by steric hindrance on the O-side (6-tert-butyl group), which 

disfavours formation of nickel cis-bis(phosphanylphenolate) complexes [42b]. The 

incorporation of 9-decen-1-ol into the copolymers is low, according to
1
H NMR 

integration of OCH2versus olefin groups about 5 wt % (0.9 mol %) for all three 

catalysts, for the short waxy polymers with PPHH/Ni ca. 0.4 side groups/main chain, 

for the longer polymers ca. 3.0 side groups/main chain. The microstructure of the 

copolymers, determined by
13

C NMR measurements, is the same as detected for the 

other copolymers synthesised with phosphanylphenolate nickel catalysts [91], a linear 

polyethylene main chain with isolated side groups. The CH2OH end of the side groups 

gives a strong, slightly broadened 13C NMR signal at 63.2 ppm with about the same 

intensity as the branching carbon (Cbr) and triple intensities of the R-, β-, and γ-CH2 
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signals, each superimposed by the R-, β-, and γ-CH2 signals (8B8, 7B8, 6B8) of the long 

side group (Figure 38). The clear detection of the CH2OH end group of the side chains 

suggests that the incorporation of 1-(un)decenol into the ethylene/hydroxyolefin 

copolymers, obtained with Me3Al activated α-iminocarboxamide or diimino-

acenaphthene nickel complexes [116, 117], not detectable by
13

C NMR, leads to another 

microstructure. The free OH group in the polymer side groups may allow the 

introduction of a wide variety of functional groups to be studied in the future by others. 

 

 

Figure 36:13C NMR (C6D5Br) spectrum of ethylene/9-decenol copolymer (catalyst 

CCHH/Ni ) 

 

2.4.4.1. Mechanistic Aspects 

 

Concerning the mechanism, a catalytic cycle like as shown for SHOP-type 

oligomerizations [42e] can be discussed (Scheme 18). The methyl and vinyl end groups, 

hint at chain starts by insertion of ethylene units into the Ni-H bond and termination 

reactions by β-hydride elimination [40]. 1-Decenol was less eminent or not involved 

into starting and termination steps. The co-monomer coordinates and dissociates in 

competition with ethylene which undergoes much faster insertion. The insertion of 1-

decenol leads to α-substituted organonickel species. These may still insert ethylene but 

by steric reasons probably not the bulkier substituted vinyl monomers and thus explain 

the microstructure with isolated side groups separated by ethylene blocks. Polar vinyl 
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monomers with a functional group close at the C=C bond, such as vinyl acetate, block 

the catalyst metal nickel by complexes being too stable under the (co)polymerization 

conditions, even in the case of the IIBB/Ni  catalyst. In this respect the 

phosphanylphenolate nickel cannot compete with the more functional group tolerant 

phosphanyl-benzenesulfonate palladium catalysts introduced by Drent et al [118]. 

 

 

Scheme 18: Proposed mechanism for the copolymerization. 

 

 

2.4.4. Conclusions 

 

The complementary studies on 2-phosphanylphenylesters and 2-

phosphanylphenol based nickel catalysts for ethylene polymerisation and 

copolymerisation with 1-decenol show that 2-phosphanylphenylesters are cleaved by 

Ni(COD)2 and like 2-phosphanylphenols form P∩O−-nickel chelate complexes. Heating 

in toluene or THF in the presence of excess ethylene (under pressure) generates 

catalysts which form ethylene oligo- or polymers, are stabilized by small amounts of 

1,5-COD without to incorporate this cycloolefine, are able to incorporate small amounts 

of 1-decenol but are blocked by polar co-monomers where the functional group is close 

to the C=C bond. Heating in the absence of ethylene leads to catalytically inactive cis-

bis(P∩O−)-nickel(II) chelate complexes, detected also in the washing solutions after 

polymer purification. These complexes can be reactivated by heating with NaH which 

along with the microstructure of the polymers, linear polymer chains with mainly 
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methyl and vinyl end groups, gives evidence of the nickel hydride mechanism. 

Compared with the products formed from ethylene by catalysis with phosphaproline or 

phosphonium glycolate based nickel catalysts, the molecular weights are larger (in the 

same solvent), likewise the tolerance to functional groups and incorporation of α-

olefins. This may be explained by the electron withdrawing effect of the COO− group in 

α-position to phosphorus which diminishes the P-basicity whereas the phenolate oxygen 

in the phosphanylphenolate nickel catalyst increases the P-basicity, which in turn repels 

the hydride and disfavors β-hydride elimination compared to the phosphanylacetate-

type nickel catalysts.  
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3. Experimental Section 

3.1. General conditions 

 

Methods and equipments 

All reactions were carried out under an atmosphere of dry argon or nitrogen by 

using Schlenk techniques and the corresponding glassware. For evacuation and filling 

with inert gas a special glass assembly with up to six two-way taps was used, which was 

connected to a vacuum pump (0.1-10−2 mbar) and pressure regulated inert gas valve, 

each buffered with a 1L or 2L flask, respectively. The syringes used to transfer air or 

moisture sensitive reagents and the solvents were purged with nitrogen or argon prior to 

use. Stirring was performed with magnetic stirrers, for reactions in liquid ammonia at 

−50 to −70 °C with mechanical stirrers. A vacuum pump allowing to vary the vacuum 

in the range of 760-44 Torr was used for distillations under controlled reduced pressure.   

 

Solvents 

The solvents were dried according to standard methods by distillation over 

drying agents and were stored under argon or nitrogen. Dichloromethane was pre-dried 

over calcium chloride and distilled from calcium hydride. DMF, DMSO was distilled 

from calcium hydride after drying overnight. Tetrahydrofuran (THF), diethyl ether 

(Et2O), n-hexane, and pentane were continuously heated at reflux and freshly distilled 

from sodium benzophenone ketyl under nitrogen. Methanol was dried over magnesium 

metal and distilled slowly under argon. NMR solvents were dried (C6D6 and THF-d8 

over LiAlH4, CDCl3 over P2O5) and recondensed along with Me4Si before use. 

 

Reagents 

Dichlorophenylphosphane, n-butyllithium solution in hexan, t-butyllithium 

solution in pentane, keto carboxylic acids and other organic reagents commercially 

available were used as purchased. Ni(COD)2 was bought from Strem and stored in the 

fridge till use.  

For compounds described in the literature, the procedures are given along with 

the reference and NMR data for confirmation of structure and purity.  
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3.2. Analytical data 

 

Chromatography 

Thin layer chromatography (TLC) was performed using aluminium plates 

covered with SiO2 (Merck 60, F-254). The chromatograms were viewed under UV light. 

Flash column chromatography was performed using SiO2 60 (0.040-0.063 mm; 230-400 

mesh ASTM).  

 

NMR spectroscopy 

The NMR spectra were recorded on Bruker ARX 300 at 300.1 (1H), 75.5 (13C) 

and 127.5 (31P) MHz spectrometer. Chemical shifts are reported as δ-values in ppm with 

an internal reference of TMS or relative to the deuterated solvent peak: CDCl3 (δH: 7.27, 

δC: 77.0) and benzene-d6 (δH: 7.16, δC: 128.0). For 31P{1H} NMR spectra, the following 

external reference was used: Bruker ARX 300: H3PO4 (85%) = 0 ppm. For the 

characterization of the observed signal multiplicities the following abbreviations were 

applied: s (singlet), d (doublet), dd (double doublet), ddd (double double doublet), t 

(triplet), dt (double triplet), tt (triple triplet), m (multiplet), br (broad). Coupling 

constants refer to JH,H in 1H NMR and JP,C in 13C NMR data unless stated otherwise. 

 

Mass spectrometry 

Mass spectra were recorded on an AMD40 (Intectra) single-focusing mass 

spectrometer. HRMS measurements were carried out in Göttingen with a double 

focusing sector-field instrument MAT 95 (Finnigan) by EI (70 eV, PFK as reference 

substances) or by ESI in MeOH, MeOH/NH4OAc, or MeCN with a 7 T APEX IV 

Fourier transform ion cyclotron resonance mass spectrometer (Bruker Daltonics). 

 

Infrared spectroscopy (IR) 

  IR spectra of the samples in KBr pellets, or capillarily or in nujol were recorded 

on a Nicolet® Magna550. Absorption bands are given as wave number ν in cm−1. 

 

X-Ray crystallography 

X-ray measurements, data analyses and crystal structure determinations were 

performed by Prof. Dr. P. G. Jones at the Institute of Inorganic and Analytical 
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Chemistry, Technical University of Braunschweig, D-38106 Braunschweig, Germany 

and Dr. Gottfried J. Palm, working group of Prof. Dr. Winfried Hinrichs at Institute of 

Biochemistry - Molecular Structural Biology, University of Greifswald, D-17487 

Greifswald, Germany. 

 

Elemental analyses 

Elemental analyses were performed in the micro analytical laboratory of the 

Institute of Biochemistry, University of Greifswald, using Leco CHNS-932 analyzer 

under standard conditions. 

 

Melting Points 

A Sanyo Gallenkamp melting point apparatus was used to determine melting 

points. Air sensitive substances were measured in a closed capillary under argon. 

Melting points are uncorrected. 

 

Gas chromatography 

Hewlett-Packard 5890 chromatographs with FID were used. Carrier gas was H2. 

 

3.3. Synthesis of starting materials 

 

P
OEt

O

OEt
 

 

Diethylphenylphosphonate (1) [66]  

  Dichlorophenylphosphane (50 mL, 368 mmol) was added to freshly prepared 

sodium ethoxide (10.5 g of Na in 200 mL of ethanol) in ethanol (200 mL). The white 

milky solution obtained was stirred for 2 hours and then iodine (94 g, 370 mmol) was 

added in portions. After stirring for 2 hours, diluted hydrochloric acid (200 mL of 5% 

HCl) and 200 mL of diethyl ether were added for extraction. The organic phase was 

decanted, washed with 200 mL of water and twice with 20 % Na2S2O3 (100 mL), and 
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was dried over Na2SO4. The crude product yields 78 % (62 g). The product was used 

without further purification. 

 
1H NMR (CDCl 3): δ 1.30-1.34 (t, 6H, CH3), 4.03-4.15 (m, 4H, CH2), 7.43-7.49 (m, 2H, 

m-CH), 7.52-7.58 (m, 1H, p-CH), 7.77-7.8 (m, 2H, o-CH). 

 
31P{1H} NMR (CDCl 3): δ 18.81. 

 

i

o'm'

p

m o

PH2

 

 

Phenylphosphine (2)  

An ethereal solution of diethyl phenylphosphonate (22.4 g, 0.1046 mol) was 

added slowly to LiAlH4 (6.5 g, 0.171 mol) in diethyl ether at −10 °C, and stirred 

overnight (with gas outlet valve). Then the reaction mixture was hydrolyzed by 

dropwise addition of water until a precipitate formed. The precipitate was filtered off 

and washed with ether. The solvent was evaporated from the filtrate at controlled 

vacuum of 150 Torr to give an oily liquid. Distillation at 160 °C/760 Torr provides 8.5 g 

(74 %) product (d = 1.0 g/mL), as shown by the 1H, 31P and 13C NMR spectra. 
1H NMR (CDCl 3): δ 3.97 (d , 1J = 201 Hz, 2 H, PH), 7.22-7.26 (m, 3H, Ph), 7.42-7.50 

(m, 2H, Ph). 

 
13C{1H} NMR (CDCl 3): δ 127.95 (s, p-CH), 128.28 (d, 3J = 6.3 Hz, m-C), ca. 128.40 

(d, overlapped, i-C), 134.57 (d, 2J = 15.8 Hz, o-C). 

 
31P{1H} NMR (CDCl 3): δ −122.4 (PhPH2). 
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2-Phenylphosphanyl ethylamine (3a)  

Compound 3a was prepared as described earlier [64] and structurally confirmed 

by 1H, 31P and 13C NMR data, not provided in the original literature. Sodium metal (3.0 

g, 0.13 mol) was added in pieces to liquid ammonia (200 mL) and phenyl phosphine 

(13.0 mL, 0.118 mol) was added to the resulting blue solution at −70°C. To the 

resulting yellow phosphide solution an ethereal solution of 2-chloroethylamine, freshly 

prepared from the hydrochloride (15.2 g, 0.131 mmol), was added slowly at −50-60 °C. 

The reaction mixture was stirred overnight at room temperature to allow completion of 

the reaction and evaporation of ammonia. Then the reaction mixture was filtered, the 

precipitate washed twice with diethyl ether, the solution concentrated and distilled at 

100 °C/ 1.8 Torr to give 10 g (55 %) colourless liquid 3a, density 1.04 g/mL (mass by 

volume measurement).  

 
1H NMR (CDCl 3): δ 1.21 (s, 2H, NH), 1.78-2.05 (m, 2H, P-CHAB), 2.70-2.90 (m, 2H, 

N-CHCD), 4.12 (ddd, 1JPH = 211.1, 3JHHA/B = 8.2, 5.7 Hz, 1H, PH), 7.25-7.31 (m, 3H, 

Ph), 7.43-7.51 (m, 2H, Ph). 

 
13C{1H} (135DEPT) NMR (CDCl3): δ 27.57 (d, 1JPC = 12.1 Hz, PCH2), 40.80 (d, 2JPC 

= 7.5 Hz, NCH2), 127.85 (s, p-CH), 128.16 (d, 3JPC = 5.5 Hz, 2 m-CH), 133.24 (d, 2JPC 

= 14.8 Hz, 2 o-CH), 134.63 (d, 1JPC = 10.5 Hz, Ci).  

 
31P{1H} NMR (CDCl 3): δ −60.8. 
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2-Phenylphosphanyl diethylamine (3b)  

Compound 3b was prepared as described earlier [64] and structurally confirmed 

by 1H, 31P and 13C NMR data, not provided in the original literature. From 10 mL 

(0.091 mol) phenylphosphane, 2.3 g (0.1 mol) sodium metal and 14.4 g (0.1 mmol) 2-

chlorodiethylamine hydrochloride 9.0 g (55%) of colourless liquid 3b, b.p. 120 °C/ 2 

Torr, was obtained, density 1.0 g/mL.    

 
1H NMR (CDCl 3): δ 0.95 (br s, 1H, NH), 1.05 (t, 3J = 7.1 Hz, 3H, CH3), 1.82-2.10 (m, 

2H, PCHAB), 2.58 (q, 3J = 7.1 Hz, 2H, NCH2), 2.62-2.80 (m, 2H, NCHAB), 4.13(ddd, 
1JPH = 211.0, 3JHHA/B = 7.9, 6.0 Hz, 1H, PH), 7.25-7.30 (m, 3H, Ph), 7.43-7.51 (m, 2H, 

Ph). 

 
13C{1H} (135DEPT) NMR (CDCl3): δ 15.06 (CH3), 23.74 (d, 1J = 12.1 Hz, PCH2), 

43.47 (N-CH2), 48.14 (d, 2J = 8.3 Hz, NCH2), 127.86 (s, p-CH), 128.14 (d, 3J = 5.3 Hz, 

2 m-CH), 133.26 (d, 2J = 15.8 Hz, 2 o-CH), 134.81 (d, 1J = 10.6 Hz, i-C). 

 
31P{1H} NMR (CDCl 3):  δ  –58.72. 

 

NH2

O

S

O

O  

 

(R)-Toluene-4-sulfonic acid 2-amino-2-phenyl-ethyl ester (4) 

The compound is known [119] but was prepared by me in another way.  

Procedure a): 

Triethylamine (0.55 mL, 3.95 mmol) was added to (R)-2-amino-2-phenylethanol 

(0.533 g, 3.89 mmol) in DCM (30 mL) at 0 °C. To the cold suspension tosyl chloride 

(0.752 g, 3.944 mmol) was added by portions and the mixture was stirred for 2h at room 

temperature. Then it was treated with water. The DCM layer was separated and dried 
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over sodium sulfate. Evaporation of solvent provides 0.37 g  (33 %) of pale yellow 

solid.  

 
1H NMR (CDCl 3):  δ 1.85 (br s, 1H, NH), 2.37 (s, 3H, CH3), 3.74 (br d 3J = 5 Hz, 2H, 

OCH2), 4.40 (br t, 3J = 4.9 Hz, 1H, NCH), 5.30 (br s, 1H, N-H⋅⋅⋅O), 7.06-7.26 (m, 7H, 

Ar ), 7.59-7.64 (m, 2H, Ar). 

 
13C{1H} NMR (CDCl 3):  δ 21.50 (CH3), 59.47 (NCH), 66.25 (OCH2), 126.84 (2 o-CH), 

127.20 (2 o-CH), 128.01 (p-CHPh), 128.68 (2 m-CHPh), 129.51 (2 m-CHTo), 137.01, 

137.54, 143.45 (i-CPh, p-CTo, i-CTo). 

 

HRMS (ESI in MeOH): C15H17NO3S: calcd. for [M+H+]:  292.10019; found 

292.10020; calcd. for [M+Na+]: 314.08214; found 314.08212. 

 

Procedure b): 

Triethylamine (1.28 mL, 9.2 mmol) was added to (R)-2-amino-2-phenylethanol 

(0.952 g, 6.94 mmol) in ethyl acetate (60 mL) at 0 °C. To the cold suspension tosyl 

anhydride (2.37 g, 7.26 mmol) was added by portions, and the mixture was refluxed at 

80 °C for 4h. Then it was treated with water, the DCM layer was separated and dried 

over sodium sulfate. Evaporation of solvent provides 1.972 g (98 %) of pale yellow 

solid. (NMR data as above.) 

 

Attempts to synthesize (R)-1-phenyl-2-phenylphosphanyl ethylamine  

a) via (R)-2-Chloro-1-phenyl-ethylamine hydrochloride  

(R)-2-Chloro-1-phenyl-ethylamine hydrochloride was prepared according to a 

known procedure [120] by addition of thionyl chloride (2.836 g, 23.8 mmol) to (R)-2-

amino-2-phenylethanol (2.015 g, 15.9 mmol) in dry chloroform (100 mL) at 0 °C and 

stirring overnight at room temperature. It formed a precipitate, which was washed with 

diethyl ether and dried to give 2.106 g (92%).  

 
1H NMR (CD3OD):  δ  3.81 (dd, 2J = 11.6, 3J = 8.4 Hz, 1H, ClCHA), 3.89 (dd, 2J = 

11.6, 3J = 4.4 Hz, 1H, ClCHB), 4.34 (dd, 3J = 8.4, 4.4 Hz, 1H, N+CH), 7.41-7.47 (m, 5H, 

Ph), 9.91 (s, 0.74H NH+); NH/OHsolv 4.93.  13C{1H} NMR (CD3OD):  δ  58.31 (N+CH), 
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64.32 (ClCH2), 128.32 (2 o-CH), 130.23 (2 m-CH), 130.36 (p-CH), 135.87 (i-C). These 

NMR data are in accordance with literature values.  

 

A solution of nBuLi in n-hexane (1.2 mL, 2.5 M, 3.0 mmol) was added to a 

solution of PhPH2 (0.32 mL, 2.9 mmol) in diethyl ether (20 mL) at −78°C. The reaction 

mixture was warmed to −40°C to complete the lithiation (colour changes to pale 

yellow). Then the reaction mixture was cooled to −78°C, and the solution of (R)-2-

chloro-1-phenylethylamine in diethyl ether (20 mL), prepared from its hydrochloride 

(0.492 g, 2.6 mmol), was added drop by drop. The reaction mixture was stirred for 20 

min at −60°C and overnight at room temperature. LiCl was separated by filtration. 

NMR measurement of the crude product displayed a mixture of products containing 

four signals for secondary phosphanes and two in the primary phosphane region. 

Because the (1R)-isomer should display only two signals for secondary phosphanes (for 

R- and S-configuration at the asymmetric secondary P-atom), the mixture was not 

further worked up.  

 
31P NMR (CDCl3): ): ): ): δ −69.64, −66.63; −55.65, −54.15; −122.45, −122.39. 

 

b) via (R)-Toluene-4-sulfonic acid 2-amino-2-phenyl-ethyl ester (4) 

A solution of nBuLi in n-hexane (4.0 mL, 2.5 M, 10 mmol) was added to a 

solution of PhPH2 (1.0 mL, 9.1 mmol) in THF (20 mL) at −78°C. The reaction mixture 

was warmed to −40°C to complete the lithiation (colour changes to pale yellow). Then 

the reaction mixture was cooled to −78°C, and the solution of (R)-toluene-4-sulfonic 

acid 2-amino-2-phenyl-ethyl ester in THF (20 mL) was added drop by drop. The 

reaction mixture was stirred for 20 min at −60°C and overnight at room temperature. 
31P-NMR measurement of the crude product displayed only phenyl phosphane; no 

secondary phosphane signals were observed. 

 
31P{1H} NMR (C 6D6): δ −122.67. 
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3.4. Synthesis of cyclic α-phosphanyl-α-amino acid derivatives 

(3-phenyl phosphaprolines) 

 

4
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3-Phenyl-1,3-azaphospholidine-2-carboxylic acid (5a)  

Glyoxylic acid (0.52 g, 5.64 mmol) was dissolved in dry diethyl ether (20 mL) 

using an ultra sound bath and was added to the ethereal solution of 3a (0.85 mL, 5.77 

mmol). A white precipitate was formed immediately. Stirring was continued for an 

additional 10 min. The white precipitate was separated by filtration, purified by washing 

with additional dry ether and dried in vacuum to give 1.12 g (95 %) of white powder, 

representing a mixture of diastereoisomers.  

Isomerization: A sample freshly dissolved in CD3OD displayed a cis/trans ratio of 

52:48%. After 24h at room temperature it diminished to 30:70%, after 48h to 28:72% 

and after 6d to 18:82% (based on PCH 1H NMR-integration). Crystallization from a 

small amount of methanol, added slowly at room temperature just until the 

diastereoisomer mixture was dissolved, led to formation of single crystals within 3-4 

days, identified by XRD as trans-diastereoisomers with 2S,3R- and 2R,3S-

configuration. The separation of the trans-diastereosiomers and sufficiently different 

chemical shifts allowed first order assignments of the protons within the five-membered 

ring and determination of the coupling constants  

    

trans-5a: 1H NMR (CD 3OD, ref. TMS): δ 2.19 (dddd, 2JHAP = 19.1, 2JHAHB = 15.1, 
3JHAHD = 11.7, 3JHAHC = 7.3 Hz, 1H, 4-HA trans to Ph, ax), 2.54 (ddd, 2JHBHA = 15.1, 
3JHBHD = 5.7, 3JHBHC = 2.3 Hz, 1H, 4-HB cis, eq), 3.20 (tdd, 2JHDHC = 11.8, 3JHDHA = 

11.8, 3JHDHB = 5.8, 3JPHD = 2.1 Hz, 1H, 5-HD cis, ax), 3.82 (dtd, 2JHCHD = 11.8, 3JHCHA ≈ 
3JPHC = 7.1 (7.3+6.9), 3JHCHB = 2.3 Hz, 1H, 5-HC trans, eq), 4.53 (d, 2JPH = 1.4 Hz, 1H, 

2-H, trans to Ph), 7.33-7.47 (m, 3H; Ph), 7.52-7.60 (m, 2H, Ph). 
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 cis-5a (in the cis/trans-mixture): 1H NMR (CD 3OD, ref. TMS): δ 2.41 (ddt, 2JHAP = 

19.6, 2JHAHB = 15.1, 3JHAHD = 8.9, 3JHAHC = 8.5 Hz, 1H, 4-HA trans to Ph, ax), 2.61 

(dddd, 2JHBHA = 15.1, 3JHBHC = 7.3, 3JHBHD = 4.8, 2JHBP = 1.5 Hz, 1H, 4-HB cis, eq), 3.51 

(ddt, 2JHDHC = 12.0, 3JHDHA = 8.9, 3JHDHB ≈ 3JPHD = 4.7 Hz, 1H, 5-HD cis, ax), 3.72 

(dddd, 2JHCHD = 12.0, 3JHCHA = 8.5, 3JHCHB = 7.4, 3JHCP = 2.3 Hz, 1H, 5-HC cis, eq), 4.44 

(d, 2JPH = 15.8 Hz, 1H, 2-H, cis to Ph), 7.34-7.48 (m, 3H; Ph), 7.53-7.62 (m, 2H, Ph). 

trans-5a: 13C{1H} NMR (CD 3OD): δ 24.98 (d, 1JPC = 19.8 Hz, PCH2), 49.04 (d, 2JPC = 

5.3 Hz, NCH2), 66.66 (d, 1JPC = 37.6 Hz, PCH), 130.02 (s, p-CH), 130.24 (d, 3JPC = 4.3 

Hz, m-CH), 131.18 (d, 2JPC = 15.9 Hz, o-CH), 137.17 (d, 1JPC ≈ 23 Hz, i-C), 172.7 (br, 

near noise level, 2JPC ≈ 17 Hz, COO). 

cis-5a (in the cis/trans-mixture): 13C{1H} NMR (CD 3OD): δ 24.55 (d, 1JPC = 17.7 Hz, 

PCH2, cis), 24.99 (d, 1JPC = 19.5 Hz, PCH2, trans), 47.47 (d, 2JPC = 3.8, NCH2, cis), 

48.98 (d, 2JPC = 5.3 Hz, NCH2, trans), 66.47 (d, 1JPC = 36.1 Hz, PCH, trans), 66.56 (d, 
1JPC = 35.5 Hz, PCH, cis), 129.75 (d, 3JPC = 6.5 Hz, m-CH, cis), 130.23 (d, 3JPC = 5.2 

Hz, m-CH, trans),130.03 (s, p-CH, trans), 130.73 (s, p-CH, cis), 131.22 (d, 2JPC = 15.9 

Hz, 2 o-CH, trans), 133.69 (d, 2JPC = 18.4 Hz, 2 o-CH, cis), 133.93 (d, 1JPC = 24.6 Hz, i-

C, cis), 136.97 (d, 1JPC = 25.3 Hz, i-C, trans), 169.47 (s, COO, cis), 172.60 (d, 2JPC = 

13.2 Hz, CO, trans).  

 

trans-5a: 31P{1H} NMR (CD 3OD): δ 1.28. 

cis/trans-5a: 31P{1H} NMR (CD 3OD): δ 1.29 (trans), −11.69 (cis).  

 

IR (KBr):ν  3437 br (OH), 3043 st (CH), 2704 wm, 2400 wm (NH+), 1619 vst (C=O), 

1586 vst (C=C), 1375 cm−1 vst (C-O).  

 

MS (EI 70 eV, applied as solution in MeOH, 150 °C): m/e (%) = 209 (11) [M+], 165 

(20), 164 (72) [M − COOH+], 137 (15), 136 (22), 109 (44), 108 (100) [PhP+], 107 (46), 

44 (38).  

 

HRMS (ESI in MeOH): C10H12NO2P: 209, calcd. for [M+H+]: 210.06792; found 

210.06784. 
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2-Methyl-3-phenyl-1,3-azaphospholidine-2-carboxylic acid (5b)  

Pyruvic acid (0.5 mL, 7.15 mmol) was dissolved in dry diethyl ether (20 mL) 

and was added to the ethereal solution of 3a (1.0 mL, 6.79 mmol). A white precipitate 

was formed immediately. Stirring was continued for an additional 10 min. The white 

precipitate was separated by filtration, purified by washing with additional dry ether and 

dried in vacuum to give 1.52 g (95%) of white powder with diastereoisomer ratio 

trans:cis ca. 58:42% (by 1H integration of 2-methyl doublets). After one week exposure 

of powderous 9b to air a small amount was oxidized, by 1H NMR less than 10% (cis- 

and trans-phosphine oxide: Me δ 1.27 (d, 3JPH = 15.2 Hz), 1.77 (d, 3JPH = 12.2 Hz). 

 
1H NMR (CD3OD): δ 1.33 (d, 3JPH = 7.1 Hz, 3H, CH3, transB), 1.80 (d, 3JPH = 17.7 Hz, 

4H, CH3, cisA), 2.30-2.75 (m, 4H, PCH2, cis- and trans-ranges see CH-COSY Figure 

14), 3.53-3.98 (m, 4H, NCH2, cis- and trans-ranges see CH-COSY Figure 15), 7.35-

7.41 (m, 3H, cis m-H, cis p-H), 7.45-7.50 (m, 3H, trans m-H, trans p-H), 7.54-7.61 (m, 

4H, cis and trans o-CH).  

 
13C{1H} and 135DEPT NMR (CD3OD): δ 20.29 (d, 2JPC = 2.4 Hz, CH3, trans), 22.27 

(d, 1JPC = 18.6 Hz, PCH2, trans ), 22.57 (d, 1JPC = 25.5 Hz, PCH2, cis), 22.63 (d, 2JPC = 

23.1 Hz, CH3, cis), 46.84 (d, 2JPC = 3.0 Hz, NCH2, cis), 48.26 (d, 2JPC = 3.0 Hz, NCH2, 

trans), 73.15 (d, 1JPC = 36.7 Hz, PCq, trans), 75.09 (d, 1JPC = 31.8 Hz, PCq, cis), 129.71 

(d, 3JPC = 6.8 Hz, m-CH, cis), 130.04 (d, 3JPC = 5.8 Hz, m-CH, trans), 131.08 (s, p-CH, 

cis), 131.15 (s, p-CH, trans), 132.97 (d, 1JPC = 27.9 Hz, i-Cq), 134.07 (d, 2JPC = 19.6 Hz, 

o-CH, cis), 134.28 (d, 2JPC = 19.3 Hz, o-CH, trans), 134.34 (d superimposed, probably 
1JPC = 29 Hz, i-Cq), 172.44 (s, CO, cis), 175.82 (d, 2JPC = 15.4 Hz, CO, trans). 
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31P{1H} NMR (CD 3OD): δ 8.78 (trans), 6.90 (cis); trans:cis 58:42%, in a freshly 

prepared sample 67:33%. cis- and trans-phosphine oxide impurities after one week at 

air: δ 56.4, 60.0. 

 

HRMS (ESI in MeOH): C11H14NO2P: 223, calcd. for [M+H+]:  224.08356; found 

224.08349. 
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2,3-Diphenyl-1,3-azaphospholidine-2-carboxylic acid (5c)  

Phenyl glyoxylic acid (0.60 g, 4.0 mmol) was dissolved in dry diethyl ether (20 

mL) and was added to the ethereal solution of 3a (0.60 g, 3.92 mmol). A white 

precipitate was formed immediately. Stirring was continued for an additional 10 min. 

The white precipitate was separated by filtration, purified by washing with additional 

dry ether and dried in vacuum to give 1.08 g (97 %) of white powder.  

 

Analysis calculated for C16H16NO2P (285.28): C, 67.36; H, 5.65; N, 4.91 found: C, 

67.66; H, 5.39; N, 4.92.   
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1-Ethyl-3-phenyl-1,3-azaphospholidine-2-carboxylic acid (6a)  

Glyoxylic acid (0.25 g, 2.72 mmol) was dissolved in dry diethyl ether (20 mL) 

using an ultra sound bath and was added to the ethereal solution of 3b (0.25 g, 1.38 
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mmol). A white precipitate was formed immediately. Stirring was continued for an 

additional 10 min. The white precipitate was separated by filtration, purified by washing 

with additional dry ether and dried in vacuum to give 0.29 g (89%) of white powder. 

The diastereoisomer mixture is soluble in CDCl3, CD3OD, DMSO, DMF and water. 

 
1H NMR (CD3OD): δ 1.27 (t, 3J = 7.3 Hz, 3H, CH3, trans), 1.35 (t, 3J = 7.3 Hz, 3H, 

CH3, cis), 2.26 (2.15-2.35) (m, 1H, PCHA, trans), 2.37-2.62 (m, 3H, PCH2, cis and 

trans), 3.08-3.28, 3.35-3.52, 3.95-4.10 (3 m, 8H, NCH2, cis and trans), 4.35 (d, 2JPH = 

2.1 Hz, 1H, PCH, trans), 4.45 (d, 2JPH = 16.1 Hz, 1H, PCH, cis), 7.33-7.49 (m, 6 H, Ph, 

cis and trans), 7.57-7.68 (m, 4H, Ph, cis and trans). 

 

Table 7: Characteristic 1H and 31P chemical shifts of 6a in various solvents. 

Solvens [a] PCH 

trans 

PCH cis trans/cis[b] Me [c] 

trans, cis 

δ31P 

trans 

δ31P cis 

CD3OD 

 

4.35  

(d, 2.1) 

4.45  

(d, 16.1) 

40:60 to 

67:33 

1.27, 1.35  6.58[d] −7.82[d] 

D2O 

 

4.37  

(d, 1.9) 

4.45  

(d, 15.5) 

45:55 (superimp.) 7.68 −7.37 

DMSO-D6 / 

H2O 

 

3.86  

(d, 3.2) 

3.94  

(d, 14.5) 

50:50 1.06, 1.13 4.09 −7.33 

DMSO-D6 

 

3.80  

(d, 3.3) 

3.85  

(d, 14.3) 

53:47[b] to 

2:1[b’]  

1.05, 1.12 4.64 −6.51 

DMF-D7 

 

3.86  

(d, 3.4) 

3.88  

(d, 14.4) 

80:20 1.09, 1.16 7.76 −3.90 

CDCl3 

 

4.09  

(d, 2.6) 

4.21  

(d, 18.0) 

65:35 to 

70:30[b’]  

1.21, 1.22 5.16 

(4.16) 

−7.46 

(−8.98) 
[a] PCHAB and NCHAB ranges vary in the solvents and are more overlapped in CDCl3, 

DMSO-D6 and in DMF-D7 than in CD3OD; [b] at least in CD3OD varying with time, 

determined by 2-CH integration; [b’]  by relative 31P intensities; [c] triplet, 3J = 7.2 or 7.3 

Hz; [d] accompanying upfield signals (∆δ 0.24 and 0.28) at 6.32 and 8.10 occur 

particularly in the presence of small amounts of P-oxides, but only in CD3OD and 

without correlation of the quantities. 
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6a cis/trans-mixture, content trans > cis): 
13C{1H} NMR (CD 3OD): δ 11.06 (s, CH3, cis), 11.49 (s, CH3, trans), 23.19 (d, 1JPC = 

15.5 Hz, PCH2, cis), 24.31 (d, 1JPC = 17.9 Hz, PCH2, trans), 52.80 (s, NCH2Et, trans), 

53.50 (s, NCH2Et, cis), 55.30 (d, 2JPC = 2.3 Hz, NCH2, cis), 57.42 (d, 2JPC = 5.0 Hz, 

NCH2, trans), 73.15 (d, 1JPC = 39.2 Hz, PCH, trans), 73.17 (d, 1JPC = 35.6 Hz, PCH, 

cis), 129.64 (d, 3JPC = 6.8 Hz, m-CH, cis), 130.07 (s, p-CH, trans), 130.36 (d, 3JPC = 5.1 

Hz, m-CH, trans), 131.05 (s, overlapped, p-CH, cis), 131.14 (d, 2JPC = 15.8 Hz, o-CH, 

trans), 133.93 (d, 1JPC = 25.2 Hz, i-Cq, cis), 134.44 (d, 2JPC = 20.0 Hz, o-CH, cis), 

137.03 (d, 1JPC = 26.2 Hz, i-Cq, trans), 168.55 (s, COO, cis), 172.28 (d, 2JPC = 13.4 Hz, 

COO, trans). 

6a cis/trans-mixture, trans > cis content):  
13C{1H} NMR (CDCl 3): δ 10.58 (s, CH3, cis), 11.39 (s, CH3, trans), 22.44 (d, 1JPC = 

14.5 Hz, PCH2, cis), 23.46 (d, 1JPC = 18.1 Hz, PCH2, trans), 50.74 (s, NCH2Et, trans), 

50.82 (s, NCH2Et, cis), 53.71 (br, cis), 55.43 (d, 2JPC = 4.2 Hz, NCH2, trans), 70.12 (d, 
1JPC = 33.5 Hz, PCH, trans), 71.68 (d, 1JPC = 35.6 Hz, PCH, cis), 128.32 (d, 3JPC = 6.9 

Hz, m-CH, cis), 128.69 (s, p-CH, trans), 129.03 (d, 3JPC = 4.4 Hz, m-CH, trans), 129.81 

(s, p-CH, cis), 129.87 (d, 2JPC = 15.7 Hz, o-CH, trans), 133.5 (d, 1JPC = 25.0 Hz, i-Cq, 

cis), 134.04 (d, 2JPC = 21.1 Hz, o-CH, cis), 136.71 (d, 1JPC = 25.6 Hz, i-Cq, trans), 

166.86 (s, COO, cis), 170.53 (d, 2JPC = 14.5 Hz, COO, trans). 

 
31P{1H} NMR (CD 3OD): δ 6.53 (trans), −8.01 (cis).  

 

HRMS (ESI in MeOH): C12H16NO2P: 237, calcd. for [M+H+]:  238.09924; found 

238.09914. 

 

Detection of air oxidation: A plastic capped NMR sample in DMSO-D6 displayed 

increased amounts of P-oxide besides 6a by characteristic 31P and 1H(PCHN) NMR 

signals: 31P{1H} NMR (DMSO-D 6): δ 4.64 (trans), −6.51 (cis); P-oxides 37.81, 38.33 

(equal amounts of cis and trans); 13C{1H} NMR (DMSO-D 6): δ 68.68 (d, 1JPC = 24.9 

Hz, cis), 69.30 (d, 1JPC = 24.1 Hz, trans); P-oxides 71.29 (d, 1JPC = 76.2 Hz), ca. 71.6 (d, 
1JPC ca. 80 Hz) (equal amounts of cis and trans); 1H NMR (DMSO-D6): δ 3.80 (d, 2JPH 

= 3.3 Hz, trans), 3.85 (d, 2JPH = 14.3 Hz, cis); P-oxides 4.58 (d, 2JPH = 19.7 Hz), 4.60 (d, 
2JPH = 18.3 Hz).  
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1-Ethyl-2-methyl-3-phenyl-1,3-azaphospholidine-2-carboxylic acid (6b)  

Pyruvic acid (0.24 g, 2.73 mmol) was dissolved in dry diethyl ether (20 mL) and 

was added to the ethereal solution of 3b (0.50 g, 2.76 mmol). A white precipitate was 

formed immediately. Stirring was continued for an additional 10 min. The white 

precipitate was separated by filtration, purified by washing with additional dry ether and 

dried in vacuum to give 0.60 g (88 %) of white powder, which is soluble in methanol, 

CHCl3, DMF and DMSO. 

 
31P{1H} NMR (CDCl 3): δ −0.36 (st., trans), −7.82 (m, cis); impurity −58.7 (reactant). 

 
1H NMR (CDCl 3): δ 1.28, 1.29 (superimposed t, CH3), 1.39 (d, 3JPH = 14.6 Hz, 2-Me, 

trans), 1.47 (d, 3JPH = 13.1 Hz, 2-Me, cis), 2.05-3.50 (br m, PCH2, NCH2), 7.30-7.47, 

7.55-7.72 (m, Ph).  

 

6b cis/trans-mixture):13C{1H} NMR (CDCl 3): δ 11.32 (s, CH3, trans), 12.30, 13.30 

(CH3), 15.77 (br s, 2-Me), ca. 17.5, ca. 20.0 (br, PCH2), 46.0, 47.0 (br, NCH2Et), 52.32 

(br, cis), 54.10 (br, NCH2, trans), 72.77 (br d, 1JPC = 37 Hz, PCH), 128.0 (d, 3JPC = 7.1 

Hz, m-CH, cis), 128.87 (d, 3JPC = 6.6 Hz, m-CH, trans), 130.00 (d, 2JPC = 15.7 Hz, o-

CH, cis), 130.25 (br, p-CH, cis), 130.37 (br, p-CH, trans), 133.23 (d, 2JPC = 20.2 Hz, o-

CH, cis), 133.43 (d, 1JPC = 20 Hz, i-Cq, cis), 164.71 (s, COO, cis), 174.62 (d, 2JPC = 15.9 

Hz, COO, trans).  

 

HRMS (ESI in MeOH): C13H18NO2P: 251, calcd. for [M+H+]:  252.11488; found 

252.11479. 
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3.5. Synthesis of phosphonium glycolates 
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Tri- p-tolyl-phosphonium glycolate (7a) 

Glyoxylic acid (1.058 g, 11.5 mmol) was dissolved in dry diethyl ether (20 mL) 

using an ultra sound bath and was added to the ethereal solution of tri(p-tolyl)phosphane 

(3.54 g, 11.64 mmol). A white precipitate was formed immediately. Stirring was 

continued for additional 10 min. The white precipitate was separated by filtration, 

washed with 20 mL of dry ether, and dried in vacuum to give 3.422 g (80%) of white 

powder.  

 
1H NMR (CDCl 3): δ 2.46 (s, 9 H, CH3), 5.73 (br s, 1 H, OCHP), 7.41 (dd, 3J = 8.1, 4JPH 

= 3.1 Hz, 6 H, m,m’), 7.60 (ddt, 3J = 8.3, 3JPH = 12.2, 4J < 2 Hz, 6 H, o,o’-H), 7.86 (vbr 

s, 1 H, OH).  

 
13C{1H} NMR (CDCl 3):  δ 21.82 (s, CH3), 70.09 (d, 1J = 61.3 Hz, OCHP), 115.20 (d, 1J 

= 90.9 Hz, 3 i-Cq), 130.53 (d, 3J = 12.9 Hz, 6 m-CH), 134.40 (d, 2J = 9.6 Hz, 6 o-CH), 

145.70 (s, 3 p-CH), 167.37 (s, C=O). 

 
31P{1H} NMR (CDCl 3):  δ 22.16; trace impurity 25.44. 

 

HRMS (ESI in MeOH): Calcd. for C23H23O3P: 378.40, for [M+H+]: 379.14576; found: 

379.14559. 

 

Anal. calcd. for C23H23O3P with 7.0 mol% (HO)2CHCOOH: C, 69.72; H, 6.01; found C, 

69.70; H, 5.98. 
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Tri- m-tolyl-phosphonium glycolate (7b) 

Glyoxylic acid (1.076 g, 11.7 mmol) was dissolved in 20 mL dry diethyl ether 

using an ultra sound bath. The solution was added to the ethereal solution of 3.557 g 

(11.7 mmol) of tri(m-tolyl)phosphine. A white precipitate was formed immediately. 

Stirring was continued for 10 min. Then the white precipitate was separated by 

filtration, washed with additional 20 mL dry ether, and dried to give 2.176 g (49%) of 

white powder. 

 
1H NMR (CDCl 3):  δ 2.40 (s, 9 H, CH3), 5.52 (s, 1 H, CH), 6.31 (s, 1H, OH), 7.49 (m, 

12H, 3 C6H4).  

 
13C{1H} NMR (CDCl 3): δ 21.58 (s, CH3), 70.0 (br d, 1J = 63 Hz, CH), 118.53 (d, 1J = 

84.9 Hz, 1-Cq), 128.26 (d, 3J = 12.9 Hz, m-CH), 131.67 (d, 2J = 9.6 Hz, o-CH), 134.58 

(d, 2J = 9.8 Hz, o’-CH), 135.35 (br s, p-Cq), 139.93 (d, 3J = 12.5 Hz , m’-Cq), 167.21 (s, 

C=O). 

 
31P{1H} NMR (CDCl 3):  δ 22.81; small impurity 29.89 (amount increased after 24h), 

trace 26.04.  

 

HRMS (ESI in MeOH): C23H23O3P: 378.40, calcd. for [M+H+]: 379.14576 ; found 

379.14559. 

 

Analysis calculated for C23H23O3P with 11 mol% (HO)2CHCOOH: C, 67.84; H, 5.94; 

found C, 67.78; H, 5.89. 
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Triphenylphosphonium glycolate (7c)  

Glyoxylic acid (2.02 g, 21.9 mmol) was dissolved in 120 mL dry diethyl ether 

using an ultra sound bath. The solution was added to the ethereal solution of 6.02 g 

(22.9 mmol) of triphenylphosphine. A white precipitate was formed immediately. 

Stirring was continued for additional 10 min, then the white precipitate was filtered, 

washed with additional 50 mL of dry ether and dried to give 2.794 g (38%) of white 

powder. 

 
1H NMR (CDCl 3):  δ 5.60 (vbr s, 1 H, CH), 6.90 (vbr s, 1 H, OH), 7.66 7.42-7.85 (m, 

15H, Ph). 

 
13C{1H} NMR (CDCl 3):  δ ca. 70 (br, PCHO, slightly above noise level), 129.5 (vbr, m-

CH), 134.50 (vbr, o-CH), ca. 166.3 (br, slightly above noise level; p-CH superimposed. 
31P{1H} NMR (CDCl 3):  δ 22.8; small impurities at 26.19 and 29.72.   

 

HRMS (ESI in MeOH): Calcd for C20H17O3P 336.09, for [M+H+]: 337.09887; found: 

337.09881. 

 

Analysis calculated for C20H17O3P with 9 mol% (HO)2CHCOOH: C, 67.34; H, 5.03; 

found: C, 67.25; H, 5.14. 
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Adduct of DPPE and glyoxylic acid (7d) 

Glyoxylic acid (1.055 g, 11.45 mmol) was dissolved in 120 mL dry diethyl ether 

using an ultra sound bath, and the solution was added to the ethereal solution of 2.01 g 

(5.05 mmol) of DPPE. A white precipitate was formed immediately. After stirring for 

additional 10 min, the white precipitate was filtered, washed with 50 mL dry ether and 

dried to give 2.40 g (87%) of white powder. The product was sparingly soluble in 

MeOH with decomposition and insoluble in CDCl3, THF, benzene, acetonitrile or 

DMSO. Thus, solution NMR data could not be obtained. 

 

Analysis calculated for C30H28O6P2: C, 65.93; H, 5.16; found: C, 65.46; H, 5.21. 

 

3.6. Synthesis of diethylphosphonoglycolic acid  and ethyl-

phenylphosphinoyl-glycolic acid  

 

P

OEt

OEt

 

 

Diethyl phenylphosphonite [121] 

A mixture of EtOH (200 mL) and hexane (80 mL) was added slowly by 

dropping funnel with stirring to a mixture of PhPCl2 (50 mL, 0.3631 mmol) and 

pyridine (65 mL, 0.805 mmol) in hexane (50 mL) at 0-10°C during 2h. The reaction 

mixture was stirred for an additional 2h. Then pyridinium chloride was removed by 

filtration, and the solvent was evaporated under reduced pressure. The residual 

colourless oily liquid (30 mL, 42%) of diethyl phenylphosphonite was used without 

further purification for the reaction with glyoxylic acid. 
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1H NMR (CDCl 3): δ 1.28 (t, 3H, CH3), 3.75-4.01(m, 2H, OCH2), 7.36-7.43(m, 3H, Ph), 

7.56-7.62 (m, 2H, Ph). 

 
31P{1H} NMR (CDCl 3): δ 155.83. 
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O-Ethyl phenylphosphinate (8) (Procedure [123] slightly modified) 

Dichlorophenylphosphane (50.0 mL, 0.368 mmol) was added slowly to sodium 

ethoxide (0.783 moles) freshly prepared from 18 g of Na in 200 mL of C2H5OH at 0 °C. 

The formed white milky solution was stirred for overnight at room temperature. Then 

the reaction mixture was hydrolyzed with 100 mL of water and stirred for an additional 

15 min. Diethyl ether (250 mL) was added, the organic layer was collected and dried. 

Ether was removed in vacuum, and the residual colourless liquid was distilled at 95 °C / 

1 mbar to provide 60.50 g (96%) of ethyl phenylphosphinate (d = 1.13 g/mL). 

 
1H NMR (CDCl 3): δ 1.38 (t, 3J = 7.0 Hz, 3H, CH3), 4.16 (m, 2H, OCH2), 7.59 (d, 1J = 

562.7 Hz, 1H, PH), 7.46-7.55 (m, 2H, 2 m-H), 7.60 (m, 1H, p-H) ,7.63-7.83 (m, 3JPH = 

13.9, 3J ≈ 8 Hz, 2H, 2 o-H).   

 
13C{1H} NMR (CDCl 3): δ 16.27 (d, 3J = 6.4 Hz, CH3), 61.98 (d, 2J = 6.0 Hz, OCH2), 

128.69 (d, 3J = 14.3 Hz, 2 m-CH), 129.79 (d, 1J = 131.6 Hz, i-Cq), 130.82 (d, 2J = 11.3 

Hz, 2 o- CH), 133.01 (d, 4J = 2.3 Hz, p-CH). 
31P{1H} NMR (CDCl 3): δ 24.5.  

 

MS (EI, 70 eV, 35 °C): m/z (%) =170 (25) [M+], 142 (31), 141 (31), 79 (44), 78 79), 77 

(86), 51 (100); calcd. for C8H11O2P 170.04. 
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Diethyl phosphonoglycolic acid (9a) 

Glyoxylic acid (0.316 g, 3.43 mmol) was dissolved in diethyl ether (20 mL) 

using an ultra sound bath, and diethyl phosphite (0.44 mL, 3.42 mmol) was added 

slowly. After stirring for 24 h the reaction mixture was dried over Na2SO4, the solvent 

was evaporated, and the residue was dried under vacuum (0.1 mbar) for 3h to give 

0.656 g (90%) of viscous colourless liquid. 

 
1H NMR (CDCl 3): δ 1.36, 1.37 (2 t, 3J = 7.1 Hz, 6H, 2 CH3), 4.21-4.32 (m, 4H, 2 

OCH2), 4.62 (d, 2JPH = 16.6 Hz, 1H, OCHP ). 
13C{1H} NMR (CDCl 3): δ 16.24 (d, 3J = 5.2 Hz, CH3), 16.28 (d, 3J = 6.1 Hz, CH3), 

64.47 (d, 2J = 7.0 Hz, OCH2), 64.86 (d, 2J = 7.4 Hz, OCH2), 68.36 (d, 1J = 156.7 Hz, 

OCHP), 170.34 (s, C=O). 

 
 31P{1H} NMR (CDCl 3): δ 16.8. 

 

MS (EI, 70 eV, 135 °C): m/z (%) = 213 (1) [M+H+],  168 (11), 140 (11), 127 (31), 113 

(11), 112 (59), 111 (37), 109 (23), 99 (100), 81 (40), 65 (67); calcd. for C6H13O6P 

212.04. 

 

HRMS (ESI in MeOH+FA): Calcd for C6H13O6P 212.04, for [M+H+]: 213.0523; found: 

213.0523; for [M+Na+]: 235.0342, found: 235.0343.  
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(O-Ethyl-phenylphosphinoyl) glycolic acid (9b) 

Glyoxylic acid (0.525 g, 5.70 mmol) was dissolved in dry diethyl ether (50 mL) 

using an ultra sound bath, and ethyl phenylphosphinate (0.80 mL, 5.31 6.1 mmol) was 

added slowly. After stirring for 48 h the solvent was evaporated and the residue was 

dried in vacuum at 1 mbar to leave 1.28 g (98%) of viscous colourless liquid, which 

according to NMR is a diastereoisomer mixture, molar ratio (A:B) 56:44 % (based on 
1H integrals of PCH).   

 
1H NMR (CDCl 3): δ 1.31-1.39 (m, 3H, CH3), 4.07-4.33 (m, 2H, OCH2), 4.71 (d, 2JPH = 

9.2 Hz, 0.56H, P-CHA), 4.77 (d, 2JPH = 12.5 Hz, 0.44H, P-CHB), 7.45-7.53 (m, 2H, m-

H), 7.57-7.64 (m, 1H, p-H), 7.81-7.93 (m, 2H, o-CH), 8.10 (vbr, OH). 

 
13C{1H} NMR (CDCl 3): δ 16.36 (d, 3J = 6.0 Hz, CH3AB), 63.13 (d, 2J = 7.5 Hz, OCH2, 

B), 63.35 (d, 2J = 7.4 Hz, OCH2, A), 70.25 (d, 1J = 106.4 Hz, OCHP, B), 70.86 (d, 1J = 

104.4 Hz, OCHP, A), 126.27 (d, 1J = 135.3 Hz, i-Cq, B), 126.88 (d, 1J = 135.3 Hz, i-Cq, 

A), 128.60 (br d, 3J = 13.3 Hz, 2 m-CH), 132.58 (br d, 2J = 10.4 Hz, 2 o-CH), 133.40 (br 

, p-CH), 170.29 (s, C=O, A), 170.44 (s, C=O, B). 

 
31P{1H} NMR (CDCl 3): δ 35.19 (A), 36.91 (B). 

 

MS (EI, 70 eV, 35 °C): m/z (%) = 245 (3) [M+H+], 200 (11), 187 (32), 159 (42), 142 

(27), 141 (83), 77 (100); calcd. for C10H13O5P 244.05.   

 

HRMS (ESI in MeOH): Calcd for C10H13O5P 244.05, for [M+H+]: 245.0573; found: 

245.0575. 
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Phenylphosphinoyl-glycolic acid (9c)  

Phenyl phosphinic acid (0.416 g, 2.93 mmol) (commercial sample) was added to 

glyoxylic acid (0.27 g, 2.93 mmol) in THF. The reaction mixture was stirred for 

overnight at room temperature. Then the solvent was evaporated leaving 0.610 g of a 

cololess solid product. The NMR spectra in CD3OD display a mixture, containing 36-

50% of diastereoisomers of 9c along with unconverted PhPH(O)(OHt) or PhPD(O)(OH) 

and glyoxylic acid hydrate.  

 

9c: 1H NMR (CDCl 3): δ 4.61 (d, 2J = 14.0 Hz, 0.85H, PCHA), 4.65 (d, 2J = 13.6 Hz, 

0.15H, CH, PCHB), 7.45-7.67 (m, 3H, m-H, p-H), 7.74-7.89 (m, 2H, o-H).  

 
31P{1H} NMR (CDCl 3): δ 32.12, 31.90. 

 

Reaction of triethyl phosphite with glyoxylic acid  

a) Glyoxylic acid (0.263 g, 2.856 mmol) was dissolved in diethyl ether (20 mL) 

using an ultra sound bath, and triethyl phoshite (0.5 mL, 2.9 mmol) was added drop by 

drop while stirring at 0 °C. A white precipitate was formed immediately but disappeared 

after few seconds to give a clear solution. Then the reaction mixture was stirred for 48 

hours. Evaporation of the solvent gave 0.46 g viscous colourless liquid, which 

according to the NMR data is a mixture (see Scheme 12).  

 
31P{1H} NMR (CDCl 3): δ −1.14 [(EtO)3P(O)CHCOO], 7.96 [(EtO)2P(O)H], 16.8 
(unknown product). 
 
1H NMR (CDCl 3): Mixture of three compounds: δ 1.32 (m, 6H, CH3), 4.12 (m, 4H, 

OCH2), 4.56 (d, 2JPH = 10.8 Hz, 1H, P-CHO), 7.44 ( s, 1H, OH). 

 (EtO)3P: δ 1.32 (m, 9H, CH3), 4.12 (m, 6H, OCH2).  

(EtO)2P(O)H: δ 1.33 (m, 6H, CH3), 4.12 (m, 4H, OCH2), 6.80 (d, 1JPH = 700.5 Hz, 

PH). 
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MS (EI, 70 eV, 135 °C): m/z (%) = 241 (4) [M+], 240 (3), 213 (14), 185 (39), 155 (57), 
138 (33), 29 (100).  
 

b) Glyoxylic acid (3.55 g, 38.6 mmol) was dissolved in diethyl ether (150 mL) 

using an ultra sound bath, and triethyl phosphite (0.5 mL, 2.9 mmol) was added drop by 

drop while stirring at 0 °C. A white precipitate was formed immediately but disappeared 

after few seconds to give a clear solution. Then the reaction mixture was stirred for 72 

hours, volatiles were evaporated at 0.1 mbar, and distillation of the residual viscous oily 

liquid at 90 °C/ 10−4 mbar provided 2.20 g of triethylphosphate, contaminated with 

glycolic acid (molar ratio ca. 2:1) and traces of 9.  

 
1H NMR (CDCl 3): δ 1.34 (td, 3J = 7.0, 3J = 1.2 Hz, 9H, CH3), 4.13 (superimposed dq, 
3JPH = 7.9, 3J = 7.0 Hz, 6H, OCH2, triethylphosphate), 4.16 (superimposed s, OCH2, 

glycolic acid).  

 
13C{1H} NMR(CDCl 3): δ 16.27 (d, 3J = 6.8 Hz, CH3), 60.17 (s, OCH2, glycolic acid), 

63.92 (d, 2J = 6.79 Hz, OCH2), 174.89 (s, CO). 
 

31P NMR (CDCl3): δ −1.42 (septet, 3JPH = 7.6 Hz; triethylphosphate).  

Trace impurity: 9 

HRMS (ESI in MeOH+FA): Calcd for 9 C8H17O6P 240.08, for [M+H+]: 241.0836; 

found: 241.0836; for [M+Na+]: 263.0656; found: 263.0655. 

 
Reaction of diethyl phenylphosphonite with glyoxylic acid  

Glyoxylic acid (0.75 g, 8.1 mmol) was dissolved in dry diethyl ether (50 mL) 

using an ultra sound bath, and diethyl phenylphosphonite (3.2 mL, 16.2 mmol) was 

added slowly and stirred for overnight at room temperature. Then the solvent was 

evaporated to give 3.77 g of a colourless viscous liquid, which according to the NMR 

data is a product mixture. 

 
31P{1H} NMR (CDCl 3): δ 18.62, 24.79, 33.17, 33.41. 
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3.7. Synthesis of nickel complexes of phosphanylphenols and 

its derivatives 

O
C

O

Ph2P

Me

OMe

Ni

n

13  
 

Nickel complex of [Ni(12d)2] (13)  

4-Methoxybenzoic acid 2-diphenylphosphanyl-4-methylphenyl ester (12d) was 

prepared from 2-bromo-4-methylphenol by dilithiation with n-butyllithium and 

subsequent reaction with first chlorodiphenylphosphane and secondly 4-

methoxybenzoyl chloride.  

 

Solid 12d (0.45 g,1.06 mmol) was added to a solution of Ni(cod)2 (0.14 g, 0.51 

mmol) in THF (20 mL). After stirring for 12–15 h the solution was concentrated in 

vacuum and overlayered with n-hexane. After several days small orange-yellow 

column-shaped crystals, few orange brown crystals and small white crystals deposited. 

NMR spectra of the orange-yellow crystals separated from the mixture, washed with n-

hexane and dried in vacuum, hint at a Ni0(12d)3 complex, which in solution dissociates 

into Ni0(12d)2 (13) and the ligand 12d (ratio of 4-Me and 4-MeO signals each 2:1 by 1H 

NMR integration). A trace amount of non-coordinated 1,5-cod was detected as an 

impurity. The orange-brown crystals are in part single crystals but displayed very weak 

X-ray diffraction and multiply split reflections that did not allow a sufficiently refined 

crystal structure analysis. A cluster structure 15 with four nickel(II), three 4-

methoxyphenyl anions and two chlorides was made probable (Figure 31). The nature of 

the white precipitate is unknown. 

 

Data for the yellow crystals: Calcd. for Ni0(9d)3 C72H75NiO6P3 (1187.98): C, 72.79; H, 
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6.36; found C, 73.04; H, 6.77.   

 

Complex 13: 1H NMR ([D8]-THF):  δ 2.07 (s, 4-CH3), 3.77 (s, 4-OCH3), 6.69 (mAA’BB’ , 
3J = 8.9 Hz, m-H), 7.0–7.2 (m, 5 H, aryl), 7.27–7.31 (m, 2 H, aryl), 7.35–7.41 (m, 3 H, 

aryl), 7.34 (mAA’BB’,
3J = 8.8 Hz, o-H). 

 
13C{1H} NMR ([D 8]THF):  δ 20.81 (4-Me), 55.50 (p-OMe), 113.67 (2 CH-m ), 122.53 

(Cq-i), 124.42 (CH-6), 128.55 (d, 3J = 11.1 Hz, 4 CH-m), 129.22 (s, 2 CH-p), 131.53 

(CH-5), 132.73 (2 CH-o ), 133.57 (d, 2J = 15.2 Hz, 4 CH-o), 135.85 (s, Cq-4), 136.37 (d, 
2J = 17.7 Hz, CH-3), 137.39 (d, 1J = 11.9 Hz, Cq-2), 137.65 (dd, 1J = 31.9 Hz, 3J = 4.0 

Hz, 2 Cq-i), 150.79 (s, Cq-1), 163.90 (Cq-p ), 199.70 (br, t-shape, CO 

 
31P{1H} NMR ([D 8]THF):  δ = 29.88. 

 

 

Figure 31: Structure proposal for 15 based on X-ray diffraction data which could not 

properly be refined.  
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The origin of chloride in 15 might be trace impurities of LiCl in 12d. In contrast to 

the analogous benzoic acid ester, the 4-methoxy-derivative was sparingly soluble in 

diethyl ether and therefore was purified by extraction with methylene chloride. Several 

attempts were made to detect a complex of 12d with LiCl, but all single crystals 

obtained from 12d and LiCl in THF  proved to be pure 12d. Likewise, several attempts 

to synthesize compound Ni0(12d)3 or 15 from 12d in the presence of LiCl in THF at 

room temperature failed to give single crystals suitable to X-ray diffraction. Heating led 

to decomposition and formation of the stable bis(phosphinophenolate complex 14.  

 

 O

Ni

P

Ph Ph

O

P

PhPh

 

 

Nickel-bis(2-diphenylphosphanyl-4-methylphenolate) (14). 

Compound 12d (0.242 g, 0.567 mmol) was added to Ni(COD)2 (0.138 g, 0.502 

mmol) in toluene (50 mL) followed by addition of LiCl (0.24 g , 3.0 mmol) in THF. 

Then the reddish brown solution was heated for 2 h at 80 °C. The solution was 

concentrated and overlayered with n-hexane. Reddish brown crystals (0.091 g, 50 % rel. 

to 9d) formed within 2 days at room temperature. The NMR spectra in THF-d8 

displayed broad signals as expected for 15. Crystal structure determination (Dr. G. 

Palm) of a suitable single crystal showed however formation of the thermodynamically 

most stable cis-bis(chelate) nickel complex 12 (crystal data see Table 13, selected bond 

lengths and angles see in Table 13). Since pure 14, prepared independently from 2-

diphenylphosphanyl-4-methylphenol and nickel chloride in methanol, exhibits well 

resolved NMR-spectra [112], the broad NMR signals might be due to minor impurities 

by paramagnetic nickel compounds in solution. Nickel(II) cations are known to 

coordinate to the two oxygen atoms of nickel-cis-bis(phosphanylphenolate)s in a chelate 

mode [122] if more efficient donor ligands are absent. 

 

Anal. calcd. for C38H32NiO2P2: C, 71.17; H, 5.03; found C, 70.82; H, 5.37.  
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3.8. Ethylene oligo- / polymerisation reactions 

 

3.8.1. General remarks 

Equipment. The polymerisation reactions were performed in a stainless steel autoclave 

(75 mL) equipped with a mechanical manometer, pressure sensor (for pressure-time 

registration), two valves, a safety diaphragm, a Teflon-coated magnetic stirrer and a 

silicon heating bath. Reaction temperatures refer to the bath temperature. The pressure 

of ethylene is recorded by a computer connected with the digital manometer connected 

to computer. The metal surface of the autoclave has no influence on the ethylene oligo- 

or polymerisation as was shown in earlier experiments with and without insertion of a 

glass beaker.  

 

General procedure: The ligand (~0.1 mmol) was added as powder to a solution of 

Ni(COD)2 (~0.1 mmol) in THF or toluene or DMF (20 mL) and stirred for a while, in 

some cases followed by addition of an additive. In some experiments the ligand was 

dissolved in methanol and then added to the Ni(COD)2 solution. In these cases the 

solvent was removed in vacuum after stirring for some time, the residue dissolved or 

suspended in fresh THF or toluene and the mixture usually treated with NaH. The 

resulting solution, turbid solution or suspension was transferred under argon by using a 

plastic syringe to the clean and dry stainless steel autoclave. Then the autoclave was 

pressurised with the ethylene and magnetically stirred to saturate the catalytic solution 

at the required pressure (40-50 bar). The amount of ethylene was determined by weight 

difference. Then, the autoclave was heated in the silicon oil bath at the required 

temperature with the continuous pressure-time registration for 15 h. After cooling at 

room temperature and weight control the autoclave was connected to a cooling trap 

(−78 °C), and unconverted ethylene was allowed to escape. The content of the autoclave 

was transferred to a flask and separated by flash distillation at 80 °C / 1 Torr. The 

residual polymer was stirred for 1 d with methanol/hydrochloric acid (1:1, v/v), then 

thoroughly washed with methanol and finally air dried 

 

 The polymer was characterised by 1H NMR after swelling the 25 mg sample in 

0.5 mL of C6D5Br at 120 °C for 24 h (under nitrogen). For 13C-NMR, the amount of 
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polymer was 50 mg in 0.5 mL of C6D5Br at 120 °C for 24 h (under nitrogen). The 

density of the polymer was determined by the floating method in ethanol/water. The 

melting point of the polymer was determined in a closed capillary. 

 

3.8.2. Nickel catalysed oligo- or polymerisation of ethylene in the 

presence of ligands 5a-c, 6a-b 

Three methods were used to prepare the catalytic solution for testing of the 

ligands 5a-c and 6a-b in the nickel catalysed oligo- or polymerisation of ethylene. 

 

Method A: Solid ligand was added to the solution of Ni(COD)2 in THF. 

 

Method B: Solid ligand was added to the solution of Ni(COD)2 in THF followed by 

addition of triphenylphosphine. 

 

Method C: The solution of Ni(COD)2 (~0.1 mmol) in THF (10 mL) was added slowly 

to the solution or suspension of the corresponding cyclic α-phosphanyl-α-amino acid 

(~0.1 mmol, one out of 5a-c or 6a-b) in MeOH (15 mL) at room temperature and stirred 

for 10 minutes. Then the solvent was evaporated to dryness under vacuum to get a 

greenish yellow solid nickel complex. The nickel complex was treated with fresh THF / 

toluene (20 mL) followed by addition of NaH (1-2 mmol) at 0 °C. It is important to note 

that the complex should be well dried because in the presence of residual MeOH the 

catalyst will not function. A summary of the results using this method is shown in Table 

8. 

 

3.8.3. Oligo- or polymerisation of ethylene by catalysts formed in situ 

from Ni(COD) 2 and phosphonium glycolates 

The selected phosphonium glycolate (~0.1 mmol, one out of 1a-d) was treated 

with a solution of Ni(COD)2 (~0.1 mmol) in THF (20 ml). The zwitterionic solid 

dissolves by complex formation, indicated by the colour change from yellow to brown 

after stirring for 2 minutes. Then NaH (~10 mmol) was added in small portions at 0 °C 

and stirring was continued for an additional 5 minutes to give turbid brown suspension. 
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The resulting suspension was tested for activity in catalysis of ethylene oligomerisation 

using the above described general procedure. The results are shown in Table 9.  

 

3.8.4. Activation of complex 12 for oligomerization of ethylene 

Crystals of 12 (35.4 mg, 0.055 mmol) were dissolved in toluene (20 mL), and 

NaH (10 mg, 0.4 mmol) was added at 0 °C. Then stirring was continued for additional 

10 minutes, the mixture was transferred into the autoclave, and the ethylene 

polymerisation was performed as explained in the general method. 10.8 of 11.2 g 

ethylene was converted (96.5%, TON 7000), and the total yield of polymer was 11.7 g 

(96%). In order to assess the influence of the treatment of the polymer with methanol / 

concentrated hydrochloric acid (1:1, v/v) for removal of nickel, the polymer was 

divided into two parts. Part 1 was stirred as usually for 24 h (FR1) and part 2 d for a 

week (FR2) before washing with methanol and drying. For FR1 the ratio of α to 

internal olefins was 92:8% and the average molar weight MNMR 3075 g/mol whereas for 

FR2 both values were slightly lower, the ratio of α to internal olefins 89:11% and MNMR 

2824 g/mol, respectively.  

 

3.8.5. Attempts for cooligo- or copolymerisation of ethylene with 

functionally substituted olefins by nickel catalysts derived from of o-

phosphanylphenols    

 

 The ligand (~0.1 mmol) and Ni(COD)2 (~0.1 mmol) were dissolved each in 50% 

of the required amount of toluene at room temperature. After the solutions were 

combined and stirred for some minutes the functionally substituted olefin was added. 

For the ligand and type, amounts of solvent and olefin and the results see Table 10.  
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Table 8: Ethylene oligo/polymerisation reactions phenyl phosphaprolines by using Method C. 

Ligand 
C2H4 (g, mmol); 
solvent (mL): 

 

Ligand (mmol), 

Ni (mmol), 

NaH (mmol) ; 

Pstart (bar),[a] 

T (°C), t (h) 

C2H4 Conversion 
(%); [b], 

TON (mol/mol) , 

Mp. (°C); 

 
D (g/cm3) 

1H NMR: [c] 

M (g/mol) 
α/internal [d] 

olefins (mol/mol) 
Me/C=C [d] 

 

5a 
 

12.2, 436 ; 
THF 

0.15, 0.16, 2.08 ;  40, 
100, 15. 

78 ; 2120 
126.5-127.9 ; 

0.905 
1351 76 : 24 2.5 

5a 
 

12, 428 ; 
Toluene 

0.1, 0.1, 1.25 ; 
43, 100, 15 

66 ; 2821 
127.6-130.3 ; 

0.91 
2005 48 : 52 2.4 

5b 
 

11.6, 414 ; 
THF 

0.1, 0.1, 1.0 ; 
38, 100, 15 

60 ; 2500 n.d 2963 87 : 13 3.8 

5b 
 

11.1, 396 ; 
Toluene 

0.13, 0.12, 1.0 ; 
42, 100, 15 

81 ; 2600 n.d 1451 41 : 59 1.9 

5c 
 

15.6, 557 ; 
THF 

0.16, 0.14, 1.2 ; 
41, 100, 15 

- - - - - 

5c 
 

11.1, 396 ; 
Toluene 

0.09, 0.09, 0.67 ; 
41, 100, 15 

- - - - - 

6a 
 

11.4, 407 ; 
THF 

0.16, 0.14, 1.4 ; 
41, 100, 15 

- - - - - 

6b 
 

16.2, 578 ; 
THF 

0.13, 0.12, 1.2 ; 
48, 100, 15 

- - - - - 
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Table 9: Ethylene Oligo-/polymerisation of phosphonium glycolates (7a-d). 

 

C2H4 (g, mmol); 
solvent (mL): 

 

Ligand (mmol), 
Ni (mmol) ; 
Pstart (bar),[a] 
T (°C), t (h), 
 NaH (mmol) 

C2H4 
Conversion 

(%); [b], 
TON (mol/mol) , 

Mp. (°C); 
 

D (g/cm3) 

Σ C4 (%) [e,f] ; 
C6-C12 Olefins 
distribution 

by GC [f] 

1H NMR: [c] 

M (g/mol) 
α/internal [d] 

olefins (mol/mol) 
Me/C=C [d] 

 

16, 571 ; THF 
 

7a (0.1), 0.1 ; 
40, 80, 15, NaH 

(0.75) 
82 ;4596  

130.8-134.4; 
0.935 

 

5.6 ; 
C6: 22%, C8: 

15%, C10: 3%, 
C12: 0.3% 

 

2650 90 :10 2.4 

13.9, 496 ; THF 
 

7c (0.11), 0.095 ; 
42, 80, 15, NaH 

(1.0) 
74 ; 4743 

126.4-129.8; 
0.920 

13 ; 
C6:34%, C8:25%, 
C10:4%, C12:0.2% 

2350 92 :8 2.5 

13.9, 496 ; THF 
 

7b (0.1), 0.1 ; 
42, 80, 15, NaH 

(1.0) 
- - - - - - 

18.5, 660 ; THF 
 

7d (0.1), 0.05 ; 
40, 80, 15, NaH 

(2.4) 
- - - - - - 

17.4, 621 ; THF 
 

7d (0.13), 0.15 ; 
40, 80, 15, NaH 

(1.7) 
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Table 10: Copolymerisation of 9-decen-1-ol with ethylene using nickel catalysts of Phospheno phenols. 

Ligand 

Comonomer (g, mmol); 

C2H4 (g, mmol); 
solvent (mL) 

 

Ligand (mmol), 

Ni (mmol), 

Pstart (bar),[a] 

T (°C), t (h) 

C2H4 Conversion 
(%); [b], 

TON (mol/mol) , 

Mp. (°C); 

 
D (g/cm3) 

1H NMR: [c] 

M (g/mol) 

α/internal [d] 
olefins 

(mol/mol) 

Me/C=C [e]; 
comonomer 

incorp. (mol %) 

PPHH 
 

1,5 COD (0.88, 8.2) 
12.2, 436 ; 

Toluene (19) 

0.1, 0.1; 
40, 100, 15. 

93 ; 4180 
120-123; 

0.955 
2030 88:12 1.5; ca. 0 

PPHH 
 

9-decen-1-ol (4.4, 28.1) 
11.4, 407 ; 

Toluene (15) 

0.1, 0.12, 
45, 100, 15 

86 ; 2900 
111-114 ; 

0.950 
1300 88 :12 1.3 ; 0.9 

CCHH  
 

9-decen-1-ol (8.8, 56.2) 
19.3, 332 ; 

Toluene (10) 

0.1, 0.1, 
43, 100, 15 

93 ; 1890 
124-127 ; 

0.925 
16200 94 :6 1.4 ; 0.8 

IIBB  
 

9-decen-1-ol (4.4, 28.1) 
10.7, 382 ; 

Toluene (15) 

0.1, 0.12, 
43, 100, 15 

48 ; 1630 
126-129 ; 

0.920 
9600 80 :20 1.4 ; 0.9 

IIBB  
 

Vinyl acetate (4.68, 54.3) 
15.9, 568 ; 

Toluene (15) 

0.1, 0.11, 
50, 100, 15 

- - - - - 

12d 
 

Vinyl acetate (4.68, 54.3) 
14.7, 525 ; 

Toluene (15) 

0.11, 0.1, 
45, 100, 15 

- - - - - 
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Notations in the Tables are summarised bellow: 

 
[a] Starting pressure measured by electronic pressure sensor; [b] conversion of ethylene determined by mass difference after releasing unreacted 

ethylene; [c] 1H NMR measured at 100 °C after 24h swelling at 100 °C in C6D5Br under argon or nitrogen; [d] calculated from 1H NMR integral ratio 

of each one proton of vinyl and internal alkenyl groups; [e] yield of C4 is determined by its weight collected at the time of releasing ethylene at −40 

°C; [f]  based on the assumption of mass proportional detection of the chemically closely related compounds (FID). 
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4. Summary 
 

The main subject of this thesis is the study of novel cyclic α-phosphanyl-α-

amino acids, structurally related to proline and thus also named 3-phenyl-

phosphaprolines. Five such compounds, 5a-c and 6a,b,  were synthesized by  

cyclocondensation of 2-(phenylphosphanyl)ethylamine derivatives 3a,b with α-keto 

carboxylic acids (Scheme 19). Because of the presence of the COOH group, the reaction 

proceeds fast already at room temperature in ethereal solution without need of a 

separate acidic catalyst. Nearly immediately after mixing the solutions of the 

components precipitates of zwitterionic products are observed,  

 

N

P
R2

COO

Ph

R1 H

NH

PH

Ph

R1

O

R2

COOH
- H2O

NH

P

Ph

R1

R2

OH

C O

O
H

3a,b 5a-c, R1 = H, R2 = H, CH3, Ph.
 6a-b, R1 = Et, R2 = H, CH3.  

Scheme 19: Synthesis of phenylphosphaprolines. 

 

Except for 5c and 6b all compounds are sufficiently soluble in CD3OD or other 

solvents to allow structural characterisation by multinuclear solution NMR. Solutions in 

CD3OD and solvents like DMSO- d6, DMF-d8, CDCl3 were also employed to study the 

stability of the phosphaprolines in these solvents. CDCl3 proved unsuitable; 5a is 

sparingly soluble, and precipitation is observed in solutions of the other 

phosphaprolines. 5a and 5b were additionally characterised by X-ray crystal structure 

analysis. Both compounds crystallize without inclusion of solvent, show usual bond 

lengths and angles and intermolecular hydrogen bonds in the crystal packing.  

The 3-phenyl-phosphaprolines 5a-c and 6a,b possess asymmetric centres at 

phosphorus and C-2 and were mixtures of two pairs of diastereoisomers (RR/SS and 

RS/SR). Attempts of separation by crystallization were also made and had best success 

in case of 5a. One pair of diastereoisomers was obtained pure and single crystalline and 

found to be the RS/SR-pair of 5a, i.e. trans-5a, where the P-phenyl and 2-COO− groups 

are directed to opposite sides of the phospholidine ring. The P-lone electron pair and 2-
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H are then also in trans-position and display only a small two-bond JPH coupling 

constant. The cis-diastereoisomers of 5a are kinetically preferred in the synthesis but are 

slowly flipping to the trans-isomer in MeOH solution. 

Reaction monitoring of the formation of 5a by NMR gave evidence on the 

mechanism. 2-Phenylphosphanyl ethylamines 3a,b have two competing nucleophilic 

groups, -PHR and –NHR, and both are known to react with aldehydes. The NMR 

spectra showed  that 3a and glyoxylic acid will form at first the P-C bond and that the 

resulting short-lived P-CR(OH)-species, initially detectable by strong NMR signals, 

cyclise then via N-C bond formation.  

The  phosphaprolines possess a phosphanylacetic acid substructure, can be 

regarded as potential P∩O− chelate ligands, and were tested for formation of ethylene 

oligo- or polymerisation catalysts with Ni(COD)2. Complexes ,prepared in situ by 

adding the solution of Ni(COD)2 in THF to the solution of phenyl phosphaproline 5a or 

5b in MeOH and careful removal of methanol in vacuum, are activated by heating in 

THF or toluene solutions of ethylene (40-50 bar) in the presence of sodium hydride 

(Scheme 20). The rate of the conversion of ethylene is slow, but the overall conversion 

is good (60-81 %). The compounds 5c, 6a and 6b, however did not form active catalysts 

with Ni(COD)2, both, in THF or toluene and with or without NaH. 
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Scheme 20: Assumed P∩O− nickel chelates and activation by sodium hydride for 
catalysis of the oligomerisation of ethylene. 

 

After the investigation of 3-phenyl-phosphaprolines, in order to see whether the 

P-C bond formation is confined to P-H compounds or controlled by the electron lone 

pair and also applicable to the combination of tertiary phosphines with α-keto 

carboxylic acids, additional experiments are performed with tritolylphosphanes (p, m 

and o), phenyl phosphane and DPPE. It was observed that the tertiary phosphanes 
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except the sterically hindered tri-o-tolylphosphane form adducts with glyoxylic acid, 

novel highly hydrolysis-sensitive α-phosphonium glycolates (Scheme 21). Such 

condensations  were not observed with pyruvic acid or phenyl glyoxylic acid. The α-

phosphonium glycolates were characterised by elemental analysis and 7a-c also by 

solution NMR in CDCl3 whereas 7d was insoluble in CDCl3 and other aprotic solvents 

typically used for NMR measurements. 

  

Ar3P : +
CH(OH)2

COOH

dry Et2O

10 Min

Ar3P
O

O
OH

7a-d  

7a, Ar = P(4-CH3C6H4)3 , 7b, Ar = P(3-CH3C6H4)3 , 
7c, Ar = P(C6H6)3 and 7d, Ar = DPPE . 

 
Scheme 21: Synthesis of α-phosphonium glycolates. 

 

α-Phosphonium glycolates 7a-d were also tested for formation of ethylene 

oligo- or polymerisation catalysts with Ni(COD)2 . Compounds 7a and 7c were found 

suitable and form active nickel catalysts in the presence of NaH in THF, but not in 

toluene. It is assumed that an ylide is formed in the presence of NaH and that migration 

of a phenyl group from phosphorus to nickel forms the catalyst. Such a reaction was 

detected by Keim and coworkers for stable phosphorus ylides with Ni(COD)2 and an 

auxiliary phosphane. Compound 7c is unsuitable, probably due to steric hinderance by 

the m-methyl group on the phenyl ring, and 7d due to its insolubility in THF. 

A couple of further experiments were performed to explore the behaviour of 

triethyl phosphite and phenyl diethylphosphonite with glyoxylic acid, in particular to 

evaluate, if the alkylating properties of ethoxyphosphonium intermediates allow a 

simple access to phosphonoglycolic acid ester. However, only mixtures were obtained 

by preferred hydrolysis of triethylphosphite and particularly phenyl diethylphosphonite 

in the presence of glyoxylic acid hydrate. Defined addition products 9a, 9b and 9c were 

obtained only with diethylphosphite, O-ethyl-phenylphosphinate 8, phenyl phosphinic 

acid respectively (Scheme 22). 
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9a, R1 = OEt, R = Et.
9b, R1 = Ph, R = Et.
9c, R1 = Ph, R = H.  

Scheme 22: Synthesis of diethylphosphono- and O-ethyl-phenylphosphinoyl  

glycolic acid 9a,b. 

 

Finally, complementary studies of the polymerisation of ethylene and co-

polymerisation of ethylene with 9-decenol, vinyl acetate, and 1, 5 COD were performed 

using catalysts generated in situ from 2-phosphanylphenols and Ni(COD)2. TA nickel 

complex generated from 4-methoxybenzoic acid 2-diphenylphosphanyl-4-methylphenyl 

ester 12d and Ni(COD)2 was structurally characterised by multinuclear NMR as  

[Ni(12d)3]. The use of this complex as catalyst precursor in the ethylene 

oligo/polymerisation led to small amounts of acyl end groups in the polymers which 

indicate cleavage of the O-C(O)R group by insertion of nickel(0) and transfer to the 

polymers. Heating crude [Ni(12d)3] in the absence of ethylene led to a cis-

bis(phosphanylphenolate) nickel chelate complex which could be characterised by X-

ray crystal structure analysis, It is catalytically inactive but maybe reactivated by 

heating in ethylene solutions in the presence of NaH.  

The copolymerisation experiments of ethylene with 1,5-COD catalysed by the in 

situ generated diphenylphosphanylphenolate nickel catalyst showed no insertion but 

catalyst stabilization and high production of polyethylene. Vinyl acetate as comonomer 

blocked the catalyst but 9-decenol, having the functional group in a remote position, led 

to small but by 13C NMR clearly detectable insertion of the comonomer. Diisopropyl-

4,6-di-tert-butylphenol/Ni(COD)2 was here the best of three tested catalyst precursors. 

The new OH-functionalized polymer offers the potential for coupling with a variety of 

inorganic and organic compounds or materials. 
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6. Crystal Data 
 

Table 11: Crystal data and structure refinement of the X-ray crystal structure analysis of 

3-Phenyl-1,3-azaphospholidine-2-carboxylic acid (5a). 

 

Identification code  aminasi 
Empirical formula  C10H12NO2P 
Formula weight  209.18 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Orthorhombic 
Space group  Pna21 
Unit cell dimensions a = 10.5503(3) Å α= 90° 
 b = 17.0450(5) Å β= 90° 
 c = 22.4461(6) Å γ = 90° 
Volume 4036.5(2) Å3 
Z 16 
Density (calculated) 1.377 Mg/m3 
Absorption coefficient 2.207 mm-1 
F(000) 1760 
Crystal size 0.16 x 0.15 x 0.04 mm3 
Theta range for data collection 3.26 to 70.99° 
Index ranges -12<=h<=12, -20<=k<=20, -25<=l<=26 
Reflections collected 56323 
Independent reflections 7452 [R(int) = 0.0415] 
Completeness to theta = 67.50° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.69226 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7452 / 457 / 531 
Goodness-of-fit on F2 1.030 
Final R indices [I>2sigma(I)] R1 = 0.0332, wR2 = 0.0871 
R indices (all data) R1 = 0.0363, wR2 = 0.0893 
Absolute structure parameter 0.491(14) 
Largest diff. peak and hole 0.574 and -0.268 e.Å-3 
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Table 12: Crystal data and structure refinement of the X-ray crystal structure analysis of 

2-Methyl-3-phenyl-1,3-azaphospholidine-2-carboxylic acid (5b). 

 

 

Identification code  pamin 
Empirical formula  C11H14NO2P 
Formula weight  223.20 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 5.8737(5) Å α= 90° 
 b = 32.842(3) Å β= 
108.122(15)° 
 c = 6.0495(8) Å γ = 90° 
Volume 1109.1(2) Å3 
Z 4 
Density (calculated) 1.337 Mg/m3 
Absorption coefficient 2.041 mm-1 
F(000) 472 
Crystal size 0.08 x 0.03 x 0.03 mm3 
Theta range for data collection 2.69 to 70.60° 
Index ranges -6<=h<=7, -39<=k<=40, -6<=l<=7 
Reflections collected 11078 
Independent reflections 2040 [R(int) = 0.0254] 
Completeness to theta = 67.50° 98.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.80776 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2040 / 0 / 145 
Goodness-of-fit on F2 1.070 
Final R indices [I>2sigma(I)] R1 = 0.0298, wR2 = 0.0768 
R indices (all data) R1 = 0.0348, wR2 = 0.0787 
Largest diff. peak and hole 0.339 and -0.259 e.Å-3 
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