
Serafin‑Lewańczuk et al. Microb Cell Fact           (2021) 20:81  
https://doi.org/10.1186/s12934‑021‑01573‑8

REVIEW
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Abstract 

Background: Phosphonates derivatives are in the area of interests because of their unique chemical‑physical fea‑
tures. These compounds manifest variety of biological interactions within the sensitive living cells, including impact 
on particular enzymes activities. Biological “cause and effect” interactions are based upon the specific matching 
between the structures and/or compounds and this is usually the result of proper optical configurations of particular 
chiral moieties. Presented research is targeted to the phosphonates with the heteroatom incorporated in their side 
functionalities. Such molecules are described as possible substrates of bioconversion for the first time lately and this 
field is not fully explored.

Results: Presented research is targeted to the synthesis of pure hetero‑phosphonates enantiomers. The catalytic 
activity of yeasts and moulds were tested towards two substrates: the thienyl and imidazole phosphonates to resolve 
their racemic mixtures. Biotransformations conditions differed depending on the outcome, what included changing 
of following parameters: type of cultivation media, bioprocess duration (24–72 h), additional biocatalyst pre‑treatment 
(24–48 h starvation step triggering the secondary metabolism). (S)‑1‑amino‑1‑(3‑thienyl)methylphosphonate was pro‑
duced with the assistance of R. mucilaginosa or A. niger (e.e. up to 98% and yield up to 100%), starting from the 3 mM 
of substrate racemic mixture. Bioconversion of racemic mixture of 3 mM of (1‑amino‑1‑(4‑imidazole)methylphospho‑
nic acid) resulted in the synthesis of S‑isomer (up to 95% of e.e.; 100% of yield) with assistance of R. mucilaginosa. 24 h 
biotransformation was conducted with biomass preincubated under 48‑hour starvation conditions. Such stereoselec‑
tive resolution of the racemic mixtures of substrates undergoes under kinetic control with the conversion of one from 
the enantiomers.

Conclusions: Composition of the culturing media and pre‑incubation in conditions of nutrient deficiency were sig‑
nificant factors influencing the results of kinetic resolution of racemic mixtures of phosphonic substrates and influenc‑
ing the economic side of the biocatalysis e.g. by determining the duration of whole biocatalytic process.
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Background
Asymmetric organic synthesis is one of the most 
demanding challenges of modern organic chemistry 
due to the fact that the majority of chiral compounds 
with biological activity, show the desired effect only in 
optically pure form. Available chemical methods often 
require the use of harmful reagents or expensive asym-
metric catalysts [1], hence the biocatalytical methods 
are currently of great interest. Such approach can be 
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simpler than the chemical one and is often one-step pro-
cess. The use of biocatalysis for the synthesis of chemical 
compounds of biological importance in a stereoselective 
manner  is an attractive alternative, comparing to tra-
ditional chemical methods [2, 3]. Among all microor-
ganisms, lower fungi are attractive group of eukaryotic 
organisms, differing in both physiological and morpho-
logical qualities, so their enzymatic systems are of great 
biocatalytic potential. These microorganisms have rela-
tively low nutritional requirements and high adaptability 
for various environments, what significantly increases 
the spectrum of their applications. Their high adaptabil-
ity is related to the possibility of quick correction of the 
main metabolic pathways, to the activation of alternative 
pathways or to the production of secondary metabolites. 
Due to such metabolic “flexibility”, these organisms are 
able to utilize various sources of carbon and/or energy 
or nitrogen, and thus they can also transform struc-
turally different xenobiotics. A well-thought-out and 
rationally planned method of biocatalyst cultivation 
or its subsequent modification as well as the reaction 
medium modification allow changing the activity of the 
fungal enzymatic systems and matching them to specific 
substrates.

The spatial arrangement of substituents connected with 
a chiral carbon atom is responsible for the properties of a 
given derivative, especially in the area of biological activ-
ity. Among others, phosphonates are a group of com-
pounds with diverse biological activities. They can serve 
as synthons for further synthesis or as active components 
of drugs of antibacterial, hypotensive or anti-osteoporo-
tic features [4]. Among them, aminophosphonates, as 
structural analogues of natural amino acids, inhibit the 
activity of various enzymes, especially proteases such as 
HIV protease, aminopeptidase or human collagenase [5]. 
Synthesis of aminophosphonates and their derivatives is 
quite common and well documented [6–12] but obtain-
ing the heterophosphonates, especially as optically pure 
isomers is still a current research topic. Aminophospho-
nic acids containing heterocyclic functionalities in their 
structure can be used as building blocks applied for the 
synthesis of biologically active compounds, mainly phar-
maceuticals. The presence of a heterocycle decreases 
toxicity of this structures compared to the aromatic 
counterparts, widening their applicability for medical 
chemistry [13].

Thus, the aim of this study was to synthesize the opti-
cally pure isomers of heterophosphonates via the bio-
catalyzed resolutions of the racemic mixtures of the 
following substrates: 1-amino-1-(3-thienyl)methyl-
phosphonic acid (1) and 1-amino-1-(4-imidazole)meth-
ylphosphonic acid (2) (Fig. 1). Applied fungal enzymatic 
systems carried out the oxidative deamination of one 

from the enantiomers remaining the other one unre-
acted. Optically pure products are valuable building 
blocks in the synthesis of biologically active compounds 
such as pharmaceuticals or pesticides. They serve as 
chiral motives in such structures.

Results
Alamar Blue assay
Alamar Blue Assay is widely used in studies on cells 
viability and cytotoxicity of xenobiotics. Alamar Blue 
method is based upon the measurement of the ability of 
biological system to reduce particular substrate—it has 
been used to assess the viability of the bacteria, yeasts 
and fungal cells also human and animal cell lines and is 
an integral part of drug discovery process. Living cells 
enzymes reduce blue resazurin from Alamar Blue to 
pink resorufin [14].

Alamar Blue Assay was applied as antimicrobial sus-
ceptibility test to measure biological activity of tested 
heterophosphonates to check the range of tolerance of 
particular organisms towards these compounds. Exper-
iments were performed on selected model pro- and 
eukaryotic microorganisms, i.e. representatives of mold 
fungi, yeasts, bacteria and cyanobacteria.

Solution of compound 1 and 2 were prepared with 
cultivation medium in wide range of concentrations 
(2–10000 µg/mL).

Despite having active groups, such as imidazole and 
tiophene residues, the tested compounds showed no 
inhibitory activity in the tested range of concentra-
tions. In most cases the minimal inhibitory concen-
tration (MIC) was above 1024  µg/mL (Table  1). Only 
cyanobacteria S. bigranulatus was sensitive to applied 
chemicals, from all tested strains—the effective inhibi-
tory concentration of 1-amino-1-(4-imidazole)meth-
ylphosphonic acid (2) was 512  µg/mL. These results 
confirmed the catalytic applicability of tested organ-
isms towards phosphonates derivatives.

Fig. 1 Substrates: 1‑amino‑1‑(3‑thienyl)methylphosphonic acid (1) 
and 1‑amino‑1‑(4‑imidazole)methylphosphonic acid (2)
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Biotransformation
Based both on results described above and previous 
experience in the field of phosphonate biocatalysis fungal 
biocatalysts were selected and applied for the resolution 
of racemic mixtures of following phosphonates deriva-
tives: 1-amino-1-(3-thienyl)methylphosphonic acid (1) 
and 1-amino-1-(4-imidazole)methylphosphonic acid (2).

Biotransformation of the racemic 1‑amino‑1‑(3‑thienyl)
methylphosphonic acid (1)
12 representatives of filamentous fungi and yeasts (R. 
mucilaginosa, F. oxysporum, T. variabilis, B. bassiana, 
C. elegans, R. oryzae, P. commune, A. niger, P. funiculo-
sum A. parasiticus, M. circinelloides and P. citrinum) 
were screened towards phosphonic substrates. Five of 
tested strains were active towards 1-amino-1-(3-thienyl)

methylphosphonic acid (1) (Tables  2 and 3). Different 
process conditions were applied to improve preliminary 
results. Following parameters were variable: duration 
of the biotransformation, type of the cultivation media 
and the number of the biocatalysis stages with e.g. the 
introduction of additional preincubation period con-
ducted under starvation conditions. The most effective 
approaches were as follows: yeasts biocatalyst R. muci-
laginosa cultivated for 5 days on PDB/PDB2 medium 
and preincubated under starvation conditions for 24/48 
hours was employed for 24/48 hours biotransformations 
and product of (S)-configuration was received with the 
enantiomeric excess up to 99% with conversion degree 
of 50% (Table 3). Whereas, enantiomeric excess over 89% 
was obtained in process with A. niger conducted after 
preincubation of fungal mycelium under starvation con-
ditions for 24  h and biotransformation was completed 
within 72 h (Table 2).

Recorded results confirmed that following factors: 
applied culturing medium, time of cultivation or prein-
cubation step introduction significantly influence the 
bioconversion efficacy. Application of biomass of R. 
mucilaginosa (after 5-day of cultivation followed by 24 h 
preincubation under deficiency of nutrients) allowed 
increasing the enantioselectivity of the process from 35 
to 99% of e.e. (Table 3). In every case, the enantiomeric 
excess was evaluated based upon the 31P NMR spectros-
copy (Fig. 2).

Table 1 Antimicrobial activity of 1‑amino‑1‑(3‑thienyl)
methylphosphonic acid (1) and 1‑amino‑1‑(4‑imidazole)
methylphosphonic acid (2)

Microorganism MIC [µg/mL] for 
compound 1

MIC [µg/mL] for 
compound 2

B. subtilis 8000 1250

E. coli 5000 1250

S. bigranulatus 5000 512

R. mucilaginosa 2000 1024

A. niger 10,000 5000

Table 2 Results of the biotransformation of 1‑amino‑1‑(3‑thienyl)methylphosphonic acid (1)

Bold values indicate best result
a Racemic mixtures were enriched in (S)‑enantiomer. bThe yield of bioconversion is adequate to the evaluated e.e. and in case of pure enantiomer synthesis the yield 
is 100%

Biocatalyst Cultivation medium Time of cultivation 
(h)

Time of preincubation under 
starvation conditions (h)

Time of biotransformation 
(h)

e.e.a,b 
[%]

R. mucilaginosa PDB 72 0 72 35

72 24 72 28

YM 72 0 72 33

A. niger PDB 96 0 24 31

96 24 24 52

96 0 72 27

96 24 72 89 

MEP 96 0 72 6

F. oxysporum PDB 96 0 72 14

96 24 72 35

MEP 96 0 72 42

96 24 72 30

M. circinelloides PDB 96 0 72 31

96 24 72 49

A. parasiticus PDB 96 0 72 < 5

96 24 72 12
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Biotransformation of racemic mixture 
of 1‑amino‑1‑(4‑imidazole)methylphosphonic acid (2)
Biotransformation of 1-amino-1-(4-imidazole)meth-
ylphosphonic acid (2) was effective only with the appli-
cation of R. mucilaginosa cells (Table  4). Yeasts were 
employed as biocatalysts after 5-days cultivation and 
then 2-days of preincubation under starvation condi-
tions. These resulted in the isomers mixture enrichment 
to 95% of e.e. by enantiomer (S) (Fig. 3).

Configurational assignments
The determination of the absolute configuration of 
1-amino-1-(3-thienyl)methylphosphonic acid (1) was 
performed according to Mosher’s method [15]. Investi-
gation was based upon the double derivatization. Analy-
sis started with compound 1 partially transformed by R. 
mucilaginosa. Introduced spectroscopic method allowed 
to recognize products as non-equimolar mixture of enan-
tiomers [(S):(R)] of compound 1 of molar ratio 3.5:1.0. 
Thus, after separation of the bioconversion products 
by MPLC system, compound 1 was acylated by (S)-(-)-
MTPA resulting in a mixture of (S, S): (R,S) isomers of 
Mosher’s amide 3 with molar ratio of (2.1:1.0).

1H NMR chemical shifts of methoxy group (OCH3) of 
compound 3 were assigned as follows: (R,S)—3.33 ppm; 
(S,S)—3.19 ppm. As it can be seen the signals becoming 
from hydrogen atoms of methoxy group of isomer of (S)-
configuration at α-carbon atom are upfield if compared 
to (R)-isomer (Figs. 4 and 5).

Furthermore, 1H NMR chemical shifts of thienyl group 
of compound 3 were assigned as follows: (S,S)—7.02 ppm 
(H-4), 7.12 ppm (H-5), 7.17 ppm (H-2); (R,S)—6.86 ppm 
(H-4), 6.94 ppm (H-2), 7.01 ppm (H-5). In this case it can 
be seen that the signals derived from hydrogen atoms of 

thienyl group of isomer of (R)-configuration at α-carbon 
atom are upfield if compared to (S)-isomer (Figs. 6 and 7).

Comparison of all the spectra allowed to assign the 
absolute configuration of enantiomers of compounds 1.

Discussion
Chiral phosphonates are a group of compounds with 
such a wide potential of applications that synthesis of 
their enantiomers in optically pure form is being sought 
as well as with chemical as biocatalytical methods. 
Employing biological systems is competitive to other 
approaches and can be effective regarding the enzymes 
features. Desired and applicable biological activity of 
phosphonates is predominantly associated with the inhi-
bition of the activity of the particular enzymes e.g. pro-
teases [5]. This is a reason, that finding the right 
biocatalyst capable of transforming these compounds is 
not a simple matter. Therefore, usually for each substrate, 
the type of biocatalyst and the conditions for both cultur-
ing of microorganism and conducting the biotransforma-
tion process itself, should be selected individually. Lower 
fungi have been selected for phosphonate transformation 
due to the simplicity of their cultivation, biomass produc-
tivity, enormous variability and activity of the fungal 
enzymatic systems. These last ones are susceptible to 
manipulation by environmental physical-chemical fac-
tors. Also, fungal metabolic pathways can be easily redi-
rect to secondary ones, what is associated with the 
activation/production of enzymes of very specific activi-
ties. This facilitates and sometimes makes possible the 
bioconversion of non-physiological compounds. The set-
tings of the parameters of biotransformation of substrate 
1, started from culturing of 5 fungal strains under differ-
ent conditions such as media or cultivation duration or 
preincubation step (Table  2). Screening experiments 

Table 3 Results of the biotransformation of 1‑amino‑1‑(3‑thienyl)methylphosphonic acid (1) with Rhodotorula mucilaginosa 

Bold values indicate best result
a Racemic mixtures were enriched in (S)‑enantiomer. bThe yield of bioconversion is adequate to the evaluated e.e. and in case of pure enantiomer synthesis the yield 
is 100%

Biocatalyst Cultivation medium Time of cultivation 
[h]

Time of preincubation under 
starvation conditions [h]

Time of biotransformation 
[h]

e.e.a,b 
[%]

R. mucilaginosa PDB 72 0 72 35

72 24 72 28

120 0 24 94

120 24 24 96 

120 48 24 78

PDB2 120 0 24 39

120 48 24 ≥ 98 

120 48 48 ≥ 99 

YM 72 0 72 33
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pointed A. niger as biocatalysts assuring the satisfactory 
result for conversion of substrate 1 (Table  2). Product 
was received with the enantiomeric excess of 89% e.e. 
(following conditions were applied: 96  h of growing on 
PDB medium, 24  h of pre-incubation under starvation 
condition and 72 h of transformation). PDB is one of the 
most commonly used media for the isolation and cultiva-
tion of fungi providing effective biomass formation and it 
is characterized by high carbon : nutrient ratio, influenc-
ing the microbial activity [16]. In the case of other micro-
organisms (R. mucilaginosa, F. oxysporum, M. 
circinelloides, A. parasiticus) and regardless of the appli-
cation of an additional starvation step, the final effect was 
rather poor: the enantiomeric enrichment of the isomers 
mixtures ranged between 5 and 49% of e.e. Introduced 
starvation period forced the cells to use every available 
source of biogenic elements for cell purposes, also nutri-
tion deficiency impacts on the metabolism of the fungi 
switching on some rescue enzymes of unusual activities 
and substrates specificities [17]. These are the reason of 
observed conversion of the xenobiotic substrates under 
such unfavorable for viable cells conditions as e.g. water 
solution of phosphonic substrates. As it is reported in the 
literature, fungal enzymes secretion is initiated when the 
fungus grows on substrates with low amino acids and 
sugar contents since transport-related gene families are 
expressed to utilize external nutrient resources for its 
survival [18]. To assimilate the only source of energy 
Aspergillus sp. switched on its redox activity [19] and 
started the mineralization of one from the isomers of 
accessible organic compound via enantioselective oxida-
tive deamination of (R) hetero-phosphonate [20], what 
proceeds to mineralization of one of the enantiomers of 

the substrate and the second one remains unreacted. This 
path is confirmed by the 31P NMR spectra (Fig.  2b), 
where the only recorded signals become from the non-
converted substrate enantiomer (S). The next efforts were 
directed to achieve better enantiomeric excess—above 
90% and more economic procedure e.g. shorter time of 
the whole experiment. Further experiments confirmed 
that results described above are the best possible ones for 
A. niger. Considering previous research and based upon 
practical experiences with other catalytic microbes, R. 
mucilaginosa was subjected to the next work. Despite the 
results obtained at the initial stage of the research (35% 
e.e.), biotransformation of 1-amino-1-(3-thienyl)methyl-
phosphonic acid (1) was continued with R. mucilaginosa 
because of its enormous activity noted towards previ-
ously examined phosphonate derivative: 1-amino-1-(3′-
pyridyl)methylphosphonic acid [20]. In the mentioned 
studies, just after 24 h of biotransformation with biocata-
lyst pre-treated for 24  h without any nutrient compo-
nents, pure (S)-1-amino-1-(3′-pyridyl)methylphosphonic 
acid (100% of e.e.; with yield of 100% ) was synthesized. 
Current research started from the selection of the opti-
mal culturing media for R. mucilaginosa to allow mani-
festing its enzymatic potential. Three media were 
applied—PDB commercially available, PDB2- hand-made 
according to procedure of DSMZ for medium no. 129 
and special medium composed for yeast growth (YM). 
The cultivation on potato medium (PDB, PDB2) lasted 
for 5 days according to growth curve (data not shown), 
what allowed entering R. mucilaginosa culture to the late 
logarithmic phase of growth. Long cultivation, following 
the starvation period, induces the stress conditions for 
viable cells and, as was mentioned previously, triggers on 

Fig. 2 31PNMR spectra recorded with the addition of α‑CD used as chiral solvating agent at pD ≈ 11–12; after biotransformation of compound 1 
catalyzed by a Rhodotorula mucilaginosa (99% e.e.) b Aspergillus niger (89% e.e.); c 31P NMR spectrum of starting racemic mixture of compound 1 
recorded with addition of α‑CD at pD ≈ 12
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the processes related to secondary metabolism such as: 
synthesis of enzymes of specific activities or activation of 
transport systems involved in uptaking resources from 
the environment. According to observations, R. mucilagi-
nosa cultured on PDB medium manifests promising fea-
tures as biocatalysts. Biotransformations of substrate 1 
conducted directly with biomass of yeast received after 
growing period, resulted in a formation of the product 
[(S)-1] of high optical purity (94% e.e.). PDB medium was 
also applied for parallel experiments with the introduced 
starvation stages, what was the pointless approach, just 
slightly affecting the optical purity in case of 24-hours 
incubation (product [(S)-1] was of 96% of e.e.) while 
48-hours period caused partial racemization of product 
(1) (78% e.e. of S-isomer) (Table 3). This time secondary 
metabolism enzymes—also survival ones—were pro-
duced and were active towards both of the substrate’s 
enantiomers. According to known fungal defend mecha-
nisms the longer starvation lasts the higher level of res-
cue enzymes is produced. Such situation resulted in 
observed racemization of the bioconversion products, 
which is possible in case of matching of enzymatic activ-
ity to xenobiotic. The lack of the basic ingredients can 
influence the activity of the enzymes active towards the 
xenobiotic in alternative way, causing the decrease or 
increase in the activity of the enzymes of opposite enanti-
oselectivity, additionally the activation of other enzymes 
(e.g. racemases) is possible as the path of efficient sub-
strate assimilation (both enantiomers) for cellular pur-
poses. Experiments with R. mucilaginosa and substrate 1 
leading to the interesting observations that applying the 
PDB2 medium (home-made; DSMZ recipe) requires the 
introduction of starvation steps to assure high conversion 
effectiveness (Table 3), what is in contradiction to above 
results, describing to the PDB case. PDB2 medium is 
richer in ingredients responsible for fungus growth and 
for the activity of the primary metabolic pathways. So, as 
a consequence the biomass received after culturing on 
such medium should be stimulated to widen its enzy-
matic possibilities towards the xenobiotic conversion by 
triggering the secondary metabolism by environmental 
factor such as starvation. The significance of the formula 
of cultivation media manifests itself in the results of sub-
strate 1 biotransformation. Biocatalyst prepared with 
PDB medium and applied directly to the bioconversion 
process was furthermore active and selective towards 
phosphonic compound, then one cultured on PDB2 
medium (Table 3). Kinetic resolution with biomass from 
PDB was highly effective towards substrate 1 (94% of e.e., 
maximal conversion degree, 24  h.), whereas biocatalyst 
grown on PDB2 medium under comparable conditions of 
biotransformation was of very poor selectivity (34% of 
e.e.). This last one was improved by the introduction of 

starvation step (48  h.), what resulted in the activation/
synthesis of enzymes capable of efficiently resolution of 
the racemic mixture and obtaining product [(S)-1] of 
high enantiomeric excess (98–99% e.e—Fig. 2a; Table 3).

Resolution of the racemic mixture of substrate 2: 
1-amino-1-(4-imidazole)methylphosphonic acid was 
more complicated and finding the microbe capable 
to convert this compound was a hard matter. Among 
tested fungi, only Rhodotorula strain was active 
towards this substrate (2). The presence of two nitro-
gen atoms in imidazole moiety increases the electron-
egativity of this derivative, what can cause difficulties 
in transport across cells covers in filamentous fungi. 
Rhodotorula mucilaginosa as yeast differs in the cells 
wall chemical composition and of course in the trans-
port systems across plasma membrane and cell wall. It 
seems that this is the main reason of such big difference 
in the activity towards imidazole derivative, between 
molds and yeast. Thus, the use of 3-day biomass for 
biotransformation, turned out to be inefficient in every 
mode of experiments: with/without an additional 
starvation stage. After accomplished of these experi-
ments, the enantiomeric excesses in the product mix-
tures ranged from 9 to 32% of e.e. These results were 
crucial for understanding that enzymes involved in the 
substrate 2 conversion achieved the maximum of their 
activity later, after the culture enters into the final stage 
of logarithmic growth phase. The biocatalysts obtained 
after 5 days cultivation allowed receiving the product 
[(S)-2] with an optical purity above 90%. Similarly, as 
in the case of thiophene substrate 1 transformation, the 
influence of biocatalyst culture conditions on its activ-
ity towards substrate 2 was checked. Both potato media 
(PDB, PDB2) were tested and in this case commercially 
available medium proved to be slightly better. After 
24  h biotransformation, carried out by 5-day culture 
biomass, one of the enantiomers [(S)-2] was obtained 
with 92% excess. The introduction of the pre-incuba-
tion stage allowed increasing the optical purity of the 
obtained product (48 h of starvation, 24 h of biotrans-
formation − 95% e.e. Fig.  3a) (Table  4). Extending the 
biotransformation period led to partial racemization 
of the product 2 (75% of e.e.). This is probably a result 
of activation of additional enzymatic activities neces-
sary for the assimilation of the any source of biogenic 
elements available in the very minimal medium (water 
substrate solution). Analogous experiments using bio-
mass cultivated on PDB2 medium allowed obtaining 
the product [(S)-2] with 93% of e.e. (48  h of pre-incu-
bation, biotransformation 24 h) and 79% of e.e., respec-
tively (48  h pre-incubation, 48  h biotransformation). 
Transformation of both substrates (1 and 2), by bio-
mass cultivated on YM medium proved to be inefficient 
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− 33% enantiomeric excess which proves low biocata-
lyst activity in relation to the tested substrates.

Conclusions
Obtained results can be a consequence of the alteration 
of activity of fungal enzymatic systems in the response 
to the environmental factors—such as stress induced by 

starvation conditions or different composition of cul-
ture media (PDB, PDB2, YM). In case of A. niger and 
R. mucilaginosa the introduction of the starvation step 
before bioconversion was the crucial stage for the activ-
ity of the enzymes involved in stereoselective resolution 
of the racemic mixture of the phosphonic substrates as 
it was mentioned in detail in the discussion part of the 
text. Described results are the good starting point for 

Table 4 Results of the biotransformation of 1‑amino‑1‑(4‑imidazole)methylphosphonic acid (2) by Rhodotorula mucilaginosa 

Bold values indicate best result
a Racemic mixtures were enriched in (S)‑enantiomer. bThe yield of bioconversion is adequate to the evaluated e.e. and in case of pure enantiomer synthesis the yield 
is 100%

Biocatalyst Cultivation medium Time of cultivation 
[h]

Time of preincubation under 
starvation conditions [h]

Time of biotransformation 
[h]

e.ea,b 
[%].

R. mucilaginosa PDB 72 0 72 32

72 24 72 24

72 24/0 24 25

72 24 24 9

120 0 24 92

120 24 24 82

120 48 24 95 

120 48 48 75

PDB2 120 48 24 93 

120 48 48 79

YM 72 0 72 33

Fig. 3 a 31PNMR spectra recorded with the addition of α‑CD as chiral solvating agent at pD ≈ 11–12; a after biotransformation of compound 2 
catalyzed by Rhodotorula mucilaginosa (95% e.e.); b starting racemic mixture of compound 2 
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the scaling approaches to implement biological proce-
dures in the chiral phosphonates production.

Methods
All chemicals were purchased from: Avantor Per-
formance Materials Poland S.A., Sigma Aldrich, 
Fluka. Cultivation media were purchased from VWR 
Chemicals.

Fig. 4 Anisotropic effect of thienyl group on hydrogen atoms forming the methoxy group

Fig. 5 1H NMR of amide 3 (anisotropic effect of thienyl group on hydrogen atoms form methoxy group)
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NMR (Nucleic Magnetic Resonance) spectra were 
measured on a Bruker Avance™ 600 at 600.58 MHz for 
1H and 243.12 MHz for 31P or on a Jeol ECZ 400 S at 
161.92 MHz for 31P. All analysis was carried out in  D2O 

(99.9% of atom D). Chemical shifts (δ) were reported 
in ppm and coupling constants (J) were given in Hz. 1H 
NMR spectra are referenced to the central line from 

Fig. 6 Anisotropic effect of phenyl group on hydrogen atoms of thienyl group

Fig. 7 1H NMR of amide 3 (anisotropic effect of phenyl group on hydrogen atoms of thienyl group)
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solvent (δ = 4.78 for water). The biotransformation 
products were analyzed by 31P NMR and 1H NMR.

The optical rotation was measured in 1 N NaOH using 
polAAr-31 polarimeter (578 nm).

MS spectra were obtained using high resolution mass 
spectrometer with analyzer time-of-flight (TOFMS) from 
LCT PremierTM XE.

Synthesis of substrates
The aminophosphonic acids were obtained in a three-
step synthesis based on addition of diethyl H-phospho-
nate to the previously prepared imine and followed by 
acidic hydrolysis of the resulting aminophosphonate die-
thyl ester.

Synthesis of 1‑amino‑1‑(3‑thienyl)methylphosphonic acid 
(1)
Neat benzhydrylamine (1.53 mL, 8.9 mmol) was injected 
at room temperature to the solution of 3-thiophenecar-
boxaldehyde (0.78 mL, 8.9 mmol) in  CH2Cl2 (15 mL) 
and the reaction was stirred overnight. After that time, 
anhydrous  Na2SO4 (3.0 g) was added and the mixture was 
stirred for additional 0.5  h. After removal of the drying 
agent the reaction was concentrated under reduced pres-
sure affording crude imine as light brown solid (2.42  g, 
98% yield) that was used directly in the next step.

The imine (2.3  g, 8.3 mmol) was dissolved in toluene 
(15 mL) and diethyl H-phosphonate [HP(O)(OEt)2] (1.07 
mL, 8.3 mmol) was added in one portion. The resulting 
reaction mixture was heated at 120  °C for 8 h and then 
cooled down to room temperature and concentrated 
under reduced pressure. The resulting brown thick oil 
was essentially pure aminophosphonate ester (3.28  g, 
95% yield) and was used directly in the next step.

The crude aminophosphonate ester (3.0 g, 7.22 mmol) 
was dissolved in toluene (30 mL) and aq. 6  M HCl (10 
mL) was added. The resulting biphasic reaction mixture 
was vigorously stirred and heated at 120 °C for 8 h. After 
that time, the reaction was cooled down to room tem-
perature, filtered off under vacuum over a glass sinter and 
the filtrate was transferred to a separatory funnel where 
layers were separated. The organic layer was discarded 
and the aqueous phase was evaporated to dryness under 
reduced pressure affording crude 1-amino-1-(3-thienyl)
methylphosphonic acid hydrochloride as viscous oil. The 
crude product was dissolved in methanol (20 mL) and 
propylene oxide (20 mL) was added dropwise. The result-
ing mixture was left to stand at room temperature for 1 h 
and then pb laced in the freezer until next day. After that 
time the formed 1-amino-1-(3-thienyl)methylphospho-
nic acid was filtered off under vacuum over a glass sinter, 
washed with methanol (2 × 10mL) and dried on air (white 

non-hygroscopic powder, 0.84 g, yield 60%). MS(TOF MS 
ES+) Calcd for  C5H8NO3PS [M +  H]+ 194.0041; found: 
194.0041. The assignment of signals on 1H and 13C NMR 
has been confirmed by 1-1H COSY, 1H-13C HMQC and 
1H-13C HMBC spectra.

31P NMR δ(ppm): 11.62; 1H NMR: δ(ppm): 4.71 (d, 
J = 15.9  Hz, 1  H, PCH), 7.21 (d, J = 4.7  Hz, 1  H, 4-tio-
phene), 7.45–7.58 (m, 2  H, 2-tiophene, 5-tiophene); 13C 
NMR δ(ppm): 51.53 (d, J = 146.5  Hz, 1  C, PC), 128.22 
(d, J = 7.7  Hz, 1  C, 2-tiophene), 129.61 (d, J = 3.7  Hz, 
1 C, 4-tiophene), 130.41 (d, J = 1.0 Hz, 1 C, 5-tiophene), 
134.45 (d, J = 4.9 Hz, 1 C, 3-tiophene).

Synthesis of 1‑amino‑1‑(4‑imidazole)methylphosphonic 
acid (2)
Neat benzhydrylamine (1.53 mL, 8.9 mmol) was injected 
at room temperature to the solution of 4-imidazolecar-
boxaldehyde (1.0  g, 10.0 mmol) in EtOH (30 mL) and 
the reaction was stirred at 78 °C for 5 h. After that time 
the reaction was concentrated under reduced pressure 
affording crude imine as light-yellow solid (2.63  g, 97% 
yield) that was used directly in the next step.

The imine (2.5 g, 9.61 mmol) was dissolved in toluene 
(20 mL) and diethyl H-phosphonate [HP(O)(OEt)2] (1.24 
mL, 9.61 mmol) was added in one portion. The resulting 
reaction mixture was heated at 120  °C for 8 h and then 
cooled down to room temperature and concentrated 
under reduced pressure. The resulting yellow solid was 
essentially pure aminophosphonate ester (3.64  g, 95% 
yield) and was used directly in the next step.

The crude aminophosphonate ester (3.5 g, 8.80 mmol) 
was dissolved in toluene (30 mL) and aq. 6  M HCl (15 
mL) was added. The resulting biphasic reaction mixture 
was vigorously stirred and heated at 120 °C for 8 h. After 
that time, the reaction was cooled down to room tem-
perature, filtered off under vacuum over a glass sinter and 
the filtrate was transferred to a separatory funnel where 
layers were separated. The organic layer was discarded 
and the aqueous phase was evaporated to dryness under 
reduced pressure affording crude 1-amino-1-(4-imida-
zole)methylphosphonic acid hydrochloride as viscous 
oil. The crude product was dissolved in methanol (30 
mL) and propylene oxide (30 mL) was added dropwise. 
The resulting mixture was left to stand at room tem-
perature for 1 h and then placed in the freezer until next 
day. After that time the formed 1-amino-1-(4-imidazole)
methylphosphonic acid was filtered off under vacuum 
over a glass sinter, washed with methanol (2 × 10mL) 
and dried on air (white non-hygroscopic powder, 0.97 g, 
yield 63%). The spectroscopic characterization was in 
agreement with the data reported earlier in the literature 
[21]. MS(TOF MS ES+) Calcd for  C4H8N3O3P [M +  H]+ 
178.0382; found: 178.0379. The assignment of signals on 
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1H and 13C NMR has been confirmed by 1-1H COSY, 1H-
13C HMQC and 1H-13C HMBC spectra.

31P NMR δ(ppm): 7.53; 1H NMR: δ(ppm) 4.63 (d, 
J = 16.6  Hz, 1  H, PCH), 7.57 (s, 1  H, 5-imidazole), 
8.68 (s, 1  H, 2-imidazole); 13C NMR δ(ppm): 46.43 (d, 
J = 138.3 Hz, 1 C, PC), 121.58 (d, J = 5.3 Hz, 1 C, 5-imida-
zole), 127.82 (d, J = 4.1 Hz, 1 C, 4-imidazole), 137.32 (1 C, 
2-imidazole).

Microorganism
Rhodotorula mucilaginosa (DSM 70,403) Fusarium 
oxysporum (DSM 12,646), Trigonopsis variabilis (DSM 
70,714), Beauveria bassiana (DSM 875), Cunninghamella 
elegans (DSM 1908) and Rhizopus oryzae (DSM 1185), 
Escherichia coli (DSM 1116), Bacillus subtilis (DSM 10). 
were purchased from German Collection of Microorgan-
isms and Cell Cultures (DSMZ, Germany). Synechococ-
cus bigranulatus (CCALA 187) was purchased from the 
Culture Collection of Autotrophic Organisms (CCALA), 
Institute of Botany, Academy of Sciences, Czech Repub-
lic. Penicillium commune IAFB 2513 and Aspergillus niger 
IAFB 2301 were identified and deposited in Collection of 
Industrial Microorganisms (WDCM212) in Institute of 
Agricultural and Food Biotechnology (Poland). Penicil-
lium funiculosum (Thom) S3 was isolated from soil sam-
ple and identified by DSMZ as reported previously [22]. 
Fungal strains were generous gift from following institu-
tions: Aspergillus parasiticus (NRRLY 2999)—Andolu 
University (Turkey), Mucor circinelloides—Lodz Univer-
sity of Technology (Poland); Penicillium citrinum Univer-
sity of Opole (Poland).

Microorganisms were routinely maintained on dedi-
cated media as follows: molds (F. oxysporum, B. bassiana, 
C. elegans, R. oryzae, P. commune, A. niger, P. funiculo-
sum, A. parasiticus, M. circinelloides, P. citrinum) on 
potato dextrose agar (PDA) which provided profuse spor-
ulation suitable for inoculum collection, yeasts (R. muci-
laginosa, T. variabilis) on universal medium for yeast 
(YM), bacteria (B. subtilis, E. coli) on nutrient agar (NA) 
and cyanobacteria (S. bigranulatus) on BG-11 medium.

Commercially available PDA and NA media were used 
(VWR Chemicals) and prepared according to producer 
instruction. YM was prepared according to the recipe of 
DSMZ (www. dsmz. de, medium no. 186). BG-11 medium 
was prepared according to the recipe reported in the lit-
erature [23].

Mold fungi and yeasts were used as a biocatalyst in bio-
transformation procedures, while prokaryotic organisms 
served as model organisms for the Alamar Blue® Assay 
(2.6).

Biocatalyst preparation—microorganisms cultivation
Cultivation of filamentous fungi
Biotransformation experiments with biocatalysts of 
molds origin were carried out with MEP (Malt Extract 
Peptone broth, 2.3.2) or PDB liquid medium either com-
mercially available from VWR Chemicals and prepared 
as recommended or prepared according to the recipe on 
DSMZ website (medium no. 129). In latter case 200 g of 
potatoes were sliced and boiled in 1  L of water for 1  h. 
Then mixture was filtered, 20 g of glucose was added, and 
final volume adjusted up to 1 L with distilled water.

Spore suspensions were prepared with sterile 0.05% 
water solution of Triton X-100, quantified by vital count 
and stored at 4  °C. 500 µL of mentioned spore suspen-
sion (20,000 spores/µL) were used to inoculate Erlen-
meyer flasks (250 ml) containing 100 ml of PDB or MEP 
depending on the experiment type. Cultures were grown 
on rotary shaker (130 rpm) at 24–26 °C until the late log 
phase. Mycelium was harvested by vacuum filtration onto 
filter paper and rinsed with distilled water. In the case of 
F. oxysporum, and B. bassiana cells were separated by 
centrifugation (20 °C, 5000 rpm, 10 min). Obtained bio-
mass was used in biotransformation process.

Cultivation of yeast
Yeasts were cultivated using PDB medium (described 
above) or Malt Extract Peptone broth (MEP) or YM 
both prepared according to DSMZ instructions. Malt 
Extract Peptone broth (MEP) (DSMZ medium no. 90) is 
consisted of malt extract (30  g), soya peptone (3  g) and 
distilled water (1  L). Universal medium for yeasts (YM) 
(DSMZ medium no. 186) contains yeast extract (3  g), 
malt extract (3 g), peptone from soybeans (5 g), glucose 
(10  g) and distilled water (1  L). 1 mL portions of 3-day 
liquid culture were used to inoculate Erlenmeyer flasks 
(250 ml) containing 100 ml of medium and incubated at 
24–26 °C on rotary shaker (130 rpm) until the end of log-
arithmic phase of growth. Yeast biomass was separated 
by centrifugation (20 °C, 5000 rpm, 10 min) and used for 
biotransformation processes.

Cultivation of bacteria and cyanobacteria
Bacteria (E. coli, B. subtilis) were cultivated on standard, 
commercially available LB medium (VWR Chemicals). 
1-day liquid culture were used to inoculate Erlenmeyer 
flasks (250 ml) containing 100 ml of LB medium and 
incubated at 37 °C on rotary shaker (130 rpm).

S. bigranulatus were cultivated in Erlenmeyer flasks 
containing 100 mL of BG-11 medium [23]. Cyanobacteria 
were cultivated 21 days under continuous illumination at 
7–12 µmol photons  m− 2  s− 1 (Power Glo fluorescent bulb, 
8 W, Hagen) at 28 °C under stationary conditions.

http://www.dsmz.de
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Biotransformation procedure
Method A1: Biomass received after cultivation (5 g) was 
suspended in 50 mL of distilled water containing 3 mM 
of substrate (29.0  mg of substrate 1 or 26.5  mg of sub-
strate 2). Bioconversions were carried out for 24–72  h 
(Tables  2, 3 and 4) at room temperature with shaking 
(135 rpm).

Method A2: Bioconversion was carried out accord-
ing to Method A1 with the additional biocatalyst starva-
tion period—the biomass was preincubated for 24–48 h. 
under deficiency of the nutrients (Tables  2, 3 and 4). 
After this time, 3 mM of substrate 1 or 2 was added and 
then bioconversion was carried out for the 1–3 days- 
depending on the experiment.

After biotransformation, biomass was removed by 
filtration or centrifugation, and supernatants were 
evaporated under reduced pressure using rotary evapo-
rator. The resulting precipitates were analyzed by NMR 
spectroscopy.

Enantiomeric excess assignment
Optical purity of obtained product was evaluated with 
the 31P NMR spectroscopy recorded with addition of 
α-cyclodextrin applied as the chiral solvating agent 
(CSA). Enantio-discrimination efficiency depends on the 
pH values of the samples, because it influences the for-
mation of the guest–host complexes between cyclodex-
trin and chiral compound [24–28]. So Table  5 includes 
data about the optimal pH (pD) values for particular 
NMR analysis.

As it is shown above (Table 5) the biggest shifts differ-
ence (Δδ) for enantiomers of tested substrates 1 and 2 
was set as pD 11–12 and such parameters were applied 
for further samples preparation. 31P NMR spectrum 
of racemic mixture of compound 1 with addition of 
α-cyclodextrin is presented on Fig.  2c, while the spec-
trum of compound 2 is shown on Fig. 3b.

31P NMR samples were prepared as follows: after bio-
mass separation, the supernatant was evaporated, and 
finally product was dissolved in deuterium oxide (600 
µL). Then α-cyclodextrin (100 mM) was added to the 
sample as a chiral solvating agent. The pH value of sam-
ples was adjusted to the pH ≈ 11–12 with NaOD solution 
and analyzed.

Absolute configuration assignment
After biotransformation, products were purified using 
Medium-Pressure Liquid Chromatography system 
(MPLC): Combi Flash® Rf 150 and reversed phase col-
umn PuriFlash C18-HP,15  μm, 120  g and then High 
Pressure Preparative Liquid Chromatography System 
(Teledyne ISCO ACCQPrep HP125) with reversed phase 
column RediSep Prep C18, 5 μm, 250 mm.

General procedure of purification using MPLC: 50 min 
of isocratic flow of pure water, 20 min from 0 to 100% of 
acetonitrile in water, 10 min of isocratic flow of pure ace-
tonitrile; flow 10 mL/min, death time 3 min,  Rf1 = 7 min 
(compound 1),  Rf2 = 8 min (compound 2).

General procedure of purification using HPLC: 35 min 
of isocratic flow of pure water, 10  min from 0 to 100% 
of acetonitrile in water, 10 min of isocratic flow of pure 
acetonitrile; flow 10 mL/min, death time 7  min,  Rf1 = 
9.5 min (compound 1),  Rf2 = 10 min (compound 2).

Product was dissolved in 1 N NaOH and then optical 
rotation was measured. The optical rotation values were 
as follows: for 1-amino-1-(3-thienyl)methylphosphonic 
acid (1) (e.e. 55%; c = 1.27) [α]22D  = − 7.9 and for 1-amino-
1-(4-imidazole)methylphosphonic acid (2) (e.e. 30%; 
c = 10) [α]22D  = − 1.3.

Absolute configuration of the 1-amino-1-(3-thienyl)
methylphosphonic acid (1) was established using Mosh-
er’s method and was compared to literature data for simi-
lar compound: 1-amino-1-(2-thienyl)methylphosphonic 
acid [29].

2-hydroxy-2-(ethoxyphenylphosphinyl)acetic acid 
(1.59 mmol, 373 mg) was mixed with N,N,N’,N’-tetrame-
thyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophos-
phate (1.91 mmol, 870 mg, HBTU), 1-amino-1-(3-thienyl)
methylphosphonic acid (1) (2.07 mmol, 400 mg) and tri-
methylamine (3.19 mmol, 0.445 mL). This mixture was 
solved in acetonitrile (10 mL) and stirred for 72  h at 
room temperature. After that time, ethyl acetate (10 mL) 
was added to the resulting solution and the mixture was 
washed with 10 mL of 3 M HCl. Organic phase was dried 
with the anhydrous magnesium sulfate, then filtered and 
the liquid residues were evaporated. The obtained prod-
ucts were purified by medium pressure chromatography 
(MPLC) [15] and analyzed by MS: MS(TOF MS ES+) 

Table 5 The dependence of 31P NMR chemical shifts differences (Δδ) on the pD values, recorded in the presence of α‑cyclodextrin 
(100 mM) for racemic mixture of compound 1 and 2 (10 mM)

pD 2.5 4.8 7.5 10.3 11.0 12.0

Compound 1 0.04 0.01 0.00 0.00 0.18 0.24

pD 2.4 4.0 7.1 10.0 11.0 12.0 

Compound 2 0.11 0.00 0.01 0.07 0.11 0.09
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Calcd for  C15H16F3NO5PSNa [M +  Na]+ 432.0258; found: 
432.0256.

1 - ( 3 - th i e ny l ) - 1 - ( 3 , 3 , 3 - t r i f l u o ro - 2 - m e th ox y -
2-phenylpropylamido)-methylphosphonic acid 3.

Isomer (R,S).
31P NMR δ(ppm): 18.22; 1H NMR: δ(ppm) 3.33 (s, 3 H, 

OCH3), 5.34–5.49 (m, 1  H, PCH), 6.86 (d, J = 5.8  Hz, 
1 H,  C4H3S, H-4), 6.94 (s, 1 H,  C4H3S, H-2), 7.01 (m, 1 H, 
 C4H3S, H-5), 7.23–7.56 (m, 5 H,  C6H5), 7.74 (d, J = 9.1 Hz, 
1  H, NH); 13C NMR δ(ppm): 47.92 (d, J = 153.1  Hz, 
1 C, PC), 55.45 (1 C, OCH3), 84.35 (q, J = 25.7 Hz, 1 C, 
C(CF3)), 123.47 (1  C, C4H3S, C-2), 123.95 (q, J = 290.5, 
CF3), 126.13 (1  C, C4H3S, C-5), 127.52 (d, J = 3.4  Hz, 
1 C, C4H3S, C-4), 127.68 (1 C, C6H5), 128.39 (1 C, C6H5), 
128.80 (2  C, C6H5), 129.92 (1  C, C6H5), 132.57 (1  C, 
C6H5), 135.42 (1 C, C4H3S, C-3), 169.18 (1 C, CON).

Isomer (S,S).
31P NMR δ(ppm): 18.31; 1H NMR: δ(ppm) 3.19 (s, 3 H, 

OCH3), 5.34–5.49 (m, 1 H, PCH), 7.02 (m, 1 H,  C4H3S, 
H-4), 7.12 (m, 1  H,  C4H3S, H-5), 7.17 (s, 1  H,  C4H3S, 
H-2), 7.23–7.56 (m, 5 H,  C6H5), 7.89 (d, J = 9.1 Hz, 1 H, 
NH); 13C NMR δ(ppm): 47.99 (d, J = 153.1 Hz, PC), 55.02 
(1 C, OCH3), 84.41 (q, J = 25.7 Hz, 1 C, C(CF3)), 123.54 
(1 C, C4H3S, C-2), 124.06 (q, J = 290.5, CF3), 126.38 (1 C, 
C4H3S, C-5), 127.44 (d, J = 3.4  Hz, 1  C, C4H3S, C-4), 
127.68 (1  C, C6H5), 128.39 (1  C, C6H5), 129.02 (2  C, 
C6H5), 130.00 (1  C, C6H5), 131.74 (1  C, C6H5), 135.42 
(1 C, C4H3S, C-3), 166.86 (1 C, CON).

Absolute configuration of 1-amino-1-(4-imidazole)
methylphosphonic acid 2 was established tentatively by 
optical rotation measurement, using the model—similar 
compound: 1-aminophenylmethanephosphonic acid. As 
a result: (S)-1-amino-1-(4-imidazole)methylphosphonic 
acid 2 was received, what was confirmed by the optical 
rotation measurement [α]22D  = −1.3 (1 M NaOH, c = 10, 
e.e. = 30%)) [30].

Alamar Blue® assay
Alamar Blue® Assay allowed determining the antimi-
crobial activity of tested heterophosphonates. The 1-day 
liquid culture of microorganisms, (E. coli, B. subtilis) was 
prepared on standard LB medium. The absorbance of the 
liquid culture was adjusted to 0.125 optical density (OD) 
at 550 nm using a spectrophotometer. 3-day liquid cul-
ture of R. mucilaginosa was prepared on PDB medium, 
21-day culture of S. bigranulatus on BG-11 medium and 
A. niger was cultivated 5 days on Potato Dextrose Agar 
(PDA). R. mucilaginosa and S. bigranulatus cells, as 
well as A. niger spores were counted on cytometer (BD 
FACSVerse™).

10 different concentrations (1024, 512, 256, 128, 64, 
32, 16, 8, 4, and 2  µg/mL) of the compound 1 and 2 

were prepared using two-fold serial dilution method 
with medium (LB Broth for bacteria, BG-11 for cyano-
bacteria and PDB for fungi). Aliquots were distributed 
as follows: 900 µL of tested compound solution pre-
pared in liquid medium or sterile DI water (negative 
controls) and 100 µL of the liquid cultures were added 
to each Eppendorf tube (final cell concentration in 
tubes was 5·105/mL). Experiments were done in trip-
licate for every set of data. The Eppendorf tubes were 
incubated for 24  h under the proper incubation tem-
perature: either 26 or 37 ̊C for the fungi and bacteria, 
respectively. Tested compounds react with Alamar 
Blue® (Bio-Rad) and as a result resazurin is reduced 
to resorufin. After incubation was accomplished, bio-
masses were separated by centrifugation, and the pel-
lets were rinsed with distilled water (3 times) to remove 
tested compounds. Then, biomass was suspended in 
900 µL of distilled water and 100 µL of the reagent 
Alamar Blue® was added to each tube and absorbance 
was monitored at 570 nm and 600 nm  (LAMBDATM 
XLS, PerkinElmer). If the obtained results exceeded the 
scale of the experiment (1024  µg/mL), the tests were 
repeated in a wider range of concentrations (10; 8; 5; 4; 
2,5; 2; 1,25; 1 mg/mL).

Abbreviations
CSA: Chiral solvating agent; MIC: Minimal inhibitory concentration; α‑CD: 
α‑Cyclodextrin; MPLC: Medium‑pressure liquid chromatography system; 
MTPA: α‑Methoxy‑α‑trifluoromethylphenylacetic acid; PDB: Potato dextrose 
broth; YM: Universal medium for yeasts; MEP: Malt extract peptone broth; PDA: 
Potato dextrose agar; DSMZ: German Collection of Microorganisms and Cell 
Cultures.

Acknowledgements
Not applicable.

Authors’ contributions
EZD, MBR and MKO conceived the study, participated in the coordination of 
the study, assisted in preparing the manuscript and provided editorial contri‑
butions. MSL carried out the experiments and drafted the original manuscript. 
PM determined the absolute configuration, participated in the data analysis 
and helped to draft the manuscript. KLK carried out the experiments and 
assisted in drafting the manuscript. TKO synthesized aminophosphonic acids 
and made valuable inputs in preparing the manuscript. All authors read and 
approved the final manuscript.

Funding
This work was financed by the National Science Centre, Poland, Grant No. 
2016/23/B/NZ9/02721.

Availability of data and materials
A significant part of the data generated and analysed in this study have been 
included in the article. Any further details about datasets used and analysed 
are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.



Page 14 of 14Serafin‑Lewańczuk et al. Microb Cell Fact           (2021) 20:81 

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biochemistry, Molecular Biology and Biotechnology, 
Laboratory of Biotechnology, Wrocław University of Science and Technology, 
Wrocław, Poland. 2 Department of Physical and Quantum Chemistry, Wrocław 
University of Science and Technology, Wrocław, Poland. 

Received: 7 December 2020   Accepted: 26 March 2021

References
 1. Chinchilla R. Special issue: asymmetric synthesis. Molecules. 2017;22:1504. 

https:// doi. org/ 10. 3390/ molec ules2 20915 04.
 2. Ou L, Xu Y, Ludwig D, Pan J, Xu JH. Chemoenzymatic deracemization of 

chiral secondary alcohols: process optimization for production of (R)‑
1‑indanol and (R)‑1‑phenylethanol. Org Process Res Dev. 2008;12:192–5. 
https:// doi. org/ 10. 1021/ op700 253t.

 3. Adam W, Lukacs Z, Saha‑Möller CR, Schreier P. Biocatalytic kinetic resolu‑
tion of racemic hydroperoxides through the enantioselective reduction 
with free and immobilized microorganisms. J Am Chem Soc. 2000;122:20, 
4887–92. https:// doi. org/ 10. 1021/ ja994 530a.

 4. Sevrain CM, Berchel M, Couthon H, Jaffrès P. Phosphonic acid: preparation 
and applications. Beilstein J Org Chem. 2017;13:2186–213. https:// doi. 
org/ 10. 3762/ bjoc. 13. 219.

 5. Mucha A, Kafarski P, Berlicki Ł. Remarkable potential of the 
α‑aminophosphonate/phosphinate structural motif in medicinal chem‑
istry. J Med Chem. 2011;54:17, 5955–80. https:// doi. org/ 10. 1021/ jm200 
587f.

 6. Ma X, Xu Q, Li H, Su Ch, Yu L, Zhang X, Cao H, Han LB. Alcohol‑based 
Michaelis‑Arbuzov reaction: an efficient and environmentally‑benign 
method for C‑P(O) bond formation. Green Chem. 2018;20:3408–13. 
https:// doi. org/ 10. 1039/ C8GC0 0931G.

 7. Sharova EV, Artyushin OI, Odinets IL. Synthetic routes to carbamoyl‑
methylphosphoryl compounds—extractants for the processing of spent 
nuclear fuels. Russ Chem Rev. 2014;83:95–119. https:// doi. org/ 10. 1070/ 
RC201 4v083 n02AB EH004 384.

 8. Fan W, Queneau Y, Popowycz F. The synthesis of HMF‑basedα‑amino 
phosphonates via one‑pot Kabachnik—Fields reaction. RSC Adv. 
2018;8:31496–501. https:// doi. org/ 10. 1039/ C8RA0 5983G.

 9. Fields EK. The synthesis of esters of substituted amino phosphonic acids. 
J Am Chem Soc. 1952;74:1528–31. https:// doi. org/ 10. 1021/ ja011 26a054.

 10. Cytlak T, Skibinska M, Kaczmarek P, Kazmierczak M, Rapp M, Kubickia M, 
Koroniak H. Functionalization of α‑hydroxyphosphonates as a conveni‑
ent route to N‑tosyl‑α‑aminophosphonates. RSC Adv. 2018;8:11957–74. 
DOI:https:// doi. org/ 10. 1039/ C8RA0 1656A.

 11. Bálint E, Tajti A, Ádám A, Csontos I, Karaghioso K, Czugle M, Ábrányi‑
Balogh P, Keglevich G. The synthesis of α‑aryl‑α‑aminophosphonates and 
α‑aryl‑α‑aminophosphine oxides by the microwave‑assisted Pudovik 
reaction. Beilstein J Org Chem. 2017;13:76–86. https:// doi. org/ 10. 3762/ 
bjoc. 13. 10.

 12. Ordóñez M, Viveros‑Ceballos JL, Romero‑Estudillo I. Stereoselective 
synthesis of α‑aminophosphonic acids through Pudovik and Kabachnik‑
Fields reaction. In: Asao T, Asaduzzaman M, Rijeka C.  Amino acid‑new 
insights and roles in plant and animal. New York: InTechOpen; 2017, p 
127–151. DOI: https:// doi. org/ 10. 5772/ intec hopen. 68707.

 13. Martins P, Jesus J, Santos S, Raposo LR, Roma‑Rodrigues C, Baptista PV, 
Fernandes AR. Heterocyclic anticancer compounds: recent advances 
and the paradigm shift towards the use of nanomedicine’s tool box. Mol‑
ecules. 2015;20:16852–91. doi:https:// doi. org/ 10. 3390/ molec ules2 00916 
852.

 14. Rampersad SN. Multiple applications of Alamar Blue as an indicator of 
metabolic function and cellular health in cell viability bioassays. Sensors. 
2012;12(9):12347–60. doi:https:// doi. org/ 10. 3390/ s1209 12347.

 15. Majewska P. Hydroxyphosphinylacetic acid as a chiral auxiliary com‑
pound. Phosphorus Sulfur. 2019;194:4–6. DOI:https:// doi. org/ 10. 1080/ 
10426 507. 2018. 15477 24. 585–590.

 16. Hernandez DL, Hobbie SE. The effect of substrate composition, quantity 
and diversity on microbial activity. Plant Soil. 2010;335:397–411. DOI 
https:// doi. org/ 10. 1007/ s11104‑ 010‑ 0428‑9.

 17. Serafin‑Lewańczuk M, Klimek‑Ochab M, Brzezińska‑Rodak M, Żymańczyk‑
Duda E. Fungal synthesis of chiral phosphonic synthetic platform—Scope 
and limitations of the method. Bioorg Chem. 2018;77:402–10. https:// doi. 
org/ 10. 1016/j. bioorg. 2018. 01. 027.

 18. Vishawantha KS, Appu Rao AG, Singh SA. Characterisation of acid 
protease expressed from Aspergillus oryzae MTCC5341. Food Chem. 
2009;114:402–7. https:// doi. org/ 10. 1016/j. foodc hem. 2008. 09. 070.

 19. El‑Sayed AS, Shindia AA, Zaher Y. L‑Amino acid oxidase from filamentous 
fungi: screening and optimization. Ann Microbiol. 2012;62:773–84. DOI 
https:// doi. org/ 10. 1007/ s13213‑ 011‑ 0318‑2.

 20. Żymańczyk‑Duda E, Dunal N, Brzezińska‑Rodak M, Osiewała A, Olszewski 
TK, Klimek‑Ochab M, Serafin‑Lewańczuk M. First biological conversion of 
chiral heterophosphonate derivative—scaling and paths of conversion 
discussion. Bioorg Chem. 2019;93:102751.

 21. Boduszek B. 1‑aminophosphonic acids and esters bearing heterocyclic 
moiety. Part 2. pyridine, pyrrole and imidazole derivatives. Phosphorus 
Sulfur. 1996;113:1–4. https:// doi. org/ 10. 1080/ 10426 50960 80463 90. 
209–218.

 22. Forlani G, Klimek‑Ochab M, Jaworski J, Lejczak B, Picco AM. Phospho‑
noacetic acid utilization by fungal isolates: occurrence and proper‑
ties of a phosphonoacetate hydrolase in some penicillia. Mycol Res. 
2006;110:1455–63. https:// doi. org/ 10. 1016/j. mycres. 2006. 09. 006.

 23. Rippka R, Deruelles J, Waterbury JB, Herdman M, Stanier RY. Generic 
assignments, strain histories and properties of pure cultures of cyano‑
bacteria. J Gen Microbiol. 1979;111:1–61. https:// doi. org/ 10. 1099/ 00221 
287‑ 111‑1‑1.

 24. Kmiecik N, Serafin M, Olszewski TK, Zymanczyk‑Duda E. Rapid enanti‑
odifferentation of chiral organophosphorus compounds by 31PNMR 
spectroscopy in the presence of α‑cyclodextrin as the chiral solvating 
agent. Spectroscopy. 2017;32:36–9.

 25. Rudzinska E, Dziedzioła G, Berlicki Ł, Kafarski P. Enantiodifferentiation of 
alpha‑hydroxyalkanephosphonic acids in 31P NMR with application of 
alpha‑cyclodextrin as chiral discriminating agent. Chirality. 2010;22:63–8. 
https:// doi. org/ 10. 1002/ chir. 20707.

 26. Kozyra K, Klimek‑Ochab M, Brzezinska‑Rodak M, Zymanczyk‑Duda E. 
Direct determination of enantiomeric enrichment of chiral, underivat‑
ized aminophosphonic acids—useful for enantioselective bioconversion 
results evaluation. Cent Eur J Chem. 2013;11:1542–7. https:// doi. org/ 10. 
2478/ s11532‑ 013‑ 0277‑5.

 27. Berlicki Ł, Rudzinska E, Kafarski P. Enantiodifferentiation of aminophos‑
phonic and aminophosphinic acids with α‑ and β‑cyclodextrins. 
Tetrahedron‑Asymmetr. 2003;14:1535–9. https:// doi. org/ 10. 1016/ S0957‑ 
4166(03) 00273‑8.

 28. Rudzinska E, Berlicki Ł, Mucha A, Kafarski P. Chiral discrimination of ethyl 
and phenyl N‑benzyloxycarbonylaminophosphonates by cyclodextrins. 
Tetrahedron‑Asymmetr. 2007;18:1579–84. https:// doi. org/ 10. 1016/j. tetasy. 
2007. 06. 021.

 29. Mikołajczyk M, Łyżwa P, Drabowicz J. A new efficient procedure for asym‑
metric synthesis of α‑aminophosphonic acids via addition of lithiated 
bis(diethylamino)phosphine borane complex to enantiopure sulfin‑
imines. Tetrahedron: Asymmetry. 2002;13:2571–6.

 30. Kafarski P, Lejczak B, Szewczyk J. Optically active 1‑aminoalkanephos‑
phonic acids. Dibenzoyl‑L‑tartaric anhydride as an effective agent for 
the resolution of racemic diphenyl 1‑aminoalkanephosphonates. Can J 
Chem. 1983;61:2425–30. DOI:https:// doi. org/ 10. 1139/ v83‑ 419.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3390/molecules22091504
https://doi.org/10.1021/op700253t
https://doi.org/10.1021/ja994530a
https://doi.org/10.3762/bjoc.13.219
https://doi.org/10.3762/bjoc.13.219
https://doi.org/10.1021/jm200587f
https://doi.org/10.1021/jm200587f
https://doi.org/10.1039/C8GC00931G
https://doi.org/10.1070/RC2014v083n02ABEH004384
https://doi.org/10.1070/RC2014v083n02ABEH004384
https://doi.org/10.1039/C8RA05983G
https://doi.org/10.1021/ja01126a054
https://doi.org/10.1039/C8RA01656A
https://doi.org/10.3762/bjoc.13.10
https://doi.org/10.3762/bjoc.13.10
https://doi.org/10.5772/intechopen.68707
https://doi.org/10.3390/molecules200916852
https://doi.org/10.3390/molecules200916852
https://doi.org/10.3390/s120912347
https://doi.org/10.1080/10426507.2018.1547724
https://doi.org/10.1080/10426507.2018.1547724
https://doi.org/10.1007/s11104-010-0428-9
https://doi.org/10.1016/j.bioorg.2018.01.027
https://doi.org/10.1016/j.bioorg.2018.01.027
https://doi.org/10.1016/j.foodchem.2008.09.070
https://doi.org/10.1007/s13213-011-0318-2
https://doi.org/10.1080/10426509608046390
https://doi.org/10.1016/j.mycres.2006.09.006
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1002/chir.20707
https://doi.org/10.2478/s11532-013-0277-5
https://doi.org/10.2478/s11532-013-0277-5
https://doi.org/10.1016/S0957-4166(03)00273-8
https://doi.org/10.1016/S0957-4166(03)00273-8
https://doi.org/10.1016/j.tetasy.2007.06.021
https://doi.org/10.1016/j.tetasy.2007.06.021
https://doi.org/10.1139/v83-419

	Phosphonates enantiomers receiving with fungal enzymatic systems
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Alamar Blue assay
	Biotransformation
	Biotransformation of the racemic 1-amino-1-(3-thienyl)methylphosphonic acid (1)
	Biotransformation of racemic mixture of 1-amino-1-(4-imidazole)methylphosphonic acid (2)

	Configurational assignments
	Discussion
	Conclusions
	Methods
	Synthesis of substrates
	Synthesis of 1-amino-1-(3-thienyl)methylphosphonic acid (1)
	Synthesis of 1-amino-1-(4-imidazole)methylphosphonic acid (2)

	Microorganism
	Biocatalyst preparation—microorganisms cultivation
	Cultivation of filamentous fungi
	Cultivation of yeast
	Cultivation of bacteria and cyanobacteria
	Biotransformation procedure
	Enantiomeric excess assignment
	Absolute configuration assignment
	Alamar Blue® assay


	Acknowledgements
	References




