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is of a-aminophosphonates by
yttrium-catalyzed Birum–Oleksyszyn reaction†

Davide Ceradini and Kirill Shubin *

For the first time, yttrium triflate was used as an efficient green catalyst for the synthesis of a-

aminophosphonates through a one-pot three-component Birum–Oleksyszyn reaction. Under the action

of this Lewis acid, enhancement of the yield and reaction chemoselectivity was provided by the

achievement of an appropriate balance in the complex network of reactions.
Multicomponent reactions are commonly used to achieve
molecular complexity. In particular, one-pot three-component
reactions have been exploited for the synthesis of a-amino-
phosphonates. These organophosphorus compounds have
attracted the attention of medicinal chemists due to their
similarity to a-amino acids. They nd application in agriculture
as plant growth regulators1 and herbicides,2 in medicinal
chemistry as antibacterial,3,4 antiviral5 and antitumor agents,6

activity-based probes,7 and building blocks for peptides and
proteins.8 Since the rst preparation of a-aminophosphonates,
reported in 1952 by Fields,9 various methods for their synthesis
have been proposed.10–16 Nowadays, one-pot three-component
condensation of aldehyde, amine, and phosphite, catalyzed by
an excess of acetic acid, is the most common method due to its
simplicity and, in general, high yields of products.4 Application
of Lewis acids as the catalyst instead of Brønsted acids was rst
reported in 1973 by Birum.17 The advantage of Lewis acids is
their compatibility with acid-sensitive functional groups that,
under typical conditions (glacial acetic acid) would be degraded.

Condensation of aldehyde, carbamate, and triaryl phosphite
has been named as Birum–Oleksyszyn reaction.18 Recently,
a new biologically active a-aminophosphonate (UAMC-00050)
was developed at the University of Antwerp.19–21 This diary-
lphosphonate shows good inhibitory activity against urokinase
plasminogen activator (uPA), an enzyme involved in several
physiological processes, such as tissue remodeling.22 uPA can
be also involved in the development of different diseases, for
example, thrombolytic disorder,23 cancer,24 and eye diseases.25

UAMC-00050 is currently under investigation for the treatment
of irritable bowel syndrome26 and dry eye disease.21 The key step
of the synthesis of UAMC-00050, proposed by Joossens et al.,19,21

involves Birum–Oleksyszyn reaction, catalyzed by Cu(OTf)2 in
acetonitrile, which, on a small scale, provides 20% yield of the
product (Scheme 1). In current work, a new catalyst has been
Aizkraukles St., Riga, LV-1006, Latvia.
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introduced for the Birum–Oleksyszyn reaction. For the rst
time, we report the use of yttrium salt in a one-pot three-
component synthesis of a-aminophosphonates, which
provides a remarkable improvement of the yield of product for
the key step in the synthesis of UAMC-00050. The scope of the
protocol has been demonstrated on a variety of aldehydes,
phosphites, and carbamates.

In the frame of the dry eye disease drug development (IT-
DED3) project,27 we have worked toward upscaling of the
synthetic route and providing larger amounts of UAMC-00050
for more detailed research of its biological activity.

During our attempts to upscale the key step to 3.0 g scale, we
noticed a considerable decrease of the yield of product from
20% to 11%. In our view, the poor outcome of the process
cannot be attributed to the Birum–Oleksyszyn reaction alone.
The nature of substituents in the target molecule affects the
overall efficiency of the transformation through both the main
and a number of side reactions (Scheme 2). This three-
component reaction involves unstable paracetamol phosphite
1, aliphatic aldehyde 2 bearing Boc-protected amino group, and
Scheme 1 Conditions for the preparation of intermediate 4 in the
synthesis of UAMC-00050 (5).
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View Article Online
benzyl carbamate 3 (Scheme 1). In general, aliphatic aldehydes
are less reactive in Birum–Oleksyszyn reaction, which conse-
quently requires a stronger catalyst or longer reaction time to
achieve satisfactory yield of product.15,28 The imine generated
from the condensation of carbamate and aldehyde is highly
reactive and can add a second molecule of carbamate forming
aminal 7.29 Compound 7 can participate in Arbuzov-type reac-
tions,30 if, as hypothesized, it is converted into reactive cation 13
by Brønsted29 or Lewis acid.31 However, Lewis acid-catalyzed
reactions of aminal 7 or its analogs and triaryl phosphites are
not known.

The presence of paracetamol moiety complicates the
synthesis due to the lower stability of its phosphorus esters both
in starting triaryl phosphite and in the formed a-amino-
phosphonate. In the reaction environment, they readily hydro-
lyze with one equivalent of water formed in the condensation of
aldehyde 2 and the carbamate 3 generating diarylphosphite 9
and monoaryl side product 10.

As previously reported, product 4 is stable in the presence of
water.21 However, under the reaction conditions, hydrolysis
proceeds with the help of the Lewis acid.32 With prolonged
reaction time (i.e., 24 h) we noticed a decrease in the yield of
product 4 almost in half compared to the yield obtained in the
reaction performed for 4 h and formation of acid 10 as the
major side product.

Application of N-Boc-protected starting material is also
challenging, since, in the presence of a Lewis acid catalyst,
partial removal of the Boc group takes place and unprotected
amino aldehyde 11 forms black-brown polymer 12 (Scheme 2).

Improving the overall efficiency of the synthesis of a-ami-
nophosphonate 4 requires simultaneous promotion of imine
formation and Birum–Oleksyszyn reaction and suppression of
unwanted hydrolysis and Boc group removal. In search for
Scheme 2 Birum–Oleksyszyn reaction as the key step and possible side

39148 | RSC Adv., 2021, 11, 39147–39152
optimal conditions, we initiated screening of various acidic
catalysts using equimolar ratio (1 : 1 : 1) of aldehyde 2, carba-
mate 3, and phosphite 1 with 10 mol% load of the catalyst in
MeCN performing the reaction at room temperature for 4 h.19

Acetonitrile proved to be an optimal solvent for the preparation
of 4, it is polar enough to dissolve all the starting materials, it is
not a concern for the environment, like DCM, and it does not
hydrolyze the product like protic solvents: MeOH, EtOH and
H2O.

In Table 1, a group of 18 catalysts (16 Lewis acids and 2
Brønsted acids) is reported and yields of isolated product 4 have
been indicated. The reaction occurs spontaneously, but it needs
a catalyst to proceed in an acceptable speed to avoid the
formation of impurities. Reaction in AcOH did not provide any
product, since a complete decomposition of starting materials
took place. In contrast, TfOH showed a much better
performance.

Although the yield of product 4 was low (13%), TfOH
provided a much better stability of compound 4 toward the
hydrolysis (82% of it survived vs. only 18% of the hydrolyzed 10).
Lewis acids like TiCl4, Cu(OTf)2, ZnCl2, and FeCl3 are commonly
used in three-component synthesis of a-amino-
phosphonates.18,33–35 Triate salts were included in the list
because of their enhanced stability in the presence of water
generated aer the condensation of aldehyde 2 and carbamate
3.36,37

As reported in literature, phosphodiesters can be hydrolyzed
by Lewis acids.32,38 Paracetamol-containing phosphorus esters
are much more sensitive to the presence of water compared to
their alkyl analogs. Therefore, analysis of the catalyst efficiency
can be carried out by using an additional parameter – selectivity
for the formation of the target diester 4 compared to the
proportion of the hydrolyzed monoester side product 10. This
reactions in the synthesis of UAMC-00050.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07718j


Table 1 Screening of catalysts for the synthesis of compound 4a

Entry Catalyst Yield of product 4, %b Ratio 4/10 Selectivity, %c

1 AcOHd 0 0 : 100 0
2 TiCl4 8 44 : 66 44
3 ZrCl4 8 81 : 19 81
4 Cu(OTf)2 11 76 : 24 76
5 BiCl3 13 74 : 26 74
6 TfOH 13 82 : 18 82
7 Mg(OTf)2 14 50 : 50 50
8 FeCl3 15 68 : 32 68
9 LiOTf 15 85 : 15 85
10 Sc(OTf)3 16 81 : 19 81
11 Et2O$BF3 16 76 : 24 76
12 Bi(NO3)3$5H2O 19 76 : 24 76
13 Yb(OTf)3 20 67 : 33 67
14 SnCl4 22 57 : 43 57
15 ZnCl2 22 81 : 19 81
16 La(OTf)3 25 69 : 31 69
17 Bi(OTf)3 31 76 : 24 76
18 AcOH 35 54 : 46 54
19 Y(OTf)3 42 80 : 20 80
20 Y(OTf)3

e 17 84 : 16 84
21 Y(OTf)3

f 31 66 : 34 66

a Reaction conditions: 1.0 equiv. of aldehyde 2, 1.0 equiv. of phosphite 1, 1.0 equiv. of benzyl carbamate 3 and 10 mol% of Lewis acid, anhydrous
MeCN, under argon, RT, 4 h. b Isolated yield. c Selectivity expressed as a percent ratio of compounds 4 and 10. d AcOH as a solvent. e 1.0 equiv.
trimethyl orthoformate (TMOF). f 1.5 g of 4 Å MS.
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parameter is expressed as a percentage ratio of com-
pounds 4 and 10, obtained from HPLC-UV assay with internal
standard. Diagram with yield of product 4 on the horizontal axis
and selectivity of the formation of compound 4 on the vertical
axis is shown on Fig. 1.

For example, Lewis acids like TiCl4, Mg(OTf)2, and SnCl4
hydrolyzed up to a half of diester 4 comprising the group with
the lowest overall efficiency. On the other hand, LiOTf provided
the best compatibility with diester 4 and the lowest degree of
hydrolysis (85% of diester 4 preserved), but only a moderate
yield of 15%. The two elements of group 1 and group 2 in
catalysts LiOTf andMg(OTf)2 both provided low yield of product
4 (15% and 14%, respectively) but different selectivity, quite
high for lithium (85%) and moderate for magnesium (50%).

Three different salts of bismuth were tested, for all of which
similar selectivity was registered (74–76%). However, quite large
difference in yields of compound 4 was observed – 13% for
BiCl3, 19% for Bi(NO3)3$5H2O, and 31% for Bi(OTf)3. Eight tri-
ate salts were screened and provided a wide range of yield and
selectivity. Cu(OTf)2 was the most ineffective in terms of yield,
while Mg(OTf)2 was the least selective toward the formation of
product 4. Among four chloride salts, group 4 elements in
catalysts TiCl4 and ZrCl4 ensured the same low yield of product
4 (8%) but differed in selectivity two-fold (44 and 81%,
© 2021 The Author(s). Published by the Royal Society of Chemistry
respectively). At the same time, SnCl4 and ZnCl2 afforded
product 4 in three times higher yield (22%), but selectivity of
SnCl4 was much lower (57 vs. 81% for ZnCl2). The poor perfor-
mance of TiCl4 and SnCl4 can be explained by their hydrolysis
with liberation of HCl under the reaction conditions. FeCl3 was
reported as an excellent catalyst for the synthesis of a-amino-
phosphonates from alkylphosphites,39 but, in the case of triaryl
phosphite 1, it was able to provide product 4 in only 15% yield
with 68% selectivity.

In addition, it was found that strong Lewis acids (e.g., TiCl4
and BF3) generate a large amount of a brown-black side product
(polymer 12) formed by the removal of Boc protecting group and
subsequent reaction of amine and aldehyde (Scheme 2).

Less strong Lewis acids (e.g., Mg(OTf)2 and LiOTf) generated
signicantly less polymer 12, however, most of aldehyde 2 was
le unreacted providing poor conversion of the starting
materials.

An interesting comparison can be made between elements of
group 3 – Y(OTf)3 provided the highest yield (42%) and good
selectivity (80%) of diaryl product 4, Sc(OTf)3 showed similar
selectivity (81%) but affordedmuch lower yield (16%) of product
4. Yb(OTf)3 and La(OTf)3 are located in the middle of Fig. 1,
since they ensured formation of product 4 in 20 and 25% yield
and with selectivity of 67 and 69%, respectively.
RSC Adv., 2021, 11, 39147–39152 | 39149
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Fig. 1 Yield of product 4 (horizontal axis, percent) and selectivity of
the formation of diaryl product 4 compared to monoaryl product 10
(vertical axis, percent ratio).

Fig. 2 Scope of Birum–Oleksyszyn reaction catalyzed by Y(OTf)3 in
anhydrous MeCN under argon. All the %yield presented is isolated
yield.
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The group of best-performing catalysts includes ZnCl2,
La(OTf)3, Bi(OTf)3, and Y(OTf)3. On the scale of 3 g of target
compound 4, the best performance was achieved with Y(OTf)3,
which provided the highest yield (42%), almost 4 times higher
than in the case of Cu(OTf)2 (11%). The stability of the para-
cetamol diester group was also one of the highest – only 20% of
diester was hydrolyzed.

This catalyst was used for elucidation of the behavior of
aminal 7 in the reaction system. Y(OTf)3-catalyzed reaction of
aldehyde 2 and 2.0 equiv. of carbamate 3 aer 2 h provided
compound 7, which proved to be bench-stable and easily
isolable. Aminal 7 was then reacted with tri(paracetamol)
phosphite 1 under standard conditions in the presence of
Y(OTf)3. Aer 4 h, HPLC-UV assay with an internal standard
showed only half amount of phosphonate 4 compared to that
obtained in three-component Birum–Oleksyszyn reaction.

According to these data, it can be concluded that aminal 7
can react with phosphite 1 but is twice less reactive than imine
6. Therefore, one-pot three-component reaction with in situ
formation of imine is a preferable strategy for the synthesis of
aryl a-aminophosphonates. Dehydrating agents like 4 Å MS and
trimethyl orthoformate (TMOF) were not able to increase the
yield over the standard protocol. A small increase in selectivity
from 80% to 84% was noted when TMOF was used but with
a much lower yield of 4 (17%).

With the optimized conditions in hand, the efficiency of
Y(OTf)3 catalyst in the Birum–Oleksyszyn reaction was investi-
gated using various aldehydes, carbamates, and aryl phosphites
(Fig. 2). The highest yields of products were obtained for acti-
vated phosphites, for example, tris(p-methoxyphenyl) phosphite
and the tris(p-acetamidophenyl) phosphite, combined with
benzyl carbamate 3 and aromatic aldehydes (18, 22). The
electron-donating substituent in phosphite facilitates the
39150 | RSC Adv., 2021, 11, 39147–39152
nucleophilic attack of phosphorus atom on the imine. Aliphatic
aldehydes represented by t-butyl [4-(2-oxoethyl)phenyl]carba-
mate and 2-phenylacetaldehyde afforded lower yields (38–48%)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of products (4, 29, 33) compared to the yields (72–92%) of
products derived from benzaldehyde (14, 15, 17, 18). Among
aromatic aldehydes, interesting results were obtained demon-
strating how different halogen substituents in the para-position
affect the yield of the respective product: 4-chlorobenzaldehyde
(21) and 4-bromobenzaldehyde (26) provided higher yields (55
and 54%, respectively) compared to 4-uorobenzaldehyde (20,
36%) and 4-iodobenzaldehyde (27, 25%). For product 27 the
poor yield might be caused by its diminished solubility of
starting aldehyde in MeCN. Compared to the standard condi-
tions (application of AcOH) of Birum–Oleksyszyn reaction, the
selected Lewis acid catalyst allows to perform the synthesis of a-
aminophosphonates using acid-labile compounds, as demon-
strated by the examples with t-butyl carbamate (34–36) and Boc-
protected amine (4, 33). While yields of products 34 and 35 (43
and 41%, 34 and 35) were lower compared to those obtained for
CbzNH2 analogs (82 and 64%, 14 and 19), there were no
elevated amounts of hydrolysis products. The lower conversion
of starting materials might be explained by the higher steric
hindrance of the tert-butyl group.18 Similarly, tri(o-tolyl)phos-
phite provided lower yields of products (34 and 26%, 16 and 25)
when compared to the analogous reaction with triphenyl
phosphite (82 and 55%, 14 and 21) and tri(p-tolyl)phosphite (75
and 43%, 15 and 24). These differences in yields also might be
attributed to the increased steric hindrance near the phos-
phorus atom, which obstructs the nucleophilic attack of phos-
phite toward imine.

In general, the developed catalytic conditions using Y(OTf)3
are well compatible with a variety of functional groups in both
aldehyde and phosphite. When comparing series with benzal-
dehyde (15, 17, and 18) and 4-chlorobenzaldehyde (22, 23, and
24), the hydrolyzed side product was detected only in case of
product 17 and 22 testifying the lower stability of the para-
cetamol ester.

Conclusions

The Birum–Oleksyszyn step for the synthesis of UAMC-00050
showed to be a complex reaction with many side products.
Optimization of the conditions with achieving of a proper
balance between main and side reactions was necessary to
increase the yield and provide a product with a better purity
prole. Among 18 tested catalysts, Y(OTf)3 was selected as the
most suitable and was used for the rst time in the Birum–

Oleksyszyn reaction. This Lewis acid, not only allowed us to
avoid the use of the environment unfriendly copper but is
capable to provide good conversion of the starting materials
and selective formation of product ensuring increased stability
of hydrolytically unstable aryl phosphonates under the reaction
conditions.40 On a 3.0 g scale, it provided a-aminophosphonate
4, a key intermediate in the synthesis of uPA inhibitor UAMC-
00050, in 42% isolated yield. Y(OTf)3 is compatible with
various functional groups, such as Boc, cyano, hydroxy, meth-
ylthio, and nitro group, and is suitable for the Birum–Oleksys-
zyn reaction under very mild conditions. On the contrary to the
conditions using acetic acid, application of Y(OTf)3 as a catalyst
allows to conduct the synthesis of a-aminophosphonates with
© 2021 The Author(s). Published by the Royal Society of Chemistry
acid-labile substrates. The new methodology opens up the
opportunity for a more green,41 and cost-effective synthesis of
UAMC-00050 or other analogous a-aminophosphonates and is
suitable for further upscale.
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