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1. Introduction
Green chemistry has become more and more important. According to the twelve principles of
green chemistry,1 synthetic methods should be designed to use and generate substances with little
or no toxicity to human health and the environment, while maximizing the incorporation of all
the materials used into the final product. Atom and energy efficiency, as well as sustainability are
also important aspects. Unnecessary derivatizations should be minimized or avoided if possible,
thus, the shortest reaction path should be chosen. In the context of green chemistry, microwave
(MW)-assisted organic synthesis is a challenging field. Every minor contribution to these
principles can make a difference.
I started my PhD work under the supervision of Prof. György Keglevich at the Budapest
University of Technology and Economics, Department of Organic Chemistry and Technology.
Our research group is engaged with environmentally friendly and organophosphorus chemistry,
with a history of more than thirty years, performing reactions of industrial use and producing
new, potentially bioactive organophosphorus compounds of fine chemical and pharmaceutical
importance.
During my research work, the goal was to study transformations which cannot be carried out
by conventional heating, yet could be accomplished by MW irradiation. In such cases, the MW
technique enables us to omit harmful reagents by implementing solvent- and catalyst-free
methods. I focused on the development of environmentally friendly synthetic methods for the
preparation of phosphinic acid derivatives.
Another objective was to understand and interpret how microwaves promote organic
reactions, as so-called “magic” effects are attributed frequently to MW chemistry, and the
existing interpretations are highly debated.2
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2. Literature
The classical method for the synthesis of phosphinic acid derivatives (esters or amides),
involves the reaction of phosphinic chlorides with alcohols/phenols or amines, respectively.
Despite its drawbacks in terms of environmentally friendly chemistry and costs, it is widely
applied in the industry, since organophosphorus compounds find applications as agrochemicals
and medicines. The Arbuzov reaction may also result in a wide range of phosphinates.
The direct derivatization of phosphinic acids could be a green approach, however, direct
esterification and amidation are not possible on conventional heating. The alkylating
esterification of phosphinic acids by alkyl halides is a realistic route to afford phosphinates and
this protocol can be carried out under phase transfer catalytic (PTC) conditions.
Following another strategy, phosphinic acids can be converted to more active intermediates
(for example by coupling reagents or the T3P® reagent) which then react with the O- and
N-nucleophile

more

efficiently.

Other

methods,

including

the

fragmentation-related

phosphinylations can be found in the literature.
Although phosphinic derivatives are useful starting materials and intermediates utilized
commonly in synthetic organic chemistry, the possibilities for their preparation have not been
covered by any recent reviews.

3. Experimental methods
The MW-assisted reactions were carried out in a CEM Discover [300 W] microwave reactor
equipped with a pressure controller.
The crude reaction mixtures were analyzed by

31

P NMR spectroscopy. Purification of the

products was carried out by flash column chromatography using silica gel. Purity of the
compounds was checked by gas chromatography (GC). The compounds were identified by
spectroscopic methods (31P, 13C and 1H NMR, HRMS).
Quantum chemical investigations were carried out using the Gaussian09 program package
(G09) by the B3LYP/6-31++G(d,p) and B3LYP/6-31G(d,p) methods.
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4. New scientific results
4.1.

Microwave-assisted direct esterification of phosphinic acids
However, phosphinic acids usually do not undergo direct esterification under conventional

conditions, we observed that in case of MW irradiation at 160-235 °C, applying the alcohol in a
15-fold excess, the corresponding phosphinates can be obtained – in most cases – in ~60-100%
conversion.

We have intensively studied and explored the optimal reaction conditions of the direct
esterifications. The use of longer carbon atom chain, and hence less volatile alcohols, as the
reagents proved to be more advantageous.
In some cases, comparative thermal experiments were performed under similar conditions
and proved that the esterifications are indeed possible by MW irradiation.
Thus, we have developed an environmentally friendly method for the preparation of
phosphinates that, depending on the model compound, can even be quantitative.
Applying this new method, nearly fifty phosphinates were prepared in the course of the
direct esterification of phenylphosphinic acids (1 and 3) and cyclic phosphinic acids (5, 6, 9, 10
and 13).

4.2.

Energetics of the direct esterification
The energetics of the esterification of phosphinic acids was evaluated by B3LYP/6-

31++G(d,p) calculations which showed that the esterification has a high activation barrier and the
transformation is slightly endothermic (Fig. 1). We assume that the statistically occurring local
overheating effect can overcome the barrier corresponding to the high values of the enthalpy of
activation.

4

Fig. 1: The enthalpy profile of the esterification of 1-hydroxy-3-methyl-3-phospholene oxide with butyl alcohol

4.3.

Direct thioesterification and amidation of phosphinic acids
The direct thioesterification of phosphinic acids was accomplished using thiols, and the

derivatization was also extended to direct amidations. However, the synthesis of
thiophosphinates and phosphinic amides was not efficient enough and led to conversions of only
33-50% due to the unfavourable endothermicity of these derivatizations, as suggested by
quantum chemical calculations.

4.4.

Comparison of the direct esterification, thioesterification and amidation
Our assumption was that the studied esterifications has a rather high enthalpy of activation

and is almost thermoneutral. While the esterification of phosphinic acids is controlled kinetically,
the amidations are governed by thermodynamic factors according to the rather high
endothermicity (Fig. 2).
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Fig. 2: Comparison of the enthalpy profiles

Comparing the experimental observations with the calculated energetics, we concluded that
thermoneutral reactions having a high enthalpy of activation may be promoted efficiently by MW
irradiation. Endothermicity works against the reaction and in such cases, the conversions will
remain incomplete even under MW conditions.
The possible mechanism for the reactions concerned was also evaluated. Quantum chemical
calculations corroborated the AAC2 (phosphinylation) mechanism suggested by our experimental
observations. It is a noteworthy finding that the discussed acylation reactions involve a
four-membered ring transition state.
4.5.

Direct esterification of phenylphosphonic derivatives
Phenyl-H-phosphinates (2) prepared by the MW-assisted direct esterification from phenyl-H-

phosphinic acid (1) were oxidized to the corresponding phosphonic ester-acid derivatives (45).
In the next step the compounds so obtained (45) could also be esterified by alcohols under
MW conditions to furnish dialkyl phenylphosphonates.

This is the first example for the MW-assisted direct esterification of phosphonic acid derivatives.
6

4.6.

The use of 1-alkoxy-phospholene oxides in ring enlargement
1-Alkoxy-3-phospholene 1-oxides (7), obtained directly from the corresponding phosphinic

acid (5) by MW-assisted direct esterification, can be used in ring enlargement involving the
addition of dichlorocarbene on the double-bond of the phospholene oxide (7). The longer carbon
chain acting as an electron-donating group enhanced the reactivity and hence resulted in better
yields. Based on this experience, an efficient one-step method has been developed for the
dichlorocyclopropanation of lipophilic alkoxy-phospholene oxides.

Compound 49 was formed as a ca. 1:1 mixture of two diastereomers. In two cases (49e and 49f),
the crude mixtures were refined by repeated column chromatography to afford the separated
isomers in a pure form.
In the next step, the 2-phosphabicyclo[3.1.0]hexane oxides (49) were subjected to thermal ring
expansion to give 1,2-dihydrophosphinine oxides 50 as a 3:1 mixture of two isomers (A and B).

1,2-Dihydrophosphinine oxides are versatile intermediates that can be utilized in the synthesis of
other phosphinine derivatives.
The relative energetics of the two isomers of compounds 49 and 50 were evaluated by
B3LYP/6-31G(d,p) calculations.
4.7.

Reaction of phosphinic chlorides with amines
1-Alkylamino-3-phospholene oxides (31 or 53) can be obtained by the MW-assisted direct

amidation of 1-hydroxy-3-phospholene 1-oxide (5 or 6) however, due to the low efficiency, a
better choice for the preparation of these compounds is the reaction of the corresponding
phosphinic chloride (51 or 52) with amines. We observed that the reaction with primary amines
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resulted in a mixture of the corresponding 1-amino-3-phospholene 1-oxide (31 or 53) and its
N-phosphinoyl derivative (54 or 55) as a by-product. Depending on the molar ratio of the
reactants and on the order of mixing, the product composition could be influenced (fine-tuned)
and either the mono- (blue), or the bis-product (red) could be obtained almost exclusively in high
yields (Fig. 3).

Fig. 3: Possible outcomes of the reaction of 51/52 with primary amines

Following the consecutive pathway 1-alkylamino-3-phospholene oxides (31/53) could be
transformed

into

different

bis(phosphinoyl)amines

(56

and

phosphorylamines (58–60) via phosphorylation reactions.

The >P(O)NR(O)P< type “imides” form a new family of compounds.
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or

phosphinoyl-

5. Theses
1.

We found a model reaction, namely the esterification of phosphinic acids that practically
does not take place under conventional conditions yet can be carried out on MW irradiation.
We developed a new method for the synthesis of phosphinates by the MW-assisted direct
esterification. Applying this new method, various cyclic and acyclic phosphinic acids were
subjected to direct esterification. We observed that the most suitable reaction partners are
longer carbon atom chain (less volatile) alcohols that are sterically not too hindered. In some
cases, comparative thermal experiments were performed under similar conditions proving
that the esterifications are indeed made possible by the MW irradiation. [1,2,7]

2.

On the basis of quantum chemical calculations, we demonstrated that the high activation
barrier limits the direct esterification and that the statistically occurring local overheating
effect can overcome the barrier corresponding to the high values of the enthalpy of
activation. [3,8]

3.

We explored the mechanism of the direct esterification of phosphinic acids. Quantum
chemical calculations confirmed the AAC2 (phosphinylation) mechanism. We found that the
rate-determining step of the acylation reactions under discussion involve a four-membered
ring transition state. Similar transition states were found in the course of the esterification of
carboxylic acids. [8]

4.

We extended the method elaborated for the direct esterification of phosphinic acids to
thioesterifications and direct amidations. However, the synthesis of thiophosphinates and
phosphinic amides led to incomplete conversions of only 33-50%. We demonstrated that the
unfavourable endothermicity of these derivatizations prevents the reactions to complete. [4,5]

5.

Phenyl-H-phosphinates prepared by the MW-assisted direct esterification from phenyl-Hphosphinic acid were oxidized to the corresponding phosphonic ester-acid derivatives that
could also be esterified by alcohols under MW conditions to furnish dialkyl
phenylphosphonates. We implemented the first MW-assisted direct esterification of
phosphonic acid derivatives. [9]

6.

The lipophilic alkoxy-phospholene oxides obtained by the MW-assisted direct esterification
were converted to 1,2-dihydrophosphinine oxides via a two-step ring enlargement reaction.
9

We have developed an efficient, one-step method for the dichlorocyclopropanation step
involved. [10]
7.

The efficient synthesis of 1-alkylamino-3-phospholene oxides involved the reaction of
phosphinic-chlorides with primary amines. We observed that the reaction afforded a mixture
of the corresponding 1-amino-3-phospholene 1-oxide and its N-phosphinoyl derivative. It
was found that selecting the appropriate conditions the product composition could be
influenced and thus we developed a selective method for the mono- or bis-phosphorylation
of primary amines. The >P(O)NR(O)P< type “imides” form a new family of compounds.
[6,11]

6. Application possibilities
The environmentally friendly method developed for the esterification of a specific family of
compounds is of a more general value and thus other phosphinic acids can be esterified under
similar conditions.
During our experiments, more than 100 compounds were prepared and characterized, most
of which are new compounds. In addition to their potential biological activity, the target
organophosphorus compounds are useful intermediates in the synthesis of new P-heterocycles.
Inspired by the above-mentioned results, further transformations being impossible under
conventional conditions are to be searched and studied. We have shown the potential of MW
technique, however, certain limitations also apply. Scaling-up is one of the most serious
problems yet to address. Developing continuous-flow methods seems to be a plausible solution.
The adaptation of our new method to continuous-flow reactor appears to be feasible.
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