BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS
FACULTY OF CHEMICAL AND BIOENGINEERING
GEORGE OLAH DOCTORAL SCHOOL

Synthesis and examination of the possibility for application of crown
ethers containing phosphorus in the macroring
PhD Thesis

Author:
Hajnalka Szabó-Szentjóbi
Supervisor:
Dr. Tünde Tóth
Consultant:
Dr. Péter Huszthy

Department of Organic Chemistry and Technology

2020

2

1. Introduction
Nowadays supramolecular chemistry plays an important role in several fields of
science. Crown ethers form a significant part of this topic. The possibilities for
application of these oligoether type macrocycles are extremely wide, they are used
widely as sensor and selector molecules, or as phase transfer catalysts. The principle of
the operation of these macrocycles is molecular recognition. Acting of this
phenomenon a host molecule (a crown ether for example) selects a guest molecule from
the surrounding molecules, and they form a complex stabilized by secondary binding
forces.
I got acquainted with the study of these macrocycles at the Department of
Organic Chemistry and Technology of Budapest University of Technology and
Economics under the supervision of Dr. Tünde Tóth and Dr. Péter Huszthy in 2013. I
started my PhD studies on phospha-crown ethers in 2017.
During my research work I was dealing with the preparation of enantiopure
crown ethers and their precursors containing phosphorus, and with the examination of
possibilities for application of the synthesized macrocycles. I prepared lipophilic crown
ethers containing a diarylphophinic acid unit and investigated their transport abilities.
With the help of these selector molecules I was able to achieve better enantioselectivity
than reported earlier with similar macrocycles. In my research work I also carried out
the synthesis of crown ether type sensor molecules containing a phospine oxide and an
anthracene fluorophore unit. During the latter work I investigated thoroughly the
formation of the P-C bond in the cases of crown ethers. I also studied the enantiomeric
recognition of these macrocycles using photophysical methods. My research also
covers the synthesis of crown ethers containing phosphine or secondary phosphine
oxide units, which are suitable candidates as catalyst ligands in asymmetric
hydroformylation reactions.
2. Literature background
Supramolecular chemistry has become an important area of research. Its basic
phenomenon is the molecular recognition described above. A complex formed by the
act of this phenomenon is stabilized by intermolecular secondary binding forces. This
phenomenon had been regarded for a long time as a unique to one in Nature. Among
many examples the antibody–antigen interaction or the formation of the DNA double
helix can be mentioned1. The study of molecular recognition using synthetic host
molecules started C. J. Pedersen who accidentally prepared a crown ether and realized
that these types of macrocycles have unusual complexing properties2.
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Phosphorus can be found in extremely divers chemical environment, occurs in
many organic and inorganic compounds. Because of this, it is not surprising, that there
are also a great number of reported examples in the field of research on crown ethers
too in which the phosphorus atom is bound to the macrocycles in certain form. The aim
of many researches is to prepare compounds in which the phosphorus atom plays some
coordination role as a phosphine derivative, in other cases it appears as a phosphate or
phosphoric acid derivative in heterocycles. Figure 1 shows the schematics of some
macrocycles containing phosphorus and also their various applications3,4,5,6.

α,β

Fig. 1 Macrocycles containing phosphorus atom and their various applications
Studies on the synthesis and properties of crown ethers containing a
triaryphosphine or diarylphosphinic acid moiety were the background of my research
work7,8,9,10,11.
3. Experimental methods
During the synthetic work preparative organic chemical methods were used. The
reactions were monitored by TLC. The crude products were purified by column
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chromatography, preparative layer chromatography, recrystallization or trituration. The
products were analyzed by TLC, melting points, optical rotations or HPLC. The
structures of the products were determined by spectroscopic methods9,10 (IR, 1H, 13C
and 31P NMR, MS, HRMS). The transport experiments were carried out using an earlier
reported method and the results were analyzed by weight measurement, and chiral
HPLC methods. Determination of crystal structures was performed by X-ray
crystallography. The complexation properties of the new receptor molecules were
studied for the enantiomers of chiral amines by fluorescence spectroscopies.
4. Results
4.1.

Synthesis of new proton-ionizable crown ethers

A transport process means the transfer of a substance from one medium to
another one through a membrane layer. There are many examples of such processes in
Nature, such as the transport of sodium or potassium ions in human cells. Numerous
researches have focused on modeling and investigating these processes. Researchers
have been trying to produce artificial systems and transport molecules for long time,
which imitates the natural ones.
One of the aims of my PhD work was to elaborate the synthesis of new,
enantiopure lipophilic crown ethers containing diarylphosphinic acid unit ((R,R)-5,
(S,S)-5, (R,R)-6 and (S,S)-6, Fig. 2), and examine these compounds as transport ligands
[1,2]. With the newly synthesized proton-ionizable macrocycles enantioselective
transport of chiral protonated amines was examined in a system previously developed
in our research group9,10. I was able to achieve better enantioselectivity than before
using similar macrocycles ((R,R)-7, (S,S)-7, (R,R)-8 and (S,S)-8, Fig. 2).

Fig. 2 Proton-ionizable crown ethers containing a diarylphosphinic acid unit
The starting material for the synthesis of the chiral compounds was the
commercially available rac-1,2-epoxydodecane (rac-9). Both enantiomers of the
epoxide were obtained with high enantiomeric purity using a hydrolytic kinetic
resolution method, and were converted for the corresponding diarylphosphinic acids
((S,S)-5 – (R,R)-6, Fig. 3.).
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Fig 3. Synthesis of crown ethers containing a diarylphosphinic acid unit
4.2.

Transport studies

The transport abilities of enantiopure macrocycles were examined for chiral
protonated amines in an aqueous source phase – organic membrane – aqueous receiving
phase system, according to a method, which was worked out in our research group9,10.
The results show that the outcome of the transport depends significantly on the
structure of transporter macrocycle and the transported amine. The results are
summarized in a table below, where the results of the transport reported macrocycles
are also indicated for the sake of comparison (Fig 4.).

Fig. 4. Results of the enantioselective transports
In the case of protonated phenylglycinol, increased enantioselectivity was
obtained in the applied system. In this case I also examined the time dependence of the
transport proving the active transport. The enantiomeric excess values during the
transport surprisingly follow a curve crossing a maximum, so I examined the transport
in the absence of the transporter crown ether, and I experienced membrane leakage due
to the solubility of protonated phenylglycinol in dichloromethane. The latter
counteracts the separation of enantiomers, so I suggested that leakage and actual
transport, as two opposing processes, would shape the evolution of enantiomeric excess
6

values. I found that the formation of the heterochiral complex is preferred for the
transport (Fig. 5.) [1,2].

Fig. 5. Time dependence of the transport of phenylglycinol
4.3.

Synthesis and studies of fluorescent sensor molecules

The synthesis of fluorescent sensor molecules has a long tradition in our research
group. Crown ethers with various structures are able to recognize the enantiomers of
chiral protonated amines with different enantioselectivities values. I aimed to prepare
both enantiomers of a fluorescent sensor molecule containing phosphorus ((S,S)-13 and
(R,R)-13), and also to study their enantiomeric recognition for protonated chiral amines.
As for the synthesis of the sensor molecules, first I prepared both enantiomers of
the tetraethylene glycol ditosylates. Ditosylate (S,S)-14 intermediate was prepared as
reported. For the synthesis of the (R,R) enantiomer a new method was developed. The
first step was a kinetic resolution of racemic propylene oxide in a similar manner as
described for the preparation of lipophilic tetraethylene glycol (Fig. 3.). The resulting
(R)-16 propylene oxide was converted to the corresponding tetraethylene glycol
ditosylate. After the macrocyclization step, several experiments on the coupling of the
fluorescent unit were carried out, including Grignard, organolithium, and Hirao
reactions. The conditions for the most efficient P-C coupling reaction are shown in
Fig. 6 [3,4].

Fig. 6. Preparation of fluorescent sensor molecules containing phosphorus
Because of the complexity of the product, and because our aim was to achieve
full confidence in its structure, (S,S)-13 was subjected to two-dimensional NMR
spectroscopy measurements. Áron Szigetvári and Csaba Szántay performed the
measurements. Although macrocycle (S,S)-13 is symmetric, but due to the phosphorus
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atom being a prochiral center, there is a diastereotopic relationship between the two
„halves” of the crown ether. As a result, each atom has different chemical shifts,
although they are very closely located, thus identifying the signals proved to be an
extremely complex task. Full assignment of crown ether (S,S)-13 was performed.
The enantiomer recognition of sensor molecules (R,R)-13 and (S,S)-13 for
phenylethyl amine hydrogen perchlorate (PEA), 1-(1-naphthyl)-ethyl amine hydrogen
perchlorate (NEA), phenylglycine methyl ester hydrogen perchlorate (PGME) and
phenylalanine methyl ester hydrogen perchlorate (PAME) (Fig. 7.) was studied by
fluorescent spectroscopy [3].

Fig. 7. The examined chiral protonated amines
The characteristic spectral changes of the complex formation of the sensor
molecules and the Stern-Volmer plots constructed from them, are shown in Fig 8., by
the example of (R,R)-13 and (R)-PGME. In the cases of macrocycles (R,R)-13 and
(S,S)-13 macrocycles, the Stern-Volmer plots showed a clear downward curvature for
each examined protonated amine. That is why the calculation of the complex stability
constants is much more difficult, the relationship between the decrease in fluorescence
intensity and the complex stability constants is not clear12.

Fig. 8. Series of fluorescence spectra upon titration of (R,R)-13 with (R)-PGME (A),
Stern-Volmer plots for quenching of (R,R)-13 by addition of (R)- and (S)-PGME (B)
Gergő Dargó and György Tibor Balogh performed the calculations for the
complex stability constants (Fig. 9). The results show that macrocycles (R,R)-13 and
(S,S)-13 form termodinamically stable complexes with the enantiomers of the chiral

12

Van de Weert, M.; Stella, L., Journal of Molecular Strucure. 2011, 998, 144.
8

protonated amines. In the cases of PGME and PAME the homochiral-, and in the cases
of PEA and NEA the heterochiral complexes are more stable, but the macrocycles
exhibited moderate enantiomeric differentiation abilities [3,4].

Fig. 9. Complex stability constants of crown ethers (R,R)-13 and (S,S)-13 with
protonated amines
4.4. Synthesis of crown ethers containing phosphine and secondary phosphine
oxide units
A few years ago small amounts of macrocycles 18, (R,R)-19 and (S,S)-20 (Fig. 10.)
containing a triphenylphosphine unit were prepared in our research group11. During my
work, I was able to prepare these crown ethers in larger quantities by reproducing the
described synthetic routes and this way it was possible to study these compounds as
catalyst ligands in the hydroformylation reaction of styrene, which were performed by
Péter Pongrácz and László Kollár. These reactions were carried out in a pressure vessel
containing a solution of PtCl2(PhCN)2, a ligand (or a catalyst formed from these), and
tin chloride as cocatalyst solved in toluene. The pressure vessel was pressurized to 80
bar with a carbon monoxide: hydrogen gas pressure ratio of 1: 1. During the reaction,
both branched (A) and linear (B) aldehydes were formed, and a hydrogenation side
reaction also took place, which product was the ethylbenzene (C). This way the chemo(A+B)/(A+B+C)) and regioselectivity (A/(A+B)) of the reaction could be studied. If
the chiral ligand was used, the enantiomers of 2-phenylpropanal formed in a different
ratio than racemic, and the enantioselectivity of the reaction can also be examined
(Fig. 10.).

Fig. 10. Macrocycles containing a triphenylphosphine unit applied as catalyst ligands
9

The effect of platinum-ligand ratio, reaction time and temperature for the reaction
was investigated during the experiments. The chemoselectivity was between 63 and
90%, the regioselectivity was around 60%, and the branched aldehyde was formed in
the biggest quantity. If chiral ligand was used, moderate enantioselectivities were
achieved, 2-phenylpropanal was formed with the biggest (52%) enantiomeric excess
when the (S,S)-20 macrocycle was used [5].
In order to extend this research, I prepared six new macrocycles ((S,S)-21 –
(S,S,S,S)-26) containing triphenylphosphine units, and two crown ethers ((S,S)-27 and
(S,S)-28) containing a secondary phosphine oxide unit (Fig. 11.). The latter compounds
exist in an equilibrium between the pentavalent phosphine oxide and the trivalent
phosphinious acid forms. In the presence of a transition metal, the equilibrium is shifted
to the phosphinous acid through coordination of the phosphorus atom giving a rich
family of potential catalysts, which are less sensitive to oxidation13. With the help of
the newly synthesized macrocycles, the relationship between the structure of the
ligands and the selectivity values of the chosen model reaction can be investigated.

Fig. 11. Crown ethers containing phosphine or secondary phosphine oxide units
I began the synthesis with the preparation of the reported common key
intermediate 29 for phosphine-type crown ethers. I wanted to produce it by a simple
and fast synthetic pathway. For first step, the diphenylphosphoric acid chloride 30 was
subjected to a Grignard reaction with phenylmagnesium bromide to give phosphonate
31. The latter was reacted with in situ formed lithium diisopropylamide, which resulted
the desired phosphine oxide 29 by an intermolecular rearrangement reaction (Fig. 12).
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Fig. 12. Preparation of phosphine oxide key intermediate
The other intermediates in the syntheses were the oligoethylene glycol
ditosylates, most of which are reported. The preparation of the unreported triethylene
glycol ditosylate (R,R)-32 needed for the synthesis of macrocycle (R,R)-22, was carried
out starting from the enantiomerically pure bromopropionic acid (S)-33. First, the
sodium salt was prepared, which was reacted with ethylene glycol. The resulting diacid
derivative was converted in methanol with thionyl chloride to the diester (R,R)-35,
which was reduced to the corresponding diol with lithium aluminum hydride and then
the latter was tosylated in the last step (Fig. 13).

Fig. 13. Preparation of dimethyl-substituted triethylene glycol ditosylate
The next step in the preparation of macrocycles (S,S)-21 - (S,S)-24 was the
macrocyclization reactions, which were performed in an aprotic polar solvent, choosing
the temperature whether a primary or a secondary ditosylate was reacted with
phosphine oxide 29. As a final step the crown ethers containing a phosphine oxide unit
were reduced to the corresponding phosphines using trimethoxysilane (Fig. 14).

Fig. 14. Macrocyclization reactions
The synthesis of bis-crown ethers (S,S,S,S)-25 and (S,S,S,S)-26 containing two
phosphine units started form the reported diarylphosphinic acid ethyl ester (S,S)-398,
which was first converted to the corresponding acid chloride, then the latter was reacted
with 4-bezyloxy-ohenylmagnesium bromide. Thereafter the benzyl protecting group
was removed by catalytic hydrogenation, to obtain crown ether (S,S)-40 containing a
phenolic hydroxyl group. Two moles of (S,S)-40 were coupled together with different
lengths of linkers the corresponding bisphosphine oxides were reduced to
11

bisphosphines (S,S,S,S)-25 and (S,S,S,S)-26 in the last step (Fig. 15.).

Fig. 15 Preparation of bismacrocycles
Crown ethers (S,S)-27 and (S,S)-28 containing a secondary phosphine oxide unit
were prepared from the corresponding diarylphosphinic acid esters ((S,S)-39 and
(S,S)-41) by reduction with lithium aluminum hydride (Fig. 16.).

Fig 16. Preparation of crown ethers containing a secondary phosphine oxide unit
Using newly synthesized macrocycles (S,S)-21 - (S,S)-28 [6,7,8], the
relationship between the structure of the ligands and the outcome of the catalyzed
hydroformilation reaction can be investigated.
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5. Theses
1.

I prepared two new chiral crown ethers containing a diarylphosphinic acid unit

and using them I achieved an active, enantioselective transport. I proved that the
outcome of the transport depends on the structure of the transporting macrocycle and
the protonated amine transported to a great extent. In one case I improved the
enantioselectivity value of the transport to those of reported earlier using similar
macrocycles. [1,2]
2.

I synthesized a new enantiopure fluorescent sensor molecule containing

phosphorus. I showed that this macrocycle exhibits only a small degree of
enantiomeric recognition for the selected chiral protonated protonated [3,4]
3.

I prepared suitable quantities of reported enantiopure crown ethers containing a

triphenylphospine unit and proved that these macrocycles are effective catalyst
ligands

for

the

hydroformylation

reaction

of

styrene

with

appreciable

enantioselectivity. [5]
4. I prepared six new macrocycles containing phosphine units and three new crown
ethers containing a secondary phosphine unit. [6,7,8]
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