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ANNOTATION

Development of scalable synthesis for selected serine protease uPA inhibitors. Ceradini D.,
supervisor Prof. Dr. Chem. Jirgensons A. and Dr. Chem. Shubin K. Doctoral thesis, 252 pages, 16
figures, 45 tables, 83 schemes, 133 references, 4 appendices. In English

DRY EYE DISEASE, a-AMINOPHOSPHONATES, BIRUM-OLEKSYSZYN, YTTRIUM
CATALYSIS, DESIGN OF EXPERIMENT, CHIRAL CARBAMATES

Dry eye disease (DED) is a widespread illness, with a prevalence ranging from 8.7 to 30.1 % of
the population. Due to a limited number of therapies present on the market, development of new
drugs is highly desirable. a-Aminophosphonate UAMC-00050, is a perspective lead compound for
the treatment of DED. However, upscale of medicinal chemistry route for its preparation met with
several problems: poor yields for some of the steps, hazardous reagents, and suboptimal
environmental footprint. This doctoral thesis discuss the optimization of a multigram synthesis of
UAMC-00050. In the update synthetic route, environmental unfriendly solvents were excluded and
hazardous reagents were replaced with safer alternatives, more efficient in terms of atom economy.
Every step was carefully studied to improve the yield and design of experiment (DoE) was used to
find the optimum conditions in the last reaction. Yttrium triflate was discovered as an efficient
green catalyst for the synthesis of a key intermediate through a one-pot three-component Birum—
Oleksyszyn reaction. To reduce the process mass intensity, flash chromatography purifications of
intermediates were substituted with alternative techniques (extraction, crystallization, antisolvent
precipitation). The overall yield was increased from 3 % in the medicinal chemistry route to 22 %
in the process development route. The optimized protocol was applied, with the necessary changes,
for the preparation of the close analogues of UAMC-00050: UAMC-0004206 (a backup compound
for UAMC-00050) and UAMC-0004207 (a compound that will be tested as proof of concept for
the activity of a-amino-4-chlorophenolphosphonates). Finally, a series of chiral carbamates were
prepared to test a diastereoselective Birum-Oleksyszyn reaction promoted by yttrium triflate.
Various new a-aminophosphonates were synthesized with dr up to 75:25.



ANOTACIJA

Meérogojamas sintézes izstrade izvélétiem serina proteazes uPA inhibitoriem. Ceradini D.,
vaditajs Prof. Dr. Chem. Jirgensons A. un Dr. Chem. Subins K. Promocijas darbs, 253 lapas, 16
atteli, 45 tabulas, 83 shémas, 133 atsauces, 4 pielikumi.

SAUSAS ACS SINDROMS, o-AMINOFOSFONATI, BIRUM-OLEKSYSZYN, ITRIJA
KATALIZE, EKSPERIMENTA IZSTRADE, HIRALIE KARBAMATI

Sausas acs sindroms (SAS) ir plasi izplatita slimiba, kas sastopama no 8,7 1idz 30,1 % iedzivotaju.
Ta ka komerciali ir ierobezoti daudzi terapijas veidi, jaunu zalu izstrade joprojam ir loti aktuala.
SAS arstésanai viena no perspektivakajam vielam ir svinu satuross savienojums a-aminofosfonats
UAMC-00050. Tomér sint€zes mérogosana savienojuma iegiiSanai saskaras ar vairakam
problémam: zemu iznakumu daZos sintézes posms, bistamiem reagentiem un kaitigu ietekmi uz
vidi. Saja promocijas darba apskatita UAMC-00050 lielapjoma sintézes optimizacija. Optimizétaja
sintézes metodika tika izslégti videi kaitigi $kidinataji, un bistamie reagenti aizstati ar drosakam
alternativam, kas ir efektivaki atomu ekonomijas zina. Riipigi tika izpétits katras sintézes stadijas
iznakums un p&dgjas stadijas optimalako apstaklus atrasanai tika izmantota eksperimenta dizaina
(DoE) metodika. Ka efektivs zalais katalizators galvena starpprodukta iegiiSanai viena-trauka
triskomponentu (Birum - Oleksyszyn) reakcija tika atrasts itrija triflats. Lai samazinatu procesa
masas intensitati, starpproduktu attiriSanu ar kolonu hromatografiju aizstaja ar alternativam
metodeém: ekstrakciju, kristalizaciju, izgulsnéSanu ar pretskidinataju. Kopgjais iznakums palielinats
no 3 % medicinas kimijas cela lidz 22 % procesu kimijas izstrades cela. NepiecieSamibas gadijuma
veicot izmainas, optimiz&ta metodologija izmantota ari UAMC-00050 tuvu analogu iegii$anai:
UAMC-0004206 (UAMC-00050 rezerves savienojums) un UAMC-0004207 (savienojums, kas
tiks parbaudits ka a-amino-4-hlorfenolfosfonatu aktivitates koncepta pieradijums). Visbeidzot tika
iegita virkne hiralu karbamatu, lai parbauditu itrija triflata kataliz&tu diastereoselektivo Biruma-
Oleksisina reakciju. Tika iegtti dazadi jauni o-aminofosfonati ar diastereoméru attiecibu Iidz
75:25.
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1 INTRODUCTION

Dry eye disease (DED) also known as keratoconjunctivitis sicca is a multifactorial disease of
the ocular surface? that affects hundreds of millions of people around the world.? Risk factors for
the development of DED include advanced age, female sex, hormonal imbalance, autoimmune
disease, abnormal corneal innervation, vitamin deficiency, environmental stress, contact lens use,
infection, medication use, and ophthalmic surgery.® The disease is characterized by a dry, gritty,
or burning feeling in the eye, as well as excessive tearing and photosensitivity.* DED is an
inflammatory disease that involves both metabolic and immune dysregulation. An increasing
osmolarity in the tear film can induce oxidative conditions at the ocular surface which activates a
pathological cascade. Recently, a new biologically active a-aminophosphonate, (UAMC-00050,
product 1, Scheme 1.1) was developed at the University of Antwerp as a drug lead for the treatment
of DED.>® The molecule is a peptidic diphenyl phosphonate serine protease inhibitor which forms
a covalent bond with the serine side chain hydroxyl group, at the active site of an enzyme. The
selectivity profile of this type of compounds is usually enforced by incorporating peptidic tails. In
contrast, Joossens et al. demonstrated that a potent and selective inhibition can also be achieved
with small, non-peptidic diphenyl phosphonates. The diarylphosphonate UAMC-00050 shows
good inhibitory activity against urokinase plasminogen activator (UPA) and other trypsin-like
serine proteases, which are involved in eye diseases. Animals treated with UAMC-00050
displayed a significant reduction in ocular surface damage after evaluation with sodium
fluorescein, compared to untreated, vehicle-treated, and cyclosporine-treated animals. The
concentrations of IL1o and TNFa were also significantly reduced in tear fluid from UAMC-00050
treated rats. Additionally, the inflammatory cell infiltration in the palpebral conjunctiva (CD3 and
CD45), was substantially reduced. An accumulation of pro-MMP9 and a decrease in active MMP9
were found in tear fluid from animals treated with UAMC-00050, suggesting that trypsin-like
serine proteases play a role in activating MMP9 in ocular inflammation in this animal model. The
medicinal chemistry route for the preparation of UAMC-00050 starts from the commercially
available 4-aminophenethyl alcohol (4). After the protection of the amine with Boc2O in the
presence of triethylamine (TEA), alcohol 6 is oxidized to aldehyde 7 with Dess-Martin periodinane
(DMP). The molecule’s core (9) is built by a one-pot three-component Birum-Oleksyszyn reaction
between aldehyde 6, benzyl carbamate (8) and phosphite 3, using copper triflate as a catalyst.”
Triarylphosphite 3 was prepared from paracetamol (2) and used as a crude product. Then the Boc
group was removed in TFA/DCM (1:1 v/v) to generate salt 9. The guanidine moiety was inserted
using N,N’-di-Boc-1H-pyrazole-1-carboxamidine (10), the two Boc groups were removed with
TFA/DCM 1:1 v/v and the trifluoroacetate counterion was ion exchanged with chloride after
stirring compound 12 with a DOWEX 1X8 Cl resin to get 1 (Scheme 1.1).°
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Scheme 1.1. Medicinal chemistry route of UAMC-00050

1.1 Actuality of the topic

DED, as a combination of symptoms and signs, has an overall prevalence ranging from 8.7 to
30.1 %.2 The incidence of DED has also been reported growing, in a Caucasian population, aged
between 48 and 91 years, 13.3 % of individuals developed symptomatic DED over 5 years and
21.6 % over 10 years.'? Artificial tears are the most common treatment for DED patients, however,
despite providing immediate relief, they do not possess any anti-inflammatory properties. On the
other hand, topical application on the eye surface of cyclosporine A (Restasis) showed a reduction
of the inflammatory signs in the eye, however, some patients show incomplete response to
cyclosporine A or significant side effects. Corticosteroids are also used to decrease inflammation
of the eye surface, but they can be employed only for a short amount of time due to their several
adverse effects. Recently, the small molecule Lifitegrast (Xiidra) was approved by FDA for the
treatment of keratoconjunctivitis sicca. The new compound showed promising results in
randomized clinical trials. With just one drug developed exclusively for DED, there is a necessity
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for further studies to find an alternative to Lifitegrast which may possess a better efficacy in the
treatment of DED. Serine proteases play a role in the development of DED signs and symptoms by
promoting inflammatory protein expression and have a direct influence on the degradation of
extracellular matrix component. Investigation and development of serine protease inhibitors
represent a good change to provide and efficient alternative to patients with DED.

1.2 Aims and objective
1.2.1 Overall goal of the thesis

The main goal of this thesis is to develop a scalable synthesis of the a-aminophosphonate
UAMC-00050. The new route must provide the final material with a higher yield than the medicinal
chemistry route, which suffers from a poor overall yield (3 %). In particular, to develop a practical
synthesis of UAMC-00050, the Birum-Oleksyszyn step represented a bottleneck for the overall
yield and purity of the final material. Optimization work was necessary to prepare phosphite 3 due
to its high reactivity with oxygen and water. Purity of 3 was important to curb the generation of
side products in the Birum-Oleksyszyn step. For the preparation of aldehyde 7, we seek to remove
the Dess-Martin periodinane (DMP) as oxidizing agent due to its low atom economy and its oxidant
sensitiveness.!! To reduce the costs, alternatives to N,N'-di-Boc-1H-pyrazole-1-carboxamidine
(11) were explored for the formation of guanidine moiety in compound 12. To lower the process
mass intensity (PMI), alternatives to flash chromatography in the purification of the intermediates
were developed. As a secondary goal, we aimed to provide 3 - 5 g of the a-aminophosphonates
UAMC-0004206 (14) which was planned to be used as a follow-up inhibitor of UAMC-00050 and
UAMC-0004207 (15) which was used to investigate the activity of 4-chloro-substituted-
phosphonate derivatives (Figure 1.1). Furthermore, we aimed to perform the separation of the two
enantiomers of UAMC-00050 (1) to determine the biological activity of the isomers. As a part of
this endeavor we attempted to develop a new enantioselective and diastereoselective method for
the synthesis of a-aminophosphonates.

14
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Figure 1.1. Structure of UAMC-0004206 and UAMC-0004207

1.2.2 Task of the thesis

The thesis’ task can be summarized in the following points:

1. Develop a new synthetic route for the preparation of UAMC-00050 considering, overall
yield, safety, environmental footprint, and cost. Target purity > 98 %.

2. Provide 2 - 5 grams of selected a-aminophosphonates UAMC-0004206 (14) and UAMC-
0004207 (15). Target purity > 95 %.

3. Separate two enantiomers of UAMC-00050 in order to understand if the two sterecisomers
possess different inhibitory activity against uPA.

4. Investigate enantioselective or diastereoselective synthesis of a-aminophosphonates which
can be later applied to the preparation of UAMC-00050.

1.2.3 Scientific significance and novelty

In this work, a new optimized route for the preparation of UAMC-00050 was developed. The
overall yield was increased from 3 to 22 %. Dichloromethane (DCM) was completely removed
from the process. The Anelli-Montanari protocol with NaCIO/TEMPO was successfully used as
an alternative to DMP for oxidation of the alcohol, increasing the safety and the atom economy of
the process. A large part of our work was spent on the optimization of the Birum-Oleksyszyn step.
After a screen of catalyst yttrium triflate, employed for the first time in this reaction, was found to
provide a higher yield than was then further increased using trifluoroacetic anhydride (TFAA) as
an additive and the mixture of THF/MeCN 1:1 v/v as reaction medium. The expensive reagent,
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N,N’-Di-Boc-1H-pyrazole-1-carboxamidine was substituted with the cheaper cyanamide for the
guanylation reaction and a design of experiment approach was used to find the optimum conditions.
a-Aminophosphonates UAMC-0004206 (14) and UAMC-0004207 (15) were prepared for the first
time using a combination of the newly developed route and the old medicinal chemistry route of
UAMC-00050. The two enantiomers of UAMC-00050 were isolated and tested, and a 10-fold
difference in activity was found between the two enantiomers. Finally, stereoselective synthesis of
a-aminophosphonates employing chiral carbamates was investigated. The highest
enantioselectivity reached for the product 16 synthesis was modest (Figure 1.2).
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Figure 1.2. Structure of model compound 16 used to test the efficacy of the stereoselective
preparation of a-aminophosphonate with chiral carbamate.

1.2.4 Practical significance

The work provided a new protocol for the preparation of UAMC-00050 which can be safely and
easily reproduced to prepare several grams of the drug substance in a short time. The process
represents also a good starting point for a multigram upscale and GMP production. Newly prepared
a-aminophosphonates UAMC-0004206 and UAMC-0004207 were tested in vitro, both compounds
showed a better selectivity against uPA, versus Cat G, trypsin, thrombin, and tryptase. The two
enantiomers of UAMC-00050 were separated and tested in vitro. Since the using enantiopure
UAMC-00050 did not increase dramatically the activity it was decided to proceed with the
development of UAMC-00050 as a racemic mixture.

1.2.5 Main thesis to defend

The newly developed route to UAMC-00050 is more effective in terms of yield, it is safer and
has a lower impact on the environment. The reduced solvent and silica consumption, and the lower
cost of the reagents made the new process cheaper than the medicinal chemistry route.
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1.2.6 Structure and volume of the thesis

The thesis comprises five main chapters: introduction, literature review, result and discussion,
conclusion, and experimental part. In the introduction, we state the nature of the disease, the
discovery and biological properties of UAMC-00050, the problems of the medicinal chemistry
route and the necessity of a stereoselective preparation of UAMC-00050. The literature review is
divided into three parts. In the first two parts, we report examples of the Birum-Oleksyszyn reaction
and the catalytic oxidation of the alcohol while in the third part we report a series of strategies to
obtain chiral a-aminophosphonates. The results and discussion represent chapter 3, which is
divided in five sections. 3.1 Process optimization of UAMC-00050, 3.2 activity-based probes, 3.3
process optimization of UAMC-0004206, 3.4 process optimization of UAMC-0004207 and 3.5
stereoselective preparation of UAMC-00050. The thesis has been written in English and it consists
of 252 pages, 45 tables, 83 schemes, 16 figures, 133 references, and 3 appendices.

1.2.7 Approbation of the thesis

The results of the present thesis are discussed in 4 scientific papers and 3 international conferences
Articles:

1. Ceradini, D., Shubin, K. One-pot synthesis of a-aminophosphonates by yttrium-catalyzed
Birum-Oleksyszyn reaction RSC Adv., 2021, 11, 39147-39152.
doi.org/10.1039/D1RA07718]

2. Ceradini, D., Shubin, K. New methods for the synthesis of phosphono-&-lactones
(microreview). Chem Heterocycl Comp, 2021, 57, 1167-1169. doi.org/10.1007/s10593-
021-03038-7

3. Ceradini, D., Cacivkins, P., Ramos-Llorca, A., Shubin, K. Improved Synthesis of the
Selected Serine Protease uPA Inhibitor UAMC-00050, a Lead Compound for the Treatment
of Dry Eye Disease. OPRD, 2022, 26, 10, 2937-2946. doi.org/10.1021/acs.oprd.2c00244

4. Ramos-Llorca, A.; Decraecker, L.; Cacheux, V. M. Y.; Zeiburlina, I.; De bruyn, M.; Battut,
L.; Moreno-Cinos, C.; Ceradini, D.; Espinosa, E.; Dietrich, G.; Berg, M.; De Meester, |.;
Van Der Veken, P.; Boeckxstaens, G.; Lambeir, A.-M.; Denadai-Souza, A.; Augustyns, K.
Chemically Diverse Activity-Based Probes with Unexpected Inhibitory Mechanisms
Targeting Trypsin-like Serine Proteases. Frontiers in Chemistry, 2023, 10.
doi.org/10.3389/fchem.2022.1089959 (in press)
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Conferences:

1. Ceradini, D. Process optimization of the synthesis of UAMC-00050, a novel uPA inhibitor.
XXVI EFMC International Symposium on Medicinal Chemistry (EFMC-ISMC 2021).
Online August 29" — September 2" 2021.

2. Ceradini, D. Process optimization of the synthesis of UAMC-00050, a novel uPA inhibitor.
12" Paul Walden Symposium on Organic Chemistry. Online, 28-29" October 2021.

3. Ceradini, D. Upscaling of lead compounds from WP1 and enantioselective synthesis of the

serine protease inhibitor UAMC-00050. Symposium DRY EYE DISEASE IT-DED?3
Consortium Meeting. Paris, France, 2"9-3" December 2021.

18



2 LITERATURE REVIEW

2.1 One-pot preparation of a-aminophosphonates

In general, there are several strategies for the synthesis of a-aminophosphonates. Extensive
reviews on the preparation of a-aminophosphonates were written by Varga et al.'?, Shastri et al.®®
and Sravya et al.** with a focus on the Kabachnik-Fields reaction while Macarie and coworkers®
published a review focusing on the synthesis of a-aminophosphonates with ultrasonic irradiation.
Herein we have summarized a brief description of four common reactions to access o-
aminophosphonates (Scheme 2.1). In the Michaelis-Arbuzov reaction, the a-aminophosphonates
are formed after a reaction between alkyl halides 17 and a trivalent phosphorous ester 18.1¢ In the
Pudovik reaction the a-aminophosphonate 19 is generated from an imine 20 and a phosphite diester
18.17 The Kabachnik-Fields reaction involves a one-pot three-component reaction between an
aldehyde 21, an amine 22 and a phosphite diester 18.1® When a carbamate 23 reacts with an
aldehyde 21 and a phosphite triester 24 the reaction is named Birum-Oleksyszyn.® Nowadays the
one-pot three-component condensation between aldehyde, amine and phosphite, catalyzed by acid
(Kabachnik-Fields or Birum-Oleksyszyn), is the most common synthetic method for o-
aminophosphonates due to the simplicity and the general good yield.'® The use of a Lewis acid, as
the catalyst, instead of a Brensted acids was reported for the first time in 1973 by Birum.®
Unfortunately, only a few papers described the synthesis of diaryl esters of a-aminophosphonates,
since dialkyl esters are more frequently used. The advantage of Lewis acids is to allow the use of
acid-sensitive functional groups, that otherwise would be degraded in the typical conditions with
glacial acetic acid. In the next sections, we will report a series of reactions that were considered
during the process development to find a better catalyst for the preparation of the UAMC-00050
intermediate 9.

3
OR® OR
X 0=P-OR? 0=P-OR?®
2
R1J\N’R2 + HOP(OR®), R1J\N’RZ RW/QN/R * HOP(OR?), - R1J\N'R2
H H H
17 18 19 20 18 19
Michaelis-Arbuzov reaction Pudovik reaction
OR? OR?
O:Fl’fOR‘q’ O=P-OR?®
R"™g + HN.gz + HOPHORY), — R N,R2 R * HZNTO\RZ + POR%, — R"NH
H
(] -
o~ O
21 22 18 19 21 23 24
Kabachnik-Fields reaction Birum-Oleksyszyn reaction %

Scheme 2.1. Four different pathways to access the structure of a-aminophosphonates
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2.1.1 Metal salts, oxides and heteropolymetalates as catalyst for the one-pot
three-component preparation of a-aminophosphonates

a-Aminophosphonates were prepared in good yields using a Lewis acid catalyzed Birum-—
Oleksyszyn reaction.® The method presented by Van der Veken et al. allows to enlarge the scope
of the reaction since aldehydes 21 with acid-labile groups can be used for the synthesis of a-
aminophosphonates 19, for all the substrates triphenyl phosphite 26 and carbamates, 23 are used
(Scheme 2.2). Several Lewis acids were tested as catalysts for the reaction, in all cases, a 10 mol%
of one of the following TiCls, ZnCl,, SnCls, BF3-Et,0, or Cu(OTf)2 was used. The yields obtained
from these reactions are significantly higher compared to those obtained using the usual protocol
(heating in acetic acid), and the 12 reported synthetic protocols provided product 27 yields between
68 % and 94 %. The lower yield (68 %) was obtained when N-Boc-4-aminobenzaldehyde was used
in combination with 10 mol% of Cu(OTf). and benzyl carbamate.

(o) R?
Y o
R' H
21 . . o, (e} N~
+  P(OPh), Lewis acid (10 mol%) R1J\P//O
o NH, 26 DCM, r.t. / NOPh
RN Yield: 68 - 94 % PhO
(o)
23 27
R" = Ph, (E)-PhCHCH, PhCH,CH,CH,, 4-NMe,CgH,, o” O,
N-Boc-4-NHCgH,, nPr, Cy; >
R? = Bn, tBu. ©

Scheme 2.2. One-pot three-component synthesis of a-aminophosphonates, catalyzed by 10 mol%
of the selected Lewis acid

An efficient preparation of a-aminophosphonates by the one-pot condensation of aldehydes 21,
amines 22, and dialkyl phosphites 18 using catalytic amounts of ytterbium (l11) chloride under mild
conditions was reported by Xu et al. (Scheme 2.3).2° On the model reaction between benzaldehyde,
aniline, and diethyl phosphite nine different catalysts (10 mol% load) were tested in acetonitrile at
room temperature with a reaction time of 24 h. Results indicated YbCls as the best catalyst,
providing the corresponding a-aminophosphonates 19 with an excellent yield of 99 %. The activity
of other catalysts was inversely proportional to the atomic radius of the lanthanide ion, following
the order: YCls3 > GdClz ~SmClI3; > NdCls ~ ErCls > LaCls. For YbClIs, it was possible to decrease
the catalyst loading to 5 mol%, maintaining an excellent yield of a-aminophosphonate (93 %).
With no further improvement, the authors tested the catalyst on a panel of different aldehydes,
amines and phosphites. In almost all cases, the corresponding product 19 was obtained in moderate
to excellent yields. In the case of p-nitrobenzaldehyde, the corresponding product was obtained
with a lower yield (28 %). When dipheny! phosphite was used in combination with benzaldehyde
and aniline the corresponding product was obtained with a 98 % yield. The authors claimed that
the reason for the unsatisfactory results might lie in the competitive coordination of NO. with
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lanthanide cation. Furthermore, the reaction involving steric bulky amine such as tert-butylamine
led to the corresponding product in a relatively lower yield (68 %).

o
1U R2 _H
R by
YbCly (5 mol%) 0
+ HOP(OR%), — A > oo
, MeCN, r.t., 24 h R OR
R‘NHZ 18 Yield: 28 - 98 %
o 19

R" = Ph, 4-MeCgHy, 4-NO,CgH,, PACHCH;
R2= nHex, nBu, tBu, Ph, Bn, 4-CICgHy; RS = Et, iPr, Ph

Scheme 2.3. One-pot three-component synthesis of a-aminophosphonates, catalyzed by YbClsz

Commercially available magnesium perchlorate was reported as an extremely efficient catalyst
for the synthesis of a-aminophosphonates by Bhagat and collaborators.?! The magnesium salt was
found to be superior, compared to other metal perchlorates and metal triflates, in the model reaction
of 4-methoxybenzaldehyde, 2,4-dinitroaniline, and dimethylphosphite. The counter anion was
pivotal in the reaction outcome, among several magnesium salts (e.g. Mg(ClO4)2, MgSQO4, MgCl,
MgBr2, Mglz2, Mg(OTf)2). Between these salts, magnesium perchlorate outperformed all the others.
The selected catalyst was tested with several aldehydes 21, amines 22 and dialkyl phosphites 18 or
trialkylphosphites 24 (Scheme 2.4). In all cases, the yield of product 19 was obtained with excellent
values. Furthermore, the reaction scope demonstrated that the catalyst was compatible with various
functional groups such as Cl, OMe, NO,, OH, NMe, CN, and CO2Me with no interferences by
competitive complex formation with the catalyst. When the catalyst was used to promote the
reaction between 4-methoxybenzaldehyde, aniline and diphenyl phosphite the corresponding
product was obtained with a yield of 98 %.
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22 24
R = Ph, 4-CICgH,, 4-NO,CgHy, 4-OHCgH,, 4-Me,NCgHy, 2,4-di-MeOCgH, N._CHO

2,4,6-tri-MeOCgH, 3,4,5-tri-MeOCgH,, 4-MeOCgH,4, PhCH,CH,, (E)-PhCHCH, U
iPr, 2-furyl, 2-thienyl, 1-naphthyl, Z

R2 = Ph, Bn, Cy, 3,4,5-tri-OMeCgHy, 4-OHCgH,, 4-OMeCgHg, 4-NO,CgH, 3-NO,CgHa, NH,
2-NO,CgHy, 2,4-di-NO,CgHg, 4-CNCgH,, 4-CO,MeCgHy, 3,4,5,-tri- OMeCsHQ [ j H

@Ez/%NHZ (Nj\NHz Q\NHQ M:O]\OMe U & [j

R3 = Me, Et, Ph.

Scheme 2.4. One-pot three-component synthesis of a-aminophosphonates, catalyzed by
Mg(ClOs)2

From the same group, it was later reported that among several zirconium compounds, ZrOCl: -
8H,0 was found to be very effective in promoting the one-pot three-component preparation of o-
aminophosphonates 19, between aldehydes 21, amines 22 and phosphites 18, 24 (Scheme 2.5).22
Similar to the previous work (Scheme 2.4) the optimal zirconium catalyst was found testing a panel
of Zr(IV) Lewis acids on the model reaction between 4-methoxybenzaldehyde, 4-nitroaniline and
dimethyl phosphite. The best results were obtained by using 10 mol% of ZrOCl2-8H20 or
ZrO(ClO4)2:6H20 at room temperature, yields after 30 minutes are reported to be respectively 92
and 98 %. The reaction was performed under neat conditions, the use of solvents like DCM, MeCN
and THF required longer times (2 - 8 h) to afford comparable yields. The compound ZrOCl,-8H,0
was selected for further studies. On the same model reaction a series of phosphites were tested, the
authors reported that the reactions were faster with dialkyl/diaryl phosphites 18 than with
trialkyl/triaryl phosphites 24. Next, the generality of the reaction was tested on a panel of aldehydes
and amines, dimethyl and diethyl phosphite were selected as phosphites due to their better activity.
From the scope of the reaction, the catalyst was found compatible with various functional groups
such as Cl, OMe, NO,, OH, NMez, CN, and CO2Me that do not interfere by competitive complex
formation with the metal. The corresponding a-aminophosphonate 19 was obtained with good to
excellent yields (70 - 96 %) for all the substrates.
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1-naphthyl, 2-furyl, 2-thienyl,
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Scheme 2.5. One-pot three-component synthesis of a-aminophosphonates, catalyzed by
ZrOCl2-8H20

Inspired by the work of Bhagat et al. with ZrOCl2-8H20 (Scheme 2.5), Li and coworkers
successfully employed HfCls as catalyst for the preparation of a-aminophosphonate 19 from
aldehydes 21, amines 22 and phosphites 18.2 The authors using the model reaction between
benzaldehyde, aniline and dimethylphosphite tested a series of catalyst in EtOH at room
temperature (Scheme 2.6). HfCls was found superior to ZrOCl2-8H:0, the desired product was
obtained with a higher yield (98 vs 91 %) in a shorter time (6 vs 12 h). The high yield was
maintained at 98 % even when the catalyst load was lowered to 2 mol%. The reaction time was
lowered to 30 minutes when the model reaction was run at 60 °C. Last, the authors tested various
solvents and among them, EtOH provided the higher yield of product 19. With the optimized
reaction conditions, a diversity of a-aminophosphonates was synthesized. The reactions with both
arylaldehydes and arylamines afforded the corresponding a-aminophosphonates in good to
excellent yield (82 - 98 %). Compared to the reactions promoted by Zr(IV) salts, the HfCls-
catalyzed formation of a-aminophosphonates is faster, cleaner and requires a lower amount of
catalyst (2 mol %).
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R? = Ph, 4-MeOCgHy4, 4-NCCgH, Bn, Cy;
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Scheme 2.6. One-pot three-component synthesis of a-aminophosphonates, catalyzed by HfCls

Yan and Qi, reported the preparation of a-(thiophosphorylamino)-substituted benzyl-
phosphonate 30 from O,O-diethyl or O-ethyl-O-phenyl phosphoroamidothioate 28, substituted
benzaldehydes 29, and triphenyl phosphite 26 (Scheme 2.7).2* The reaction was promoted by 50
mol% of BFs-Et.0 and happened in a short time. The mixture was kept at room temperature for 20
minutes and then warmed up to 80 °C for 15 minutes. The scope of the catalyst was tested on 14
different aldehydes and 2 phosphoroamidothioates and the products were obtained with moderate
to good yield (34 - 85 %). The lower yield was obtained when 4-NMe; substituted benzaldehyde
was used, probably due to complexation between the NMez-nitrogen and the catalyst.

CHO o
S s H X _OPh
F1O-p BF3-Et,0 (50 mol% RNNR
1o N2 _BFeE0 (S0 mal) 0N i OPh
RO . 5 1,2-dimethoxyethane
28 R® 29 1. to 80 °C
P(OPh), Yield: 34 - 85 % R?

30
26

R' = Et, Ph;
R2 = H, 4-Me, 4-F, 4-Cl, 2-Cl, 4-Br, 2-Br, 3-Br, 4-NO,, 3-NO,, 4-OMe, 3-OMe,
4-N(CHs),, 4-OH,

Scheme 2.7. One-pot three-component synthesis of a-aminophosphonates, catalyzed by BF3-Et,O

With the aim to prepare new antimicrobial agents, a series of a-aminophosphonates containing
pyridine moiety 32 were prepared by Abdel-Megeed et al.?® The products were prepared with a
one-pot reaction between nicotinaldehyde 31, triphenyl phosphite 26 and a series of arylamines 22
(i.e. aniline, 4-chloroaniline, 4-hydroxyaniline, 4-anisidine, and 4-toluidine) (Scheme 2.8). The
transformation was catalyzed by TiCls 10 mol% and was performed in DCM at room temperature
for 24 - 32 h. The crude products obtained were purified by crystallization from ethanol to give the
corresponding a-aminophosphonates with good to excellent yields (78 - 89 %).
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26
R' = Ph, 4-CICgH,4, 4-HOCgH,, 4-MeOCgHy, 4-MeCgH,
Scheme 2.8. One-pot three-component synthesis of a-aminophosphonates, catalyzed by TiCls

Aminoquinazoline derivatives are an important class of heterocyclic compounds, which showed
a broad variety of biological activity profiles. Awad et al. incorporate the quinazoline moiety in a
series of a-aminophosphonates in order to prepare a series of compounds with antimicrobial and
anticancer activities.?® The molecules were prepared from a one-pot coupling between 4-
hydrazino-quinazoline 33, triphenyl phosphite 26 and a series of benzaldehydes 29 (Scheme 2.9).
The reaction was performed in DCM at room temperature and catalyzed by 10 mol% of anhydrous
ZnCl>. Product 34 was isolated after 49 - 54 h and with all four aldehydes, it was obtained with
good to excellent yields (81 - 94 %). The prepared compounds were able to inhibit the growth of
gram-positive and negative bacteria and fungi at low concentrations. Furthermore, the a-amino-
phosphonates showed significant cytotoxicity against the breast cancer line (MCF7).

R1
NHNH
CHO 2 0
A
o o
—
N ZnCly (10 mol%) SN
AR VR moTR)
R' 29 + 33 DCM, rt. N/)
Yield: 81 - 94 %
P(OPh); 34

26
R'=H, 4-NO,, 4-OH, 4-Cl

Scheme 2.9. One-pot three-component synthesis of a-aminophosphonates, catalyzed by ZnCl;

With the aim to invent a new method for the one-pot three-component preparation of o-
aminophosphonates 36 from benzaldehydes 29, anilines 35, and phosphites 18, Arigala et al.
investigate the ability of Zn(OAc).-2H.0 to promote the Kabachnik-Fields reaction (Scheme
2.10).%" Initially, the catalyst was tested with the coupling between p-hydroxybenzaldehyde, 2,4-
dichloroaniline, and dimethyl phosphite under solvent-free conditions at 50 °C. The corresponding
a-aminophosphonate was obtained with a 94 % yield. Any attempt to lower the catalyst load
resulted in a lower yield of the desired product, even after a prolonged reaction time. In order to
assess the effect of the solvent the reaction was tested at 50 °C with THF, dioxane, toluene, MeCN,
DCM and EtOH. In all cases, the desired product was obtained with a lower yield compared to
solvent-free conditions. With the optimization concluded, the generality of the reaction was tested
with several substituted benzaldehydes, anilines and diester phosphites. In all cases, the product
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was obtained with excellent yields (85 - 94 %). From the authors, it was noted that benzaldehydes
containing electron-donating or electron-withdrawing functional groups at different positions, did
not show any remarkable difference in the yields of product.

R1
CHO NH,
© Qj Zn(OAc)*2H,0 (10 mol%) g2 @ o
!
— 3
R & " Neat, 50 °C N ZR?R
9, 35 Yield: 85 - 94 %
36

HOP(OR®),

18
R' = 4-OH, 4-OMe; R? = 2,4-di-Cl, 4-NO,, 4-Br; R® = Me, Et, Ph;

Scheme 2.10. One-pot three-component synthesis of a-aminophosphonates, catalyzed by
Zn(OAC)2:2H20

Organylselanyl a-aminophosphonates 38 were prepared from selenide amines 37, aldehydes 21
and phosphites 18 by Vogt and collaborators (Scheme 2.11).28 The authors, using the model
reaction between 1-(phenylselanyl)propan-2-amine, ortho-tolualdehyde and dimethyl phosphite
started to screen the best reaction conditions. SiO2 (200 mg/mmol substrate) tested at 60 °C led to
the corresponding a-aminophosphonates in 48 % vyield, rising the temperature to 100 °C and 130
°C provided 38 respectively with 73 and 70 % yield. Hence, 100 °C was selected as the optimal
temperature and the investigation was moved to different Lewis acids, keeping the catalyst load of
200 mg/mmol substrate. FeClz and NbCls showed low efficiencies while ZnCl,, CeCls-7H-0,
InCls, and {NH4[NbO(C204)2(H20)]-nH.0} gave moderate yields. An improvement in terms of
yield (81 %) was noted when niobic acid (Nb2Os-nH20) was used as the catalyst and 90 % of the
product was obtained with 2.0 equivalents of dimethylphosphite. An increase in the catalyst load
did not improve the yield, while a decrease in the amount led to a decrease in product yield. With
the optimal condition in hand, the authors tested the scope of the protocol on several amines,
aldehydes and phosphites. Aldehydes with ortho substituent on the aryl group, such as methyl,
chloride, or fluoride, gave satisfactory yields (75 - 90 %). When the reaction was carried out with
3,5-dimethoxybenzaldehyde, the yield decreased (48 and 65 %), and several byproducts were
formed. Cyclohexanecarboxaldehyde also gave the product with good yields (74 and 90 %). When
dibutylphosphite was used, the reaction did not take place, while diphenyl phosphite (48 - 86 %)
reacted less efficiently than dimethylphosphite. The reaction, also proceeded well with different
aryl groups in the selenide amine component. The recyclability of the catalyst was also tested,
niobic acid was recycled 3 times without any pretreatment, and gave a comparable amount of
product.
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R' = 2-MeCgHy, 2-FCgH,, 2-CICgH,, 3,5-di-MeOCgH,, Cy; R? = Me, Ph;
R® = Ph, 4-MeOCgH,, 4-FCgH,.

Scheme 2.11. One-pot three-component synthesis of a-aminophosphonates, catalyzed by
Nb,Os-nH,O

The use of heteropoly acids (HPASs) has recently gained great attention in organic synthesis.
Among several HPAs, phosphomolybdic acid (PMA, HsPMo012040) is one of the less expensive
and commercially available solid acid catalysts. Reddy and collaborators used PMA to promote
the preparation of a-aminophosphonates 40 derived from 2-cyclopropylpyrimidin-4-carbaldehyde
39, anilines 22 and phosphites 18 (Scheme 2.12). Using the model reaction between 2-
cyclopropylpyrimidin-4-carbaldehyde, aniline, and diphenyl phosphite the authors started to screen
different catalysts. Common Lewis acids (AICIs, FeCls, ZnCl,) and solid acids (Amberlyst-15,
cellulose sulfuric acid, Al.0s-SiO») afforded the desired product with moderate yield (60 - 75 %).
Among all the catalysts the best conversion was obtained with H3PMo012040 (90 %) in toluene. No
change was observed when the catalyst load was decreased from 20 mol% to 0.5 mol% Four
solvents were screened and among methanol, toluene, acetonitrile and dichloromethane, the best
results (95 %) were obtained with DCM. With the optimized protocol in hand, the authors tested
the PMA on a panel of anilines, benzothiazolamines and phosphites. In all the cases, excellent
yields were obtained with all the substrates (87 - 96 %). The reaction worked well also with benzo-
[d]thiazol5-amine and benzo[d]thiazol-6-amine. Finally, the reusability of the phosphomolybdic
acid catalyst was examined. After each run, the product was filtered, the solvent was evaporated,
and the catalyst residue was washed with dichloromethane and then reused. For the reaction of 2-
cyclopropylpyrimidin-4-carbaldehyde, aniline, and diphenyl phosphite the corresponding
product’s yield was 95 %, 93 %, 92 %, and 90 % over four cycles.
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Scheme 2.12. One-pot three-component synthesis of a-aminophosphonates, catalyzed by
phosphomolybdic acid (PMA, H3PM012040)

2.1.2 Two-component synthesis of a-aminophosphonates from aminals

a-Aminophosphonates 43 were prepared from aminals 41 and various phosphorous compounds
42 (Scheme 2.13). The protocol proposed by Dmitriev and coworkers employed the use of
anhydrides like acetic anhydride (Ac20) and trifluoroacetic anhydride (TFAA) in excess or in a
catalytic amount to promote the conversion. Initially, the Ac.O and the mixture Ac,O/AcCl 4:1 viv
were used in large excess as solvent and reagent.?® In the first screen, under the same conditions,
the mixture of Ac2O/AcCl (4:1 viv) performed much better, providing the corresponding product
with double yield, compared to Ac.O alone. The scope of the reaction promoted by Ac2O/AcCl 4:1
v/v was tested both with aromatic and aliphatic aldehydes. For both classes of substrates, the
product was obtained with comparable yields ranging from 53 to 76 %. In a second study,®® TFAA
was used to promote the reaction between alkylphosphonous acids 42 and aminals 41 in toluene or
DCM at room temperature. The optimal amount of TFAA was tested, among four different values
(i.e. 0.5,0.8 1.0 and 1.5 equiv.), 1.0 equivalents of TFAA provided the highest yield of product. In
one case 59 % with 1.0 equiv. vs 14 % with 0.5 equiv.

o}
o
R Ac,0/AcCl 4:1 or
O)LNH g Ac0 or TFAA R'0-P—R*
I+ Rép-w _PEDOTTTAA
R? "NH OR? Toluene or DCM, r.t. R% “NH
Yield: 14 - 76 %
o 42 o
R R
41 43

R" =Bn, Et; R? = Me, Et, iPr, iBu, secBu Ph; R® = H, Me;
R* = Me, MeO, EtC(O)CH,CH,, EtOC(O)CH(Me)CH,

Scheme 2.13. Preparation of a-aminophosphonates from aminals
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2.1.3 Selection of Lewis acids and additives for the improvement
of the Birum-Oleksyszyn step

In Sections 2.1.1 and 2.1.2 are reviewed several protocols for the one-pot three-component
preparation of a-aminophosphonates and the two-component synthesis of a-aminophosphonates
from aminals. The published data shows, that many Lewis-acidic metals are capable of catalyzing
the desired reaction. At the same time, there’s no clear correlation between the catalyst nature and
the success of the transformation for a given set of starting materials. Hence, the best use of this
data is to create a panel of catalysts for subsequent screening. In order to find a better catalyst for
our substrate, we decided to investigate the protocol using only commercially available Lewis acids
with a particular focus on chloride and triflates. Furthermore, TFAA was selected as an additive to
promote the reaction between side products and byproducts generated during the reaction.

2.2 Enantioselective synthesis of a-aminophosphonates

Chiral phosphonic acids are already established molecules in the pharmaceutical world. Drugs
like Fosfomycin (44),%* known for its antibacterial activity, have been used for the treatment of
lower urinary tract infections, and Alafosfalin (45),%? is capable to inhibit the biosynthesis of
bacterial cell walls (Figure 2.1). Proteins often show enantioselectivity towards their binding
partners, and the biological activity of a-aminophosphonate might be related to their absolute
configurations.®® Furthermore, the FDA issued guidelines and policies in 1992 concerning the
development of chiral compounds. These rules require the researchers to investigate any biological
effect of the various enantiomers/diastereoisomers during the early phase of drug discovery and
development.3* Therefore the development of the enantioselective synthesis of a-
aminophosphonates has drawn significant attention in recent years. Several extensive reviews on
the enantioselective or diastereoselective synthesis of a-aminophosphonates were published.®5-3°
Herein we report a survey of various approaches to their stereoselective synthesis, as well as state-
of-the-art catalysts and chiral auxiliaries, which can be used for the stereoselective preparation of
chiral UAMC-00050.

o) (0]
HO. H,N /L 0
S Ay
OH : HO OH
Fosfomycin (44) Alafosfalin (45)

Figure 2.1. Structure of Alafosfalin (44) and Fosfomycin (45)
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2.2.1 Catalysis by chiral metal complexes

Enantioselective preparation of a-aminophosphonates 47 or 50 from imines 46 or ketimines 48
and phosphites 18 or 49 was successfully achieved by Nazish et al. using a chiral complex of
titanium (Scheme 2.14).%° The metal was bound to a series of ligands derived from chiral (1R,2R)-
(-)-1,2-diaminocyclohexane and salicylaldehyde. Two molecules of derived imines were then
tethered with oligoethylene glycol, to form the circular ligand 51. Using the reaction between N-
benzyl-1-phenylmethanimine and dimethylphosphite authors investigated several titanium sources
and different lengths of ligand’s ethylene glycol chain. The best yield of 47 was obtained with
Ti(OiPr)4 as the metal source and when the ethylene glycol chain in the ligand was composed of 5
units of ethylene glycol. With the catalyst in hand, the authors started to screen the catalyst load
and the metal/ligand ratio and found that the best results were achieved with 5 mol% loadings and
a metal/ligand = 2:1 ratio. The N-benzyl-1-phenylmethanimine and dimethylphosphite provided
the best yield and second best enantiomeric excess (ee) when compared with diethyl, diphenyl and
dibenzyl phosphites. Various solvents were also tested, proving the superiority of toluene
compared to DCM, CHCls, and THF. Regarding temperature, the authors reported a significant
drop in yield when the reaction was carried out at 0 °C and - 10 °C. Knowing the optimal
conditions, the scope of the reaction was assessed. Various imines were tested, and all substrates
provided the corresponding product in good yield (82 - 92 %) and excellent ee (92 - 98 %). The
enantioselective protocol was also applicable to a panel of isatin-derived ketimines 48. During a
screen of additives, it was found, that 4 A MS helped to reach high values of optical purity. Six
different ketimines provided the product 50 in good yield (84 - 88 %) with moderate to excellent
enantiomeric excess (46 - > 99 %).

Ph

HOP(OR"), LNH

fo) Ph + 18 5 mol% Ti(OiPr)4, + OR!
\/\O%V 2.5 mol% 51 e

—_— 1 ~OR!

Toluene, r.t., 30 h (o]

Yield: 15-92 %
58 -98 % ee R? 47

= Me, Et, Ph, Bn.
R2 2-NOjy, 4-Me, 4-NO; ,2-F, 4-F, 3-MeO, 4-CFj.

0
HOP(OPh
4(9 2 5 mot% Ti(OWPY), , BO=NH pOPn
mo . 2.5 mol% 50 R X oph
o
/\/oéﬁo)f\/o Toluene, rt., 12h, 4 A MS

48 R? Yield: 84 - 88 % k2
46 - >99 % ee 50

51 R' =Me, CI, F; R? = Bn, Me, H

Scheme 2.14. Enantioselective synthesis of a-aminophosphonates, catalyzed by titanium complex
with chiral ligand 51

Preparation of optically pure a-aminophosphonates 54 with a one-pot three-component reaction
of aldehydes 21, p-anisidine (52), and diarylphosphites 18, catalyzed by a zinc (II)
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bis(imidazoline)’s complex was achieved by Ohara and coworkers (Scheme 2.15).** The
investigation started from a model reaction between benzaldehyde, p-anisidine, and
diphenylphosphite using 10 mol% of a Lewis acid and 10 mol% of ligand 55. Metal salts like AICl3,
Sc(OTf)3, and Mg(OTH). afforded an almost racemic product. In contrast, Zn(OTf) afforded the
desired product in a good yield and 45 % ee, the enantioselectivity increased to 53 % when the
reaction was carried out at - 50 °C instead of - 20 °C. Investigation of counterion in the zinc salt
revealed, that enantioselectivity can be increased to 59 % with Zn(NTf,). instead of Zn(OTf)2. The
last part of the reaction optimization included the screening of ligands. Among six different bis-
imidazolines, 56 provided the best reaction outcome with an enantiomeric excess of 90 %, when
bis(ortho-methoxyphenyl)phosphite was used instead of diphenyl phosphite. With the optimal
conditions in hand, the scope of the reaction was tested on a panel of aldehydes. The reaction with
different substituted benzaldehydes afforded the corresponding product with a good enantio-
selectivity. Reactions with ortho-substituted aldehydes provided a lower enantiomeric excess. o,B-
Unsaturated aldehydes gave the product in good vyield and enantioselectivity, while 3-
methylbutanal yielded a poor 31 % ee. The stereo outcome of the preparation of a-
aminophosphonate from cyclohexanecarbaldehyde was increased from 45 to 61 % ee by a slow
addition of phosphite. Finally, authors were able to generate an optically active a-aminophosphoric
acid 54, without a loss of enantioselectivity, after deprotection of the p-methoxyphenyl with NBS
and conversion of the phosphonate to phosphoric acid after treatment with HBr/AcOH and
propylene oxide.

R0 MeO /
21 o
NH Zn(NTp); (10 mol%) B‘\H o@ 1) NBS (1.0 equiv.), H,O/MeCN 1:1 NH,
2+ ) 56 (10 mol%) RPL 0°Ctort, 1h OH
HOP(OR2), g o R
18 DCM, -50 °C _0 2) HBr, AcOH, reflux 4 h o OH
Yield: 85 - 99 % 3) Propylene oxide, EtOH, 0 °C, 3 h
OMe 31-93% ee 54
52 53

R" = Ph, 4-MeCgHy4, 2-MeOCgH,, 3-MeOCgH,, 4-MeOCgH,, 4-HOCgHy, 4-CICgH,, 4-MeO,CCgH,4, 2-naphthyl, 2-thienyl, 2-furyl, 2-benzofuryl,
(E)-PhCHCH, PhCC-, iBu-, Cy; R% = Ph, 2-MeOCgH.

Bg@ - ’”QN ﬁ’:

Ph Ph

Scheme 2.15. Enantioselective synthesis of a-aminophosphonates, catalyzed by zinc chiral
complex 56

Zhou et al. reported a three-component Kabachnik-Fields reaction between aldehydes 21, 2-
aminophenol (57), and diphenyl phosphite (49) using a chiral catalytic complex of a bis-N-oxide
59a,b and 60a-c with scandium (111).#? Corresponding a-aminophosphonate 58 was obtained in a
good yield and a good enantiomeric excess (Scheme 2.16). The investigation started with the three-
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component reaction between benzaldehyde, 2-aminophenol (57), and diphenyl phosphite (49),
catalyzed by a Sc(l11)-complex (molar ratio of ligand/Sc(OTf)z 2:1) in THF. Among the five tested
ligands, authors found, that the chiral backbone of the bis-N-oxide significantly impacted the
enantioselectivity. 60a (derived from L-Ramiprol) provided the best ee (84 %) when compared
with 59a (derived from L-proline, 25 % ee) or 59b (derived from L-pipecolic acid, 63 % ee). The
steric effect of the amide moiety was also important to the ee, with decreasing of the steric
hindrance enantioselectivity also decreased, 60b (41 %) and 60c (0 %). Interesting results were
obtained using Lewis acid different than Sc(OTf)s. For all other salts (e.g. Y(OTf)s, La(OTf)s,
Sm(OTf)3, Yb(OTf)3) complexed with 60a, the product was obtained with lower ee and with the
opposite configuration of the stereocenter. With the optimized conditions in hand (5 mol% bis-N-
oxide/Sc(11l) complex in THF at - 20 °C) the scope of the reaction was tested on 13 different
aldehydes 21 with 2-aminophenol (57), and diphenyl phosphite (49). For all substrates, the
corresponding a-aminophosphonates 58 were obtained in good to excellent yields (73 - 94 %) and
high enantioselectivity (81 - 87 % ee).

R P(OPh),

X

OH
RINg + @[NH + HOP(OPh), 60a-Sc(ll) HN
2
HO: :

21 THF, -20 °C, < 1h

57 49 Yield: 73 - 94 %
81-87 % ee 58

R" = Ph, 4-NO,CgHy, 4-FCgHy, 4-MeCgH,, 3-MeCgHa, 2-naphthyl, 3-NO,CgH,

4-MeOCgHy, 4-CICgH,, 3-MeOCqHj, 4-PhCgHy, 3-PhO-4-FCgH, <°]©Ao
o
1 @\ ®
8 = DTN
oy N\/\glo o 3 & o

Ny N Al H °° H N
Ar Ar
60a Ar = 2,6-i-Pr,CgHs
59a Ar = 2,6-i-Pr,CgHgn = 0 60b Ar = 2,6-Me,CgHs
59b Ar = 2,6-i-Pr,CgHz n =1 60c Ar = Ph

Scheme 2.16. Enantioselective synthesis of a-aminophosphonates, catalyzed by scandium chiral
complex 60a

Abell and his coworker Yamamoto developed a chiral catalyst based on a chiral tethered bis-8-
quinoline (TBOxH) ligand and Et,AICI as the aluminum source.*® The complex 64, which provides
good enantioselectivity for the synthesis of chiral hydroxyphosphonates, was also tested for the
preparation of chiral a-aminophosphonates 63 (Scheme 2.17). Four imines 61 were screened as
substrates in the reaction with di(2,2,2-trifluoroethyl)phosphite (62), only N-diphenyl phosphinoyl
imines could provide an optimal yield (95 %) and enantioselectivity (96 %). The methodology was
tested on various substrates providing the corresponding a-aminophosphonates 63 in excellent
yield (85 - 98 %) and optical purity (88 - 98 % ee). The catalyst, which already possesses the
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advantage to be used with a small loading (0.5 or 1 mol%), was found to be compatible with a
variety of functional groups and heterocycles. Furthermore, the authors reported also the high
recyclability of the catalyst.

Il_Ph Ph.n
N" Ph 64 (1 mol%) P~ K
b HOP(OCH,CFs); ——————— P20 .,
R H Hexanes, 1 h RI7 PL
61 62 Yield: 85 - 98 % | “OR?
88-98 % ee o

63
R" = Ph, 4-CICgHy, 4-BrCgHy, 4-NO,CgHy4, 4-MeOCgH,, 4-MeCgHy
3-MeOCgHy, 2-MeCgHy, 2-furyl, 2-thienyl

Scheme 2.17. Enantioselective synthesis of a-aminophosphonates, catalyzed by aluminum chiral
complex 64

Another enantioselective route for a-aminophosphonates synthesis, catalyzed by a chiral
aluminum complex, was investigated by Saito et al. First, they developed a chiral trigonal-
bipyramidal aluminum (salalen) complex 68 which proved to be efficient for the preparation of
optically active a-hydroxyphosphonate.** The reaction was optimized to be run in THF at -15 °C
with a catalyst loading of 10 mol%. Interested in exploring the reaction’s scope, the authors started
to investigate the chiral complex’s applicability in a stereoselective synthesis of enantiomerically
pure o-aminophosphonates 66 (Scheme 2.18).*> The asymmetric hydrophosphonylation with
dimethylphosphite (65) was carried out on a series of imines 20, where the N-moiety was
functionalized with a removable protecting group, opening up possibilities for further
functionalization of the chiral substrate. In the first set, all reactions were run at room temperature.
N-Methoxy- and N-(dimethylamino)-aldimines did not show any reactivity, while N-tert-
butoxycarbonyl and N-4-toluenesufonyl-aldimines were poorly reactive and with modest
enantioselectivity. Aldimines bearing a noncoordinating group (e.g. benzyl and p-methoxybenzyl
groups) were found to be suitable substrates for the reaction, providing the product in good yield
and enantiomeric excess. In contrast, the bulkier diphenylmethyl group provided a lower yield and
enantioselectivity. Among all the N-protecting groups, phenyl provided the best results with almost
guantitative yield and 60 % ee which rose to 75 % ee when the reaction was run at -15 °C. From
the good results of the phenyl group, the authors started to investigate substituted benzenes as an
N-protecting group. The introduction of a p-methoxy substituent on the aryl ring improved the ee
to 78 % while a p-bromo substituent decreased the ee to 31 %. Finally, the 4-methoxy-3-
methylphenyl provided the highest enantiomeric excess (87 %). Anodic oxidation was then
successfully employed for the deprotection of the nitrogen to provide phosphonate 67 without any
loss of chirality. The scope also included various aldehyde moieties, electron withdrawing group
(EWG) in para-position improved the ee to 95 % while electron donating group (EDG) in para-
position decreased it to 85 %. Heteroaromatic aldimines were also tested: reaction with 2-thienyl
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aldimine proceeded with a high 84 % ee while the reaction with 2-furyl aldimine provided a
moderate 63 % ee.

_R? NH
SR 88 10 mol% H’;‘ oM anodic oxidation T2 OMe
RY N"" 4 Hop(OMe), N P . RINPE
THF, -15°C, 24 h RY "P~ome MeOH/H,0, 0°C, 5 h ", “OMe
20 65 Yield: <10 % - >99 % 0 0o
17 % - 95 % ee 66 67

R" = Ph, 4-BrCgHy, 4-MeOCgH,, 4-MeCgH,, 2-MeCgH, 2-thienyl, 2-furyl, tBu, Cy, iBu,
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Scheme 2.18. Enantioselective synthesis of a-aminophosphonates, catalyzed by salalen derivative
aluminum chiral complex 68

In 1995, it was reported for the first time the use of a lanthanoid-metal-BINOL heterobimetallic
complexes (LMB, 69) for the synthesis of optically pure a-aminophosphonates 66 from imines and
dimethylphosphite (65) (Scheme 2.19).46 The reaction between isopropyl-di-4-anisylmethylimine
and dimethylphosphite was selected as a model for the test of various catalysts and conditions.
Lanthanum-sodium-BINOL (LSB) was initially tested with 100 mol% loading in THF at 60 °C
and 20 mol% loading in THF at room temperature. Using heating and a stoichiometric amount of
the catalyst helped to achieve a higher yield (47 %) and a moderate 69 % ee compare with a
catalytic amount of LSB. A 20 mol% loading of lanthanum-potassium-BINOL (LPB) at room
temperature in THF provided the a-aminophosphonates 66 with a low yield (27 %) but a much
higher optical purity (71 %) compared to previous conditions. Changing the reaction medium to a
mixture of toluene/THF (7:1 v/v) allowed to increase the yield to 62 % even when the reaction was
carried out at room temperature. Enantioselectivity (96 %) and yield (70 %) were both improved
when 10 mol% loading of LPB were used with a longer reaction time (96 h). Other BINOL
complexes like lanthanum-lithium-BINOL (LLB), gadolinium-potassium-BINOL (GdPB) and
praseodymium-potassium-BINOL (PrPB) failed to provide better results than LPB. In general, all
complexes were tested on seven different imines providing the corresponding o-
aminophosphonates with yields from 38 to 96 %.
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Yield: 27 - 87 % 66
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R' = Me, Et, iPr, Pe, Cy;
R%= di-p-anisylmethylamine, Ph,CH, 4-MeOCgHy;
M =Li, Na, K; Ln = La, Gd, Pr.

Scheme 2.19. Enantioselective synthesis of a-aminophosphonates, catalyzed by lanthanum-
BINOL complex 69; (R)-LMB = (R)-lanthanoid-metal-BINOL

An enantioselective synthesis of the biologically active compounds 4-thiazolidinylphosphonates
71 from dihydrothiazoles 70 and phosphites 18 was reported by Groger et al.*” 2,2,55-
Tetramethyl-2,5-dihydrothiazole was reacted with dimethylphosphite in THF in the presence of a
chiral titanium and lanthanoid complex (20 mol%) (Scheme 2.20). Regarding titanium compounds,
when (-)-(R,R)-TADDOL was used as a ligand it provided better enantiomeric excess (46 %)
compared with (R)-(+)-binaphthol (29 %) and L-(+)-diisopropyltartrate (45 %). As previously
reported, the use of a lanthanoid-potassium-BINOL complex proved to be efficient in the
preparation of optically pure a-aminophosphonates. LPB in toluene/THF (7:1) at room temperature
provided the phosphonate 71 in 53 % yield with 61 % ee, while running the reaction at 50 °C gave
comparable results in terms of yield (55 %) and ee (64 %), but with a shorter reaction time, 50 h
instead of 144 h. During a screening of metals, (praseodymium, samarium, gadolinium, dysprosium
and ytterbium) the higher ee of the target phosphonate was obtained with ytterbium-potassium-
BINOL (YbPB) (96 % at 50 °C and 98 % at room temperature). It was possible to decrease the
loading of YbPB from 20 to 5 mol% maintaining the same enantioselectivity (95 %) with yields
respectively 80 and 63 %. Due to its high molecular weight, employing 5 mol% of Yb-complex on
an industrial scale might present some problems. Hence, Schlemminger et al. started investigating
a new and more efficient method for the enantioselective synthesis of 4-thiazolidinylphosphonate
71.%% The authors were pleased to find that the optically pure 4-thiazolidinylphosphonates can be
generated, from 70 with high enantioselectivity and high conversion when cyclic phosphites are
used instead of dimethylphosphite. Modifications on the imine moiety have been reported to have
only a little effect on the reaction outcome. The amount of the (S)-YbPB catalyst was then reduced
stepwise from 20 mol% to 0.1 mol%, and the authors were able to reach a catalyst loading of 2.5
mol% without suppression of yields and optical purity. Then, the focus was moved to the molar
ratio of the cyclic phosphite. 5.0, 2.5 and 1.0 equivalents of phosphite were used in the
hydrophosphonylation. The experiment indicates that a surplus of phosphite is necessary for
maintaining the high yield, but the reaction can be run with 2.5 equivalents without any loss in
performance. In summary, the best conditions were: 2.5 mol% of (S)-YbPB, 2.5 equivalents of
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phosphite at 50 °C in toluene/THF (7:1 v/v) with a reaction time of 48 h. The almost quantitative
yields have highlighted the potential of cyclic phosphites over acyclic phosphites in a
stereoselective generation of chiral a-aminophosphonates.

R0 0
=N - %) RO\ Ny
R17()<R2 + HOP(ORY), Catalyst (0.1 - 20 mol%) ] e
R' 'S R2 THF or toluene/THF (7:1) ™
70 18 Yield: 14 - 99 % 71
29-99 % ee

Catalyst.: Ti(Oi-Pr),(L-dipt), Ti(Oi-Pr),(L-dipt), Ti(Oi-Pr),(TAD), Ti(Oi-Pr),(BIN), (R)-LaPB,
(R)-PrPB, (R)-SmPB, (R)-GdPB, (R)-DyPB, (R)-YbPB, (S)-YbPB;

R' = H, CH3, -(CHy)s-; R? = CH3, -(CHy)s

R® = Me, -(CH,)3-, -CH,-C(CHs),-CHy-, -CH,-CH=CH-CH,-

Scheme 2.20. Enantioselective synthesis of a-aminophosphonates, catalyzed by titanium chiral
complex and lanthanum-BINOL complex; L-dipt = L-(+)-diisopropyltartrate, TAD = (-)-(R,R)-
TADDOL; BIN = (R)-(+)-binaphthol

Simple chiral catalyst systems are highly desirable when chemists want to synthetize
enantiopure compounds. With this concept in mind, Lim and coworkers developed a chiral metal
catalyst simply based on a derivative of proline 75 and manganese bromide.*® The preparation of
a-hydroxyphosphonate through the reaction of benzaldehyde with diethylphosphite (73) in the
presence of lithium carbonate as the base was used to screen a series of manganese source and
proline derivatives. Among six different ligands, the modified hydroxyproline 74 was able to
provide an enantioselectivity of 28 % in combination with Mn(OAc)2 as a manganese source. The
enantiomeric excess was rapidly increased to 71 % when MnBr, was used as a manganese source.
Anhydrous THF was proved to be the optimal solvent compared to anhydrous acetonitrile, DMF,
1,4-dioxane and DCM. Lastly, four bases (i.e. K2COs3, n-BuLi, LIHMDS, and TEA) were screened
but none of them was able to raise the ee above 71 %. The optimized reaction conditions were used
on a panel of imines 72 in combination with diethylphosphite 73 (Scheme 2.21). The corresponding
a-aminophosphonates 74 were prepared with good yields (63 - 72 %) and moderate enantiomeric
excess (45 - 71 %). The lowest yield and ee were obtained when 4-NO»-benzaldehyde was used.

N@ MnBr, (12 mol%), /@
HN

o
Ho, \ 75 (10 mol%)

H + HOP(OEt), N
O\(o 73 Li,CO; (1.0 equiv.), @AP,OB
N THF, rt, 24 h Mot
/ Tt
H HN RY 72 Yield: 63 - 72 % ©
45-71% ee R' 74

HoN

75 R' = H, 2-Me, 4-NOy, 4-Br, 4-F

Scheme 2.21. Enantioselective synthesis of a-aminophosphonates, catalyzed by proline-
manganese chiral catalyst 75
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2.2.2 Catalysis by chiral phosphoric acids

In the last few years, metal-free catalysis has drawn the attention of scientists, due to an
increased interest in green chemistry approaches for the preparation of organic compounds. For
example, a series of chiral Brgnsted acids derived from (R)-BINOL were used by Akiyama and
coworkers for the metal-free enantioselective synthesis of a-aminophosphonate 19 from imines
and phosphites 18 or 24.%° The authors performed a hydrophosphonylation reaction on the N-
benzylidene para-anisidine, with diethylphosphite in the presence of the 76e (10 mol%), in toluene
at room temperature (Scheme 2.22). The corresponding product 19 was obtained in 99 % yield
with 43 % ee. Using diisopropyl phosphite as a nucleophile the ee was increased to 52 % and the
aldimine derived from cinnamaldehyde provided the product with 84 % ee. Other catalysts, used
with 10 mol% loading, provided lower yield and optical purity. During the investigation of the
reaction’s scope, it was noted by the authors, that the use of trialkyl phosphite 24 as a nucleophile
decreased the yield and the enantiomeric excess (to 3 % ee), which suggests that OH group of the
dialkyl phosphite plays a pivotal role in the outcome of the reaction. It was also noted that the
presence of an ortho-hydroxyl group in R? decreased the enantioselectivity, from 84 to 39 % ee.

HOP(OR3),

Ar 76a Ar=H 18 HN”
OO Ton Az ph SR . 76e (10 mol%) .

o\P/,O 76¢ Ar = 4-NO,CgH, 5 Toluene or m-Xylene ~ R" "P(OR%),

0" OH  76d Ar = 4-CFaCgH, 20 P(OR%s rt,24h o
OO 766 Ar = 3,5-(CF3),CoHs 2 Yol 23 99% 19

Ar 76f Ar = 9-anthryl e hee

R" = Ph, PhACHCH; R? = 4-MeOCgH,, Ph, 2-HOCgH,;

76 R3 = jPr, Et.

Scheme 2.22. Enantioselective synthesis of a-aminophosphonates, catalyzed by chiral BINOL
acids 76a-f

Xu et al.® inspired by the work of Akiyama synthesized an analogous axially chiral phosphonic
acid catalyst 76e, by changing the bulky 3,3’ aryl substituent with a 4-fluorophenyl group 79. It
was tested on the reaction between phosphites 18 and imines 77 proving that the structure of the
substrate and the catalyst strongly influence the yield and the enantiomeric excess and that this
class of catalysts is well suited for cinnamaldehyde-derived imines. Considering this, the authors
screened a series of solvents (MeCN, DCM, toluene and xylene), on a model reaction of the imine
derived from cinnamaldehyde and 2-methyl-aniline, and diisopropyl phosphite, catalyzed by 10
mol% loading of catalyst 79 at room temperature (Scheme 2.23). A higher enantiomeric excess
was obtained when the reaction was run in xylene (62 %). The effect of temperature was also
investigated: reactions run at - 40 °C, 0 °C and 50 °C provided only a small difference in
enantiomeric excess (68 %, 65 % and 58 %, respectively). For this reason, room temperature was
chosen as a parameter for a scope screening. In total 16 different a-aminophosphonates 78 were
prepared with yields between 30 % and 65 % and enantioselectivity between 8 and 62 % ee. As
shown in Akiyama’s work, diisopropyl phosphite afforded higher enantioselectivity when
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compared with triisopropyl phosphite, proving that the OH moiety plays an important role in the
reaction outcome. Better ee was also achieved with diisopropyl phosphite compared to other
nucleophiles: HPO(OEt)2, HPO(OnPr),, and HOP(OnBu)2. Regarding the imine, electron-donating
substituent such as the methyl group on the aryl ring seems to have a positive influence on ee. To
summarize, catalyst 79 was screened for 16 different substrates with general lower
enantioselectivity compared to catalyst 76e, thus highlighting the importance of a bulky substituted
on the 3,3’ positions of the BINOL core.

\ _OR?
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SN HOP(OR?), _ 7910mol% NN
R’ X H R'
ylene, r.t.
77 18 Yield: 30 - 65 % 78
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R'=H, 2-F, 2-CHg, 4-CHj3
R? = Et, nPr, iPr, nBu

F

Scheme 2.23. Enantioselective synthesis of a-aminophosphonates, catalyzed by chiral-BINOL
acids 79

Gutierrez and colleagues synthesized a series of chiral biphenyl-2,2’-diyl phosphates from
commercially available phenols.>* The concept resembles the catalyst used by Akiyama and Wu.
Two chiral phosphonic acids (83 and 84) and a phosphoramidothioate (85) were tested for the
hydrophosphonylation with diisopropy! phosphite 81 of N-benzylidene-2-methoxyaniline 80 in m-
xylene at r.t. (Scheme 2.24). Despite a good yield (89 %) and the modest optical purity (37 %) of
product 82 when catalyst 83 was used, all the other catalysts (84 and 85) showed poor conversion
(24 and 10 %) and enantioselectivity (13 % for both). A better outcome for 83 can be attributed to
the positive contribution of the two chlorine atoms.

QMe OMe, O
Ny Ph ) 83 - 85 (10 mol%) N . pOiPr
+ HPO(OiPr)y ——————> \r ~oiPr
m-Xylene, r.t. Bh
Yield: 10 - 89 %
80 81 13-37 % ee 82
cl t-Bu Me l t-Bu Me l t-Bu
Me [ 0._.0 Me 0.,-0 Me 0._.S
>PZ _PZ _PZ
Me O~ "OH Me O 0" 'OH Me ] (0] NHTf
Cl O t-Bu Me t-Bu Me t-Bu
83 84 85

Scheme 2.24. Enantioselective synthesis of a-aminophosphonates, catalyzed by chiral phosphoric
acids 83 - 85
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Cheng and coworkers successfully used chiral phosphoric acids for the synthesis of optical pure
a-aminophosphonates from a-branched aldehydes.®? In a previous work, reported by the same
group, (S)-3,3"-bis(2,4,6-triisopropylphenyl)-1,1’-binaphthyl-2,2’-diyl hydrogenphosphate (TRIP)
89 was used to perform a highly enantioselective reductive amination of a-branched aldehydes by
dynamic kinetic resolution.>® This approach was then used in combination with an enantioselective
three-component Kabachnik—Fields reaction for the synthesis of -branched a-aminophosphonates
88 from aldehydes 86, p-anisidine (52) and di(3-penthyl)phosphite (87). A model reaction between
2-cyclopentyl-2-phenylacetaldehyde, p-anisidine and di(3-penthyl)phosphite catalyzed by 89, in
cyclohexane at 50 °C, provided the desired product with good diastereoselectivity (16:1 dr) but
with moderate enantioselectivity (66 % ee) (Scheme 2.25). A catalyst screening highlighted that
90 was able to provide the a-aminophosphonate 88 in good yield (86 %) with both high dr (16:1)
and excellent er (96:4); on the other hand, 91 provided the desired product with a 37 % yield, a dr
of 15:1 and an er of 80:20, pointing out that bulky substitutes on the binaphthyl phosphonate are
required for high enantioselectivity. With the optimized condition in hand, the reaction scope was
tested on a panel of 15 different substrates. Yields of 88 were maintained at a high level
independently of the electronic nature of the aryl group in the aldehyde, but the enantioselectivity
was slightly lower when aryl substituents were present in ortho or meta-position. A steric effect of
the aldehyde substituents was also investigated, where bulky alkyl groups (e.g. isopropyl,
cyclohexyl) significantly increase the diastereoselectivity and the enantioselectivity of the final
product.

[e]
NH \©\
: KH NH
1 0. O 90 (10 mol%) 1 o{
R\‘)kH + + ,P: B R\‘/\Pi
H O cyclohexane, 50 °C o]

R2 R2 O
Yield: 61 -89 %
OMe h 32-28:1dr h

51-97 % ee
86 52 87 88

R' = cPent, Me, Et, iPr, Cy; R? = Ph, 4-MeCgH,, 3-MeCgH,, 4-MeOCgH,, 3-MeOCgHy, 2-
MeOCgH,, 4-CICgHy, 3-CICgH,4, 4-BrCgH,4, 2-naphthyl, 2-thienyl;

Scheme 2.25. Enantioselective synthesis of a-aminophosphonates, catalyzed by chiral phosphoric
acids 89 - 91
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2.2.3 Catalysis by Cinchona alkaloids and Cinchona-derived organocatalysts

The enantioselective synthesis of a-aminophosphonates 93, through hydrophosphonylation of
an imine substrate 92 with disubstituted-phosphite 18 was successfully performed by Nakamura
and coworkers using various Cinchona alkaloids as organic catalysts (Scheme 2.26).5* A series of
imines 92, derived from benzaldehyde were initially reacted with diethylphosphite in the presence
of 10 mol% of quinine. N-4-Methoxyphenyl- and N-2-pyridylmethyl- imines did not provide any
product, while N-phenylsulfonyl-, N-4-tolylsulfonyl-, and N-(2-nitrophenylsulfonyl)- imines gave
the product with a good conversion (62 - 68 %) but a poor optical purity (30 - 39 % ee).
Hydrophosphonylation of N-(2-pyridylsulfony)-, N-(6-methyl-2-pyridylsulfonyl)-, and N-(2-
quinolylsulfonyl) imines afforded corresponding products in good to excellent yields (70 - 98 %)
and good enantioselectivity (51 - 65 % ee). Having selected the N-(2-pyridylsulfonyl)- and N-(6-
methyl-2-pyridylsulfonyl)- imines as the best substrates, the authors started to investigate reaction
conditions for the more reactive diphenyl phosphite. In the case of N-(6-methyl-2-pyridylsulfonyl)-
imine the enantiomeric excess increased from 64 to 71 % while with N-(2-pyridylsulfony)-imine
the ee slightly decreased from 65 to 61 %. A significant improvement was achieved in the coupling
between N-(6-methyl-2-pyridylsulfonyl)-imine and diphenyl phosphite when the reaction was
carried out at - 40 °C: the product was obtained in almost quantitative yield with 92 % ee. With
hydroquinine and hydroquinidine, at - 40 °C, the product was obtained with comparable yields and
optical purity compared to quinine while, at - 78 °C, the optical purity improved to 97 % and 98 %
ee. Acetylquinine was also tested at - 40 °C, but yield and ee were considerably lower (50 % and
36 % respectively) compared to other Cinchona alkaloids. From the initial screening, it was clear
that N-(heteroarenesulfonyl)imines afforded the a-aminophosphonate in good yield and optical
purities while for N-(arenesulfonyl)imines the results were far from good. With that in mind, the
authors prepared a series of imines 94 derived from 6-methylpyridine-2-sulfonamide and various
aromatic aldehydes. Imines were reacted with diphenyl phosphite (49) in the presence of a
Cinchona catalyst (e.g. quinine, hydroquinine and hydroquinidine) (Scheme 2.27). All substrates
provided the corresponding product 95 in excellent yields (95 - > 99 %) and optical purity was
obtained in the range from 83 % to 99 % (after crystallization from hexane/ethyl acetate).

R1

0
N 1
|+ HOPOR?), Cinchona alkaloid (10 moi%) R "‘>H<‘|‘:(0R2)2
H™ “Ph (1.5 equiv.) Toluene, rt. H™* "Ph
92 18 Yield: 0 - 99 % 93
0-98 % ee

R" = 4-MeOCgHy, 2-PyCH,, PhSO,, 4-TolSO 5, 2-NO,CgH4SO,, 2-PySO,, 6-Me-2-PySO,, 2-QuinolylSO,;
R? = Et, Ph.

Scheme 2.26. Enantioselective synthesis of a-aminophosphonates from aldimines, catalyzed by
Cinchona alkaloids
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N 3520 N
‘ = NL . HOP(OPh), _Cinchona alkaloid (10 mol%) | - Q )\
R A
Z (1.3 equiv.) Toluene, -40 °C, < 1h PhO™ | '
OPh
Yield: 95 - 99 %
94 49 83-99 % ee 95

R'= Ph, 4-Tolyl, 4-MeOCgHy, 2-MeOCgH,, 3-MeOCgH,, 4-CICgHy4, 1-naphthyl, 2-naphthyl,
(E)-PhCHCH.

Scheme 2.27. Optimized enantioselective synthesis of a-aminophosphonates from aldimines,
catalyzed by Cinchona alkaloids

After discovering an enantioselective hydrophosphonylation of aldimines, Nakamura and
coworkers focused on the investigation of an enantioselective hydrophosphonylation with
phosphite (18) of ketimine 96, which proved to be more challenging due to the lower reactivity of
the substrate.> Corresponding a-aminophosphonates 97 were obtained from a series of ketimines,
derived from acetophenone, treated with diphenyl phosphite (3.0 equiv.) in the presence of 10
mol% of Cinchona alkaloids and 1.0 equivalents of K.COs (Scheme 2.28). In general, N-
sulfonylketimines showed a better conversion and enantioselectivity compared to other substrates,
2,4,6-trimethylphenyl group in the substrate was found to provide the highest yield of 78 % and an
ee of 59 %, using quinine as a chiral catalyst. The enantioselectivity was improved using Na,COsz
instead of K>CO3 (86 % instead of 59 %). Finally, an excellent optical purity was reached when
hydroquinine and hydroquinidine were used at - 20 °C with the enantiomeric excess in the product
of 97 % and 92 %, respectively. With the optimized condition in hand, the protocol was tested on
a variety of N-2,4,6-trimethylphenylketimines 98. The corresponding products 99 were obtained
by treating 97 with 3.0 equivalents of diphenyl phosphite (18), in the presence of 10 mol% of
hydroquinine or hydroquinidine and 1.0 equivalents of Na2COs in toluene at - 20 °C (Scheme 2.29).
In general, a-aminophosphonates 99 were obtained with excellent yields (86 - 99 %) and ee (82 -
97 %). Only one substrate (R! = PhCH2CH>) provided a moderate optical purity giving 55 % ee
with hydroquinine and 52 % ee with hydroquinidine. A further advantage of the developed
methodology was the possibility to cleave 2,4,6-trimethylbenzenesulfonyl group with
trifluoroacetic acid (TFA)/anisole at room temperature, providing an unprotected amino group for
further modifications of the chiral pure a-aminophosphonate 100.

R! Cinchona alkaloid (10 mol%) RlNH
JN\ + HOP(OR2), K,CO3 (1.0 equiv.) phl 0
Ph” CH,  (30equiv)  Toluene, rt. or-20°C HC  §OR?
Yield: 0 - 99 % OR
9% 18 0-97%ee 97

R = CH,CO, P(O)Phy, P(O)(2-thienyl),, 4-MeCgHsSO;, 2,4,6-tri-Me-CgH,S0, 4-MeO-CqH,SO,, 4-Br-
CeH4S0,, 4-CF3CeH,SO,, 2,3,5,6-tetra-Me-CgH;SO,; R2 = Ph, Et, Bn

Scheme 2.28. Enantioselective synthesis of a-aminophosphonates from ketimines, catalyzed by
Cinchona alkaloids
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HOP(OPh), 18

(3.0 equiv.)
Os 2 Cinchona alkaloid (2 mol%)
Mes/s\‘N Na,COs (15 equiv) MO8\ §0Ph MeSO3H, TFA ) NH2/
_— d
R1J\R2 Toluene, 20 °C R1><R2( 2 ricanisole. 2 h HC L -OR?
Yield: 86 - 99 % OR?
98 52-97 % ee 99 100

R' = Ph, p-tolyl, p-MeO-Ph, p-CI-Ph, p-Br-Ph, p-F-Ph, m-CI-Ph m-Br-Ph, 2-naphthyl, PhCH,CH,, Cy;
R? = Me, Et; R' + R? = 1-indanone

Scheme 2.29. Optimized enantioselective synthesis of a-aminophosphonates from ketimines,
catalyzed by Cinchona alkaloids

Cinchona alkaloids have been successfully used in the asymmetric aza-Henry reactions of
imines.® Pettersen et al. explored the same organocatalyst for the asymmetric hydro-
phosphonylation of imines 20.5” The authors started to prepare a-aminophosphonates 101 by
treating the imine with diethylphosphite (73), in the presence of 10 mol% of quinine 102b in
toluene at room temperature (Scheme 2.30). Comparison of various catalysts (102 - 104) showed
that the free hydroxy group in the catalyst plays a key role in this transformation because using the
ester derivative 102a and the carbamate derivative 103 provided a lower efficiency with
conversions below 10 %. On the other hand, quinine 102b and quinidine 104 afforded quantitative
conversion of the starting material but only moderate enantioselectivity. The optical purity of the
a-aminophosphonates was improved by swapping the N-tosyl imine of benzaldehyde with N-Boc
imine of benzaldehyde, which increased ee from 48 to 68 %. As a final step of the reaction
optimization, toluene was substituted with xylene further improving the ee to 80 % with quinine
(102b) as the catalyst. With the reaction protocol in hand, the authors investigated the reaction
scope on a panel of 9 different N-Boc imines. Substrates with both EDG (-Me, -OMe) and EWG
(-Cl) on the aromatic ring gave the corresponding product in good yield with a reaction time of 48
- 72 h at 20 °C. Methyl and methoxy-substituted imines gave a higher enantiomeric excess (78 -
88 %) compared to 3-pyridinyl- and para-chloro-substituted imines, 48 % and 77 % ee,
respectively, highlighting the role of the electronic effect in the reaction’s enantioselectivity. The
optical purity of the final material was increased by running the reaction at - 20 °C with a long
reaction time, up to 7 days. Under these conditions, ee reached 98 %.
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R3

F. C CF. 102 -104 10 1% HIY
e s RS-+ HOP(ORY, _ 21019 MmO R J\P/OEt
Xylene, 20 or - 20 °C g “OEt
Yield: 52 - 83 %
20 73 48 -94 % ee 101

@ R?= Ph, 1-naphthyl, 2-naphtyl, 3-MeCgHy, 4-MeCgHy, 2,5-di-MeCgHa,
4-MeOCgHy,, 3-pyridyl, 4-CICgHy;
R3=Ts, Boc.
102aR' = Bz
102bR"=H

Scheme 2.30. Enantioselective synthesis of a-aminophosphonates, catalyzed by Cinchona-
derived alkaloids

Cinchona alkaloid-based chiral phase transfer catalyst (PTC), was used by Li et al. for the
stereoselective preparation of o-aminophosphonates 106 from imines 105 after the addition of
phosphite 18.% Using the addition of diethylphosphite to 1-(4-chlorophenyl)N-(6-methoxy-
benzo[d]thiazol-2-yl) methanimine 105 as a model reaction, the PTC 107a was used in combination
with different bases (i.e. Li2COs, Na2COs, and K2COs) in toluene (Scheme 2.31). Similar yields
(90 - 95 %) and similar ee (55 - 50 %) were obtained respectively for Na,COz and K2COs. However,
trace of product was obtained with Na2CO3 when the temperature was lowered to - 20 °C. On the
other hand, with KoCOs, at - 20 °C, the enantiomeric excess was raised to 65 %. The temperature
was then further decreased to - 30 and - 40 °C, in both cases the final product was isolated with 70
% ee. With the optimized temperature and base, several chiral PTC were tested, among them, the
quinine derivative containing 3,5-bis(trifluoromethyl) benzyl group 107b showed the highest ee
(96 %). Last, several aprotic solvents (i.e. DCM, xylene, and THF) were evaluated as an alternative
to toluene. Pleasantly, with xylene, the desired a-aminophosphonate was obtained with an excellent
> 99 % ee. With the proper reaction conditions in hand, the method was tested with various imines
and phosphites. In all cases excellent yields (84 - 96 %) and excellent ee (84 - 99 %) were obtained,
and no differences were noted with EWG or EDG on the benzylic ring of the aldehyde. Poor yields
and ee were obtained when benzimidazole imine was subjected to this asymmetric catalytic
reaction. The authors suspected that the poor outcome was due to weakly basic benzimidazole
moiety which suppressesed the catalytic activity haltering the formation of a hydrogen bond in the
transition state.
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HOP(ORY), R Q

N g3 18 N )v'P-OR*
S S
X 0,
o Nf) ¥ 107a,b (10 mol%) X
1
_o . R

2
105 Satd. agq. K,CO3 R 106
Xylene, - 30 °C
Yield: 26 - 96 %

Pz

N 11-99 % ee
107aR" = Ph R? = H, 6-MeO, 4-Me; R® = 4-CICgHy, 2-CICgHy, 4-FCgH,, 2-FCgHy, 4-BrCgHy, 2,4-di-CICgH,,
107b R' = 3,5-di-CF4Ph Ph, 2-MeOCgH,, 4-MeCgHy4, 2-BrPh, Et, 2-furyl, 2-thienyl;
R*=Et,iPr; X =S, O, NH.

Scheme 2.31. Enantioselective synthesis of a-aminophosphonates, catalyzed by Cinchona
alkaloid-based chiral phase transfer catalyst 107a,b

2.2.4 Catalysis by chiral thioureas

Chiral thioureas have been used as catalysts for the enantioselective hydrophosphonylation with
disubstituted-phosphites 18 of N-benzyl imines 108 for the preparation of a-aminophosphonates
109.%° Preliminary studies of the addition of dimethyl phosphite to N-benzyl-1-phenylmethanimine
with catalyst 110 loading of 10 mol% at room temperature provided the corresponding product 109
with 77 % ee (Scheme 2.32). The authors investigated the effect of phosphite on the reaction
outcome. Diphenyl phosphite and bis-(2,2,2-trifluoroethyl) phosphite provided the target product
with a moderate enantioselectivity and a short reaction time (1 h), but the newly formed chiral
centers were found to be configurationally unstable. Electron-poor phosphites provide a much more
stable products but with longer reaction times. The excellent optical purity (93 % ee) was reached
with phosphite bearing ortho-nitrobenzyl group as a substituent. The phosphite was then selected
for the screening of imines. The excellent optical purity was obtained with almost all imines with
ee ranging from 90 to 98 %. Only imines bearing an alkenyl side chain (3-methyl-2-butenyl), or a
pyrrole derivative provided a relative low ee (81 - 82 %). The final product successfully underwent
global deprotection under hydrogenolytic conditions. Obtained a-aminophosphonates were
converted into a-aminophosphonic acids 54 after hydrogenation with 20 mol% Pd/C without loss
of optical purity.
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R'=Ph, 2,2,2-trifluoroethyl, 2-cyanoethyl, 2-chloroethyl, 2-methoxyethyl, 4-NO,Bn, 2-NO,Bn;
R2 = Ph, 3-pentyl, iPr, tBu, iBu, 4-FCgH,4, 4-MeOCgH,, 4-MeCO,CgH,, 2-MeCgH, 2-CICgH,, 3-CICgH,,
4-CICgHy, 2-naphthyl, 3-pyridyl, 2-furyl, 2-thienyl, 2-pyrrolyl
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Scheme 2.32. Enantioselective synthesis of a-aminophosphonates, catalyzed by chiral thiourea
110

Alternatively, Kumar and coworkers were interested in the enantioselective addition of
phosphites 18 to a N-Boc ketimine 48 to construct oxindole motifs bearing both a phosphorous and
nitrogen atom at the C3 position 50 (Scheme 2.33).5° The authors investigated the catalytic activity
of a series of Cinchona alkaloids (e.g. cinchonine, cinchonidine, quinine and quinidine), in
analogous reactions to those reported previously. The target product was obtained after treatment
of 48 with 18 in the presence of 20 mol% of alkaloids in THF at room temperature. The desired
products were obtained in good yields (80 - 85 %) but with moderate to low enantioselectivity (28
- 46 % ee). Next, catalytic activity was assessed of 9-thiourea derivatives of Cinchona alkaloids
and, among all, 111 was capable to provide both a good yield (79 %) and good enantioselectivity
(73 % ee). Further reaction optimizations were carried out by screening of solvents: EtOAc (75 %
ee) with a slight increase in enantioselectivity, provided to be superior compared to THF (73 %
ee). Running the reaction in EtOAc at - 30 °C improved the enantioselectivity, reaching the value
of 94 %. Using the optimized conditions, various derivatives of N-Boc ketimines and diphenyl
phosphite were tested. Corresponding a-aminophosphonates were obtained in good yields (71 - 82
%), and good to excellent enantiomeric excess (71 - 94 %) when all the substrates reacted with
diphenyl phosphite. Other phosphites were also investigated but provided lower yields and ee:
dibenzyl phosphite provided the corresponding product with 79 % yield but only 12 % ee while
diethylphosphite did not react with the substrate.
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Scheme 2.33. Enantioselective synthesis of a-aminophosphonates from indolyl-3-imines,
catalyzed by a chiral thiourea 111

Chiral a-aminophosphonates 19 were prepared from amides 112 through enantioselective
reductive functionalization.5* The amides were first in situ converted, in an Ir-catalyzed cycle to
the corresponding imines, and then the a-aminophosphonates were obtained by adding phosphite
18 in the presence of the selected organocatalyst. The authors screened a panel of organocatalysts
(four chiral phosphonic acids and five chiral thiourea derivatives) using the reaction between N-
benzyl isobutyramide and di-(2-nitrobenzyl)phosphite as a model. Chiral thiourea 113 was found
to enable the preparation of the desired a-aminophosphonates in 69 % yield and 90 % ee. The
transformation was achieved by treating the amide with 0.1 mol% of [Ir(COE).Cl]. and 2.0
equivalents of Et>SiH in toluene at room temperature, then a solution of phosphite and chiral
catalyst (10 mol%) in Et2O was added at 0 °C (Scheme 2.34). With this one-pot protocol, the
authors converted a variety of amides to the corresponding a-aminophosphonates in good yields
(59 - 88 %) and excellent enantioselectivities (81 - 98 %). The lower values of yield (14 - 58 %)
and enantiomeric excess (40 - 79 %) were obtained when R® was represented by a benzyl or methyl
group and when R was represented by a methyl group.

1) [I(COE),Cl], (0.1 mol%),

OR3
Et,SiH, (2.0 equiv.), ‘
o >SiH; —p_AR3
‘ \‘j/ S k 2 toluene, r.t. 0=F-OR 5
N~ )L - R! N/R R*J\N’R
- j(\N N i 2) HOP(OR3), 18, N
o M P 12 113 10 mol% 19
"o Et,0,0°C
Yield: 14 - 88 %
opi 40-98 % ee
Bu PV R1=Ph, 4-MeCgHq, 4-MeOCgH, 4-CF3CqHq, 4-MeO,CCqHa,
113 4-BrCgHy, 2-CICgHy, 3,4-di-CICgH,4, Me, iBu, neopentyl,

iPr, Cy, tBu, 2-furyl, 2-thienyl;
R? = Bn, 2-thienyl;
R® = 2-NO,Bn, Ph, Bn, Me

Scheme 2.34. Enantioselective synthesis of a-aminophosphonates from amides, through
enantioselective reductive functionalization
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2.2.5 Catalysis by proline derivatives

Thorat et al. successfully used chiral proline derivatives for the enantioselective one-pot
synthesis of a-aminophosphonates 115 between aldehydes 29, anilines 35, and triethylphosphite
(114).52 A panel of eight organocatalysts derived from proline were initially tested on the model
reaction between benzaldehyde, aniline and triethylphosphite. The reaction was carried out in
EtOH and promoted by 1.0 equivalents of AcOH in the presence of 10 mol% of chiral additive
(Scheme 2.35). Catalyst 116 which gave the best enantioselectivity (81 %), compared to other
catalysts (29 to 68 %), was selected for the reaction optimizations, starting from the solvent effect.
In water, the target product was obtained with a poor yield (46 %) and 34 % ee. Solvents such as
DMF, and DMSO provided a-aminophosphonates in good yield (72 and 78 %) and (71 and 72 %)
ee, while DCM and chloroform gave the product in moderate yields (45 and 47 %) and (37 and 41
%) ee. From the solvent screen, it was clear that ethanol, used to test the chiral additive, was the
best medium for the reaction. With the interest to further improve the ee, the author increased the
load of chiral additive, 12 mol% of catalyst was able to provide the product with 89 % ee while a
15 mol% yielded 87 % ee. With the best conditions in hand, the authors investigated the scope of
the reaction. With 20 different combinations of aldehydes 29 and anilines, 35 in all cases
corresponding products 115 were obtained in good yields and enantiomeric excesses. It is
noteworthy to mention that a higher enantioselectivity was achieved when both aldehyde and amine
were bearing electron-withdrawing substituents.

j
Eto-F

2
EtO R
CHO NH, °
116 (12 mol%),
AcOH 1.0 equiv.
1] EtOH, r.t.
J=o0 & R' 29 35 " 15

Yield: 71- 90 % ;
4 73-92 % ee R 1

16 R' = H, 4-NO,, 4-Cl, 4-OH, 4-OMe; R? = H, 4-F, 4-Cl, 4-Me

Scheme 2.35. Enantioselective synthesis of a-aminophosphonates, catalyzed by chiral proline
derivative 116

2.2.6 Synthesis with chiral auxiliaries

Chen et al. reported in 2008 an asymmetric procedure for the synthesis of a-aminophosphonates
118 using N-tert-butylsulfinamide as a chiral auxiliary.®® Sulfinimines 117 were reacted with
dialkyl phosphites 18 in the presence of 5.0 equivalents of K.COs in Et2O at room temperature
(Scheme 2.36). The authors reported that the reaction outcome was affected by the nature of the
alkyl substituent of the phosphite; in fact, diisopropyl phosphite provided very poor results (yields
0 - 18 %) but, on the other hand, dimethylphosphite and diethylphosphite provided excellent de
values (85 - > 95 %). The presence of an EWG on the aldehyde was able to accelerate the reaction
but the product was obtained, in general, with a lower de.
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Scheme 2.36. Diastereoselective synthesis of a-aminophosphonates, promoted by N-tert-butyl-
sulfinamide as chiral auxiliary

Similar to the previous example, N-tert-butylsulfinamide 119 was successfully used as a chiral
auxiliary for the diastereoselective synthesis of unsaturated a-aminophosphonates 120 after
reaction with phosphites 18.5* The research started with the investigation of the appropriate base
for the model reaction between chiral (R)-N-tert-butylsulfinyl trifluoromethyl vinylketimine and
diethylphosphite in DCM at room temperature. Bases, like Na2CO3, K.CO3, and DBU failed to
promote the reaction, however, with Cs2COs the a-aminophosphonates were obtained with 80 %
yield and 86:14 dr. The solvent screening highlighted that with acetonitrile, tetrahydrofuran and
ethyl ether the desired product was not observed, while in toluene the desired product was obtained
with a yield of 84 % and 82:18 dr, after 12 h. Taking into account slightly higher
diastereoselectivity, DCM was selected as the optimal reaction medium. The reaction optimization
was then focused on the effect of phosphites. Dimethylphosphite provided the corresponding
product in 83 % yield with 84:16 dr while diphenyl phosphite did not give any product. Further
screening of the bases revealed that Rb2COgz was able to promote the addition of diphenyl phosphite
to the chiral sulfinylimine with excellent yield (95 %) and excellent dr (90:10). For testing the
scope of the reaction, ketimines 119 with various aromatic substituents at the -position (which
proven to be excellent substrates for this reaction) were reacted with diphenyl phosphite in DCM
at room temperature in the presence of 1.0 equivalents of Rb,COs (Scheme 2.37). Corresponding
products 120 were obtained with good yields (73 - 88 %) and excellent diastereomeric ratio (89:11
- 98:2). Only perfluoropropyl-substituted ketimine (R! = CsF7) failed to produce the expected
product.

tBu tBu, _o
N . h
N“ 0 Rb,CO3 (1.0 equiv.) HN
J\/\ + HOP(OR®), 2v3 |, ,PO(OPh),
R’ R2 DCM, r.t, 3h R!
Yield: 56 - 88 % ‘
119 18 75:25 - 92:8 dr 120 “R?

R' = CF3, CF,Cl, CF,H, C3F7; R? = CgHg, p-CICgH,, p-MeOCgH,, 1-naphthyl, nCgHq7
RS = Et, Ph.

Scheme 2.37. Diastereoselective synthesis of a-aminophosphonates, promoted by N-tert-butyl-
sulfinamide as a chiral auxiliary
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Kaur et al. proposed the use of N-phosphonyl auxiliary as the pathway to access a-amino-
phosphonates 122.° Hydrophosphonylation proceeds with the addition of diethylphosphite (73) as
a nucleophile to chiral imines 121 in the presence of a strong base, such as LIHDMS, which was
selected among other bases (e.g. NaHMDS, KHMDS, LDA, n-BuLi and t-BuL.i) that failed to
provide good diastereoselectivity (Scheme 2.38). The authors screened also the effect of substituent
on the nitrogen of the N-phosphonyl auxiliary (R?), the N-iso-propyl derivative showed the best
yield (97 %) with excellent diastereoselectivity (99:1) while chiral auxiliaries with iso-butyl and
neo-pentyl groups did not exhibit any diastereoselectivity. With the optimized conditions, the
method was tested on a variety of imines 121, and the overall excellent results showed that
substituents on the phenyl rings of the aldehyde moiety have no significant effect on both yield and
diastereoselectivity. Next, the auxiliary group in a-aminophosphonates was easily deprotected after
treatment with 4 N HCI in MeOH and the amine functionalized with benzy! chloroformate (CbzCl),
in order to generate product 123.

NHCbz
H H LiIHDMS (1.5 equiv.) H H 1) 4N HCl in MeOH, r.t. 5 h N\ Pz
R*N.__N-R? + HOP(OEt) —————> R?*N.__N-R? A
N0 THF, -78 °C, 2 hY un- o 2) 5% aq. NaHCO3, DCM, Et0 OFEt
[ ield: 94 - 97 %9 . CbzCl. 0°C. 5 h R
3:7-99:1dr p=0 ! ’
@2 73 @ﬁ; okt 123
1 1
R 121 R

122

R'=H, 2-Cl, 2-F, 2-Br, 2-Me, 4-F, 4-Br, 4-Me, 4-MeO
R? = Bn, iBu, neo-Pentyl, CH,-1-Naphtyl, cpent, iPr

Scheme 2.38. Diastereoselective synthesis of a-aminophosphonates, promoted by N-phosphonyl
chiral auxiliaries

As previously reported (Section 2.2.3), Cinchona alkaloids were applied as catalysts in the
asymmetric synthesis of a-aminophosphonates. Boratynski and a coworker used Cinchona
alkaloids as a chiral auxiliary for the starting imine 124.% The hydroxy group in the quinine
molecule was converted to NH2 which formed an imine with para-chloro-benzaldehyde. This
substrate was then converted to a chiral phosphonate 125 after a reaction with diethyl phosphite
(73) in toluene at 90 °C in the presence of 2.5 equivalents of K;COs (Scheme 2.39). Initial screening
of the reaction conditions showed that, in order to achieve a good conversion, it was necessary to
use a base like K2COs3, heating (90 °C) and a long reaction time (5 days) to obtain 60 % of the
product as a single diastereoisomer (NMR assay). It is worth mentioning that when dimethyl
phosphite was used instead of diethyl phosphite only a complex mixture was obtained with a trace
of the desired product.
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= OCHj3
OCH3
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N h
K,CO3 (2.5 equiv.) NH

= N Toluene, 120 h, 90 °C N I| H
N ‘ \ 73 Yield: 60 % > K
>99:1 dr (EtO),0P
Cl
124 Cl

125

Scheme 2.39. Diastereoselective synthesis of a-aminophosphonates, promoted by Cinchona
alkaloid chiral auxiliary

An uncatalyzed one-pot, three-component synthesis of a-aminophosphonates 127, 128 from
chiral amines 126 was developed by Tibhe et al.®"8 The target product was obtained as a mixture
of two diastereomers with a predominance of the (R,S)-diastereomers 127, in reactions of aliphatic
and aromatic aldehydes 21 with dimethylphosphite (65) and chiral (S)-a-methylamines (Scheme
2.40). It was reported that steric hindrance was not a problem for the yield since isobutyraldehyde
and pivalaldehyde afforded the corresponding product with excellent yield. (S)-o-
Ethylbenzylamine provided similar results to (S)-a-methylbenzylamine. Swapping the phenyl to 1-
naphthyl on the a-position of the chiral amine did not improve diastereoselectivity. On the other
side (S)-3,3-dimethyl-2-butylamine provided better diastereoselectivity, on a panel of different
aldehydes with a diastereomeric ratio up to 93:07. The methodology was developed using
microwave irradiation as a heating source, and the protocol allows shorter reaction time (12
minutes) compared to the 5 - 8 h in the classical method.

80°C,5-8h B9 Ho 9
2-9 N0 RT_N._P(OMe), R'._N_ _P(OMe),

R{_NH, MW 60 W, 12 min
T 4 RN * HOP(OMe), ———— > T A
R Yield: 52-93% R R R® R

126 21 65 64:36 - 93:07 dr 127 128

R' = Ph, 1-naphthyl, tBu; R? = Me, Et; R3= Ph, 4-CICgH,4, 4-MeOCgH,, iBu, iPr, tBu.

Scheme 2.40. Diastereoselective uncatalyzed synthesis of a-aminophosphonates, promoted by
chiral amines as reaction components

Magnesium dodecyl sulfate was used as a catalyst for a three-component one-pot reaction
between (S)-a-methylbenzylamine (129), diphenyl phosphite (49) and an aldehyde (21) (i.e.
benzaldehyde, octanal and cyclohexanecarboxaldehyde) in water at room temperature (Scheme
2.41).%° This model reaction was used to study the effect of the catalyst on the yield of the
corresponding a-aminophosphonates (130 and 131). Magnesium, aluminum, calcium, and sodium
dodecyl sulfates were tested, and the best yield was achieved with 0.1 equivalents of magnesium
dodecyl sulfate. Organic solvents like DCM and THF were also tested but both afforded a lower
yield than water. Finally, the authors reported that the use of diethylphosphite, in a moderate excess
(2.0 equiv.), was able to increase the yield from 89 to 97 %. On the other hand, when used in
combination with (S)-a-methylbenzylamine (129), provided a lower yield (53 %) compared to the

50



reaction with triethylphosphite (77 %). However, using diphenyl phosphite, with 1.0 equivalents
of triethylamine as an additive increased the product yield to 77 %, and even higher yields were
obtained with sparteine and triisopropylamine (87 and 80 %, respectively). For all experiments, the
diastereoselectivity remains the same 76:24 dr. In a similar work, (S)-a-methylbenzylamine (129)
and (R)-a-methylbenzylamine (132) were used to prepare corresponding a-aminophosphonates
(134 and 135).7° The transformation was achieved by reacting the 1.0 equivalents of amine with
1.0 equivalents of 5-hydroxymethylfurfural (133) and 1.5 equivalents of diethylphosphite with the
presence of 5 mol% of I» at 50 °C (Scheme 2.42). The products were obtained in good yields (70
and 72 %) and a dr in accordance with similar experiments: 77:23 for 134 and 78:22 for 135.

N (C12M250803);Mg (0.1 equiv.) Ho9 Ho 9
2 TEA (1.0 equiv. Ph._N.__P(OPh), Ph._N._P(OPh
\r . mNg * HOPOPH) (1.0 equiv.) \r ~ ( )2+ \‘/ e (OPh),
Me (2.0 equiv.) v |:25C,’3; ”é7 y Me R® Me R?
129 21 1eld: 59 - 5F
49 76:24 dr 130 131

R' = Ph, nOct, Cy

Scheme 2.41. Diastereoselective synthesis of a-aminophosphonates, catalyzed by magnesium
dodecyl sulfate

Ph\rNHz
Me
129 (5 mol%)
o
Y (15equiv)  2-MeTHF, 50 °C
Ph.__NH,
H 133 73 Yield: 70 -72 % Et0’ OEt Et0 OEt
Me 77:23 - 78:22 dr 134 135

132

Scheme 2.42. Diastereoselective synthesis of a-aminophosphonates, catalyzed by I»

Likewise, Bedolla-Medrano et al. reported the diastereoselective preparation of o-
aminophosphonates 138 and 139 generated from the chiral (S)-a-methylbenzylamine (129),
benzaldehyde (136) and dimethyl or diethylphosphite 18 using catalytic amount (10 mol%) of
phenylphosphonic acid (137) under solvent-free conditions (Scheme 2.43).”* The catalyst was
selected from five different phosphorous acids (e.g. diphenyl phosphinic acid, diphenyl phosphite,
phenylphosphinic acid, propylphosphonic acid and phenylphosphonic acid). The protocol was
tested both with dimethylphosphite and diethylphosphite. The diastereoselectivity of the target
products 138 and 139 was reported as follows: dr of 76:24 for dimethylphosphite and 80:20 for
diethylphosphite.
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o O
H 1" H 1"
N\/P(OR1)2 Ph N P(OR1)2

Ph-NH. PhPO(OH), 137 (10 moi%) "
T N0 * HOPOR"), (O, 137 O, Y Y I
Me Yield: 92 - 98 % Me Ph Me Ph
129 136 18 76:24 - 80:20 dr 138 139

R' = Me, Et

Scheme 2.43. Diastereoselective synthesis of a-aminophosphonates from chiral amines, catalyzed
by phosphorous acid

Another kind of chiral a-aminophosphonates 141 and 142 were prepared by Todorov and
coworkers during the development of a molecule with cytotoxic properties against several
malignant cell lines (HT-29, MDA-MB-231, HepG2 and Hela).”> The compound was obtained,
with a yield of 34 % and the diastereoisomeric ratio of 60:40 after a reaction between a chiral amine
140, benzaldehyde (136) and dimethylphosphite (65) in methanol at 65 - 70 °C in the presence of
2.7 equivalents of triethylamine (Scheme 2.44).

(0] (0]
NH, N__Bowme) N Pome)
) 2 2
HO,C R N HOP(OMe), Et3N (2.7 equiv.) HO,C Y HO,C \,/
0 MeOH Ph + Ph
65-70°C,9 h
140 136 65 Yield: 34 % 141 142
60:40 dr

Scheme 2.24. Diastereoselective synthesis of a-aminophosphonates from chiral amines catalyzed
by triethylamine as an additive

Chiral carbamates were used for the first time as chiral auxiliaries by Oshikawa et al.”® The
optical active nitrogen compounds 146 and 147 were prepared from (-)-menthol (143) and camphor
derivative 144, then the carbamate was reacted with aldehyde 21 and triarylphosphite 24 according
to the Oleksyszyn’s method, using an excess of AcCOH to promote the reaction. After the formation
of the target a-aminophosphonate, the carbamate bond was cleaved with concentrated hydrochloric
acid and the phosphonate esters 146 and 147 were converted to phosphonic acid 54 after the
reaction with propylene oxide (Scheme 2.45). Obtained ee was assessed by optical rotation. (-)-
Menthyl carbamate 146 provided corresponding a-aminophosphonates 148 in yield between 45
and 54 % and ee between 8 and 42 %. The highest ee was obtained when benzaldehyde was used
while the lowest was obtained with acetaldehyde. The use of tri(o-methylphenyl)phosphite showed
little effect on the enantioselectivity compared to triphenylphosphite. A carbamate derived from
camphor derivative 144 provided comparable yields (45 - 51 %) of a-aminophosphonates 149 with
respect to (-)-menthyl carbamate, but a lower overall ee, ranging from 13 to 25 %. Also in this case
benzaldehyde provided better results compared to acetaldehyde. A second study of asymmetric
synthesis of a-aminophosphonates using carbamates as chiral auxiliaries was performed by Chung
and collaborators.” Similar to the Oshikawa’s work, carbamate was generated from (-)-menthol
and a series of derivatives of (1S)-(+)-10-camphorsulfonic acid 144. Chiral carbamates were
reacted with an aldehyde 21 and disubstituted phosphite 18 in acetyl chloride at 0 °C to generate
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corresponding a-aminophosphonates 149 (Scheme 2.45). In the first screening camphor-
sulfonamide-based chiral auxiliaries provided better results (96.4 - > 99 % de) compared with (-)-
menthyl carbamate 146 (14 %). The best results among camphor derivatives were achieved with a
bulky R? = -CH,-SO2-N(cyclohexyl). which was selected for the following screening of aldehydes.
Four aldehydes provided good results in terms of yield (75 - 79 %) and dr (> 99 %) except for
cyclohexanecarbaldehyde, which dr was 56 %. This lower result might be attributed to a higher
rotational freedom on the C,-alkyl bond in its N-acylimine or iminium ion intermediate.

[5\ i
| Ok”fo o
o) = Y O=P-OR*
)L PN R3 /P//\ ” )\*
oH ~"N0" NH R0 OR" uN"R

2
B : 148
H Z P(OR?)
P TFA, NaCN, benzene PN 3 or O/&O
143 o . 148 24 ACOH, rt. or AcCl, 0°C ) R
or or + RSQO + R/,
1) )OL or Yield: 45 - 79 %
) R2 21 14 - >99 % de >
R Cl,c”~ “NCO DCM o HOP(OR*), 56 -> 99 % dr
- 145 = )L 18 8-42%ee 149
R oH 2 Al0s 0~ “NH,
144 147 1) HCl
2) propylene
oxide
R = -CH,-S0O,-N(cyclohexyl),, -CH,-SO,-N(iPr),, -CHp-S0,-2,4,6,-tri-MeCgHy; R? = indane; OH
R® = Ph, iPr, Et, Me, p-anisyl, 1-naphthyl, p-tolyl, Cy; R* = Et, Ph, 2-MeOCgH, o:j’\—OH
H,N™ "R3
54

Scheme 2.45. Diastereoselective synthesis of a-aminophosphonates from chiral carbamates,
catalyzed by acetic acid or acetyl chloride

2.2.7 Selection of stereoselective protocol for the preparation of UAMC-00050

In section 2.2 we describe different strategies for the stereoselective preparation of o-
aminophosphonates. We decided to begin our investigation with the most simple methods. The L-
proline complex was found to be an interesting starting point for the one-pot three-component
enantioselective synthesis of a-aminophosphonates. On the other hand, the chiral carbamate
strategy was selected to test the diastereoselective synthesis of a-aminophosphonates.

2.3 Green Chemistry approach to the synthesis of the key aldehyde

According to the principles of green chemistry, every reaction in a chemical process should aim
for the best atom economy which is calculated as the total mass of the desired product divided by
the mass of the reactants.”® According to medicinal chemistry research, preparation of the key
aldehyde 7 in the current synthetic route is carried out by oxidation of the corresponding primary
alcohol 6 with (DMP). Under these reaction conditions, the achieved atom economy is 36 %. DMP
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also presents some concerns regarding its safety since it is a high energy molecule. Dallaston et al.
reported that this hypervalent iodonium compound underwent an exothermic decomposition with
onset temperatures of 116 °C.1! Decompositions were highly exothermic and the oxidant was
flagged by Yoshida correlations.” With views of a potential scale up and process development of
UAMC-00050 an alternative to DMP was required to find a safer and more efficient synthetic
method for the preparation of aldehyde (7). Preferably, those methods should not include the use
of other hypervalent iodonium derivatives and use cheaper oxidants.

In the past decades, several reviews have collected methods for selective catalytic oxidation of
primary alcohols to aldehydes. Parmeggiani et al.”” reported a series of reactions using oxygen as
a primary oxidant in the presence of transition metal as a catalyst. Wertz et al,”® on the other hand,
focused the review on a series of reactions catalyzed by nitroxides instead of transition metals.
Heravi et al,” reported the catalytic preparation of aldehydes with hydrogen peroxide as a primary
oxidant. Herein we review a series of published reaction protocols that could be useful for the
preparation of UAMC-00050 intermediate 7 including its further upscale.

2.3.1 Oxidation with Oz or Air

Assal et al. reported the synthesis of catalytic zinc oxide-manganese carbonate nanoparticles via
a facile and straightforward coprecipitation procedure.®’ The ZnOx—MnCOs catalyst, used in 1.0
mol% loading exhibited excellent performance and selectivity in the aerobic oxidation of 1-
phenylethanol, where 100 % conversion and more than 99 % product selectivity were obtained in
5 minutes with superior specific activity (48 mmol-g~1-h) and 390.6 turnover frequency (TOF).
The scope of the oxidation process was extended to different types of alcohols 150. Various
primary, benzylic, aliphatic, allylic, and heteroaromatic alcohols were selectively oxidized into
their corresponding aldehydes 151 with 100 % conversion without overoxidation to the carboxylic
acids under base-free conditions (Scheme 2.46). This catalytic system offers several advantages
including complete alcohol conversions, extremely high specific activities, and selectivity towards
target products in extremely short reaction times by using an eco-friendly, low-cost, and reusable
heterogeneous catalyst.
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?\H 05, 1 % ZnO,-MnCO4 i
R" “R? Toluene, 100 °C R" "R?
150 Conversion: 100 % 151
Me
R' = Ph, 4-CICgH,, Bn, PhCH,CHy,, Cy, Vinyl, Hex, 4-MeOPh, 4-NO,Ph, 4-CF3Ph, 3-NO,Ph, 2-NO,Ph,
. X NN
2,3,4-tri-MeOCgH,, 2,4-di-CICgH3, 2,3,4,5,6-penta-FPh, 1-naphthyl, PACHCH, CgH7, 2-furyl Z OH
2 _
R”=H, Me, 4-CIPh, Secondary alcohols ‘ OH
R R2 R R2 R R? Me” “Me
Ph Me PhCH,CH, Me Ph Ph
4-CIPh Me CH,CH Me Ph 4-CIPh
nHex Me

Scheme 2.46. Aldehyde synthesis by aerobic oxidation catalyzed by zinc oxide nanoparticles doped
with manganese carbonate

Kim et al.®! reported that the combination of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
(20 mol%)/Ceric ammonium nitrate (CAN) (10 - 20 mol%) can be used for the effective oxidation
of most of the benzyl, benzylic, and allylic alcohols 152 into their corresponding carbonyl
compounds 153. The authors also reported that steric hindrance has been observed with some
substituted allylic systems and aliphatic alcohols, such as cyclohexanols, which showed no
reactivity towards the oxidative process. The new protocol was tested on 6 substrates (Scheme
2.47). Reflux in MeCN was fundamental to achieving decent yields. Primary benzyl alcohol reacts
quite fast (2.5 h) while substituted allylic alcohols gave the product good yields with a relatively
longer reaction time.

CAN (10-20 mol%), TEMPO (10 mol%) ~
R oH R" o
0O,, MeCN, reflux
152 Yield: 71 - 99 % 153

R" = Ph, 4-MeCgHj, 4-NO,CgH,, (E)-PhCHCH, 2-furyl, @/ch

Scheme 2.47. Aldehyde synthesis promoted by O2 and catalyzed by CAN/TEMPO

Hoover and coworkers developed a protocol that allows the selective oxidation of alcohols 152
to aldehydes 153 using copper catalysis and air as the primary oxidant (Scheme 2.48).828 The
authors began the study with conditions screening for the oxidation of (E)-4-hexen-1-ol. Both Cu
(1) and Cu (1) were tested, where CuBr, and CuBr were the most effective catalysts for a small-
scale process, but the reaction would occasionally form insoluble precipitates and fail to reach
complete conversion of the starting material even after 24 h. On the other side [Cu(MeCN)4]OTf
afforded the corresponding aldehyde in quantitative yield. TEMPO and di-tert-butyl
azodicarboxylate (DBAD) were the two cocatalysts tested during the screen. DBAD was discarded
after the failure to convert all the starting material. Among the two bases tested N-methylimidazole
(NMI) was found superior to KOtBu. 2,2"-Bipyridine (bpy, 154) was selected as the ligand for
copper. Finally, five different solvent systems were tested (DMF, MeCN/H20, PhCFs3, toluene,
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MeCN) and pure MeCN was able to provide the highest yield of the target product. The new
protocol was tested on 35 different alcohols, in most cases, the product was obtained with moderate
to excellent yield (72 - > 98 %). In the case of 2-(2,2-dimethyl-1,3-dioxolan-4-yl)ethan-1-ol and 3-
(methylthio)propan-1-ol poor yields were recorded, 47 and 25 % respectively. This behavior is due
to the fact that the phenethyl alcohol overoxidized while phenol-containing molecules inhibited the
catalyst providing no conversion.

Oy, [Cu(MeCN),J(OTH) (5 mol%)
SoH RITY

1 bpy (5 mol%), TEMPO (5 mol%) 74 N\ N=
52 153
NMI (10 mol%), MeCN \ /7

Yield: 83 - >98 % bpy (154)

R!

o

R' = Ph, nHp, Cy, PhCH,CH,, (E)-PhCHCH, 4-MeOCgH,, 2-NH,CgH,, 2-NO»-5-CICgH3,
2-CI-5-NH,CgH3, 2-ICgH,, 2-F-6-CICgH5

/ AN
M // AA%QI:I/’\ /E:::I/A\ [:::I/A\O > //A\V/A\I:j\OH
e3Si
(ﬁ\/\/
7 D_/ SNoNFOH ANA0H NYOH

@UOH [854 ©/ MJ o
I W YQA oA +V

Scheme 2.48. Aldehyde synthesis catalyzed by copper-bpy complex, TEMPO and NMI

A copper (1)/9-azabicyclo[3.3.1]nonane N-Oxyl (ABNO)/O2 method for the selective oxidation
of alcohols 152 to aldehydes 153 was developed by Steves et al.3* (Scheme 2.49). To improve the
copper (I)/TEMPO/O: protocol, the authors decided to exchange the TEMPO with the more
reactive ABNO (156). Oxidation of cyclohexanemethanol to cyclohexanecarbaldehyde was
selected as a model reaction. First, the ligand type was tested, and numerous mono- and bidentate
nitrogen ligands were evaluated in combination with CuOTf/ABNO. The highest yield was
obtained with Me®ppy (155) and the focus was moved to the screening of the copper source.
Cu(MeCN)sOTf proved to be superior compared to CuBr, CuBr2 and Cul. A higher yield was
obtained when the load of ABNO was decreased from 5 mol% to 1 mol%. NMI was found to be
superior to 4-dimethylaminopyridine (DMAP) as an additive. With the best conditions in hand, the
protocol was tested on a panel of various alcohol substrates. In all cases, excellent yields were
obtained and the methodology proved to be compatible with various functional groups, including
ethers, thioethers, heterocycles, amides, alkenes, and alkynes. A slower reaction rate was observed
with 3-hydroxymethylindole and the highly electron-deficient 4-chloro-2-nitrobenzyl alcohol
where it was necessary to heat the reaction to 50 °C.
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MeO OMe
5 mol% Cu(MeCN),OTf, 5 mol% MeOppy @—@ é;kN
N N ~0

A~ 1 mol% ABNO, 10 mol% NMI

R™ OH —— RS0 MeOppy (155) ABNO (156)
152 MeCN, r.t., ambient air, 1 h

Yield: 85 - >98 % 153

R = 4-MeOCgH,, 4-Cl-2-NO,CgHg, 2-ICgH,, 3-Cl- 2NH206H3 4-MeSCgHy, Cy, 2-furyl, 2-thienyl

OH HO
AN A
Ph OH ‘ ) OH)Y\ Cfg NHBoc
N NHBoc NHBoc

Scheme 2.49. Aldehyde synthesis by oxidation with Cu(I)/ABNO/O2 system

Xu et al. developed copper-catalyzed aerobic oxidation of alcohols 152 to aldehydes 153
without using TEMPO® (Scheme 2.50). Recently the catalytic enzymatic reactivity of tyrosinase
was mimicked by [Cu(MeCN)4]PFs complex with a N,N’-di-tert-butyl-ethylenediamine.®® The
same complex was tested for the oxidation of 1-octanol to the corresponding aldehyde. No
significant conversion was noticed in the presence of 4 mol% [Cu(MeCN)4]PFs and 5 mol% of
N,N’-di-tert-butyl-ethylenediamine, which prompted further screening of reaction conditions. In
particular, the effect of a nitrogen base on the reaction was assessed. While strong Brgnsted bases,
such as DBU, 1,4-diazabicyclo[2.2.2]octane (DABCO), or N,N-diisopropylethylamine (DIPEA),
were ineffective, heterocyclic bases, such as pyridine, NMI, or DMAP, had a positive effect on the
reaction. DMAP provided the highest yield (92 %). The reaction can also work with air instead of
oxygen but the complete conversion required a longer time to be achieved. The optimized
conditions were tested on a panel of primary alcohols. The protocol tolerates several functional
groups including silyl, ester, carbamate, alkenes, alkyl halides, and nitro groups.

0O, (1 atm)

5 mol% [Cu(MeCN)4]PFg
5 mol% N,N’-di-tert-butyl-ethylenediamine,

0,
R oH 20 mol% DMAP R(%O
4AMS, rt.
152 6 h, DCM 153

Yield: 69 - 99 %

R' = Cy, adamantyl, Ph, 2,6-diCICgH3, 4-MeCO,CgHy4, 4-MeOCgH,4, 4-BrCgH,, 2-furyl, 2-thienyl /\/\
! T ’ ! ! ’ ’ OH

R2
\/\/\OH )\/\/L/\OH nBu

Ny oH
Ph 0K RZ=Ph, 4-NO,-Ph, 3,4-OMe-Ph « m ol o
/\/\/\/\
TBS, Bn, N(Bn)Boc OH \Mﬂ\OH

Scheme 2.50. Aldehyde synthesis by aerobic oxidation catalyzed by Cu(l)/DBED/DMAP
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2.3.2 Oxidation with H20;

A zinc-catalyzed oxidation of benzyl alcohols by hydrogen peroxide was developed by Wu.®’
A series of zinc salts (ZnBrz, Znlz, ZnFz, Zn(OTf)2, Zn(OAC)2, Zn(TFA)2, Zn(CN)2) were tested in
the oxidation of benzyl alcohols by 4.0 equivalents of H202. ZnBr, was selected as the best salt
with 64 % conversion, and the author tested five commonly used ligands, where pyridine-2,6-
dicarboxylate (157) showed the highest efficiency: conversion reached 100 % and when the
reaction was carried out in THF instead of MeOH yield of the aldehyde raised from 61 % to 91 %.
The generality of the methodology was tested on 14 various substrates 152 providing
corresponding aldehydes 153 in good to excellent yields (77 - 97 %). Moderate yields were
obtained in the preparation of para-methoxy-benzaldehyde (65 %) and furfuraldehyde (53 %)
(Scheme 2.51).

H,0, 4.0 equiv.
R SOH ZnBr; (10 mol%), 157 (10 mol%) R1’§O m
152 THF, rt. HO,C N/ CO,H
Yield: 53 - 97 % 183 z 157 z
R = 3-MeCgHy, 4-iPrCgH,, 4-MeOCgHy, 1-naphthyl, 2-naphthyl, 2-CICgHy, 4-CICgH4, 3-CICgHy,
2-FCgHy, 3-FCgH,, 4-CF3CgHy4, 3-CNCgHy, 2-furyl, 3-furyl

Scheme 2.51. Aldehyde synthesis by oxidation with H>O> catalyzed by ZnBr: in the presence of
pyridine-2,6-dicarboxylic acid (157) as a ligand

Syiemlieh and coworkers used a copper complex [CuzZn(bz)s(bpy)2]PFe, instead, which could
be prepared from commercially available starting materials. With this catalyst loading 0.7 mol%,
it could mediate the oxidation of alcohols 152 to aldehydes 153 in the presence of 2.0 equivalents
of hydrogen peroxide at 70 °C (Scheme 2.52).28 An initial screening on the oxidation of benzyl
alcohol to benzaldehyde showed that employing solvent-free conditions can provide a higher yield
(75 %) compared to other reaction mediums (e.g. toluene, benzene, DCM, MeCN, xylene, EtOAc,
hexane). The optimized conditions were tested on 14 various alcohols and the corresponding
aldehyde was obtained in general with high yields (75 - 98 %). Only stearyl alcohol afforded the
corresponding aldehyde with a poor result (22 %). Any further oxidation to carboxylic acids was
not noted and the catalyst can be reused without loss of activity over five cycles.

[CuZn(bz);(bpy)2]PFe (0.7 mol%)

R oH 30% H,0, (2 equiv.) R1/§O
neat, 70 °C
152 Yield: 22 - 100 % 153

R' = Ph, 4-MeOCgH,, 2-MeCgH,, 3-MeCgHy, 4-MeCgHy, 3-CICgH,, 4-NO,CgHy, N\ OH
(E)-PhCHCH, 3,4,5-tri-OMeCgH,, nPr, nBu, C4gH37, 2-furyl, 2-thienyl ‘ P>

Scheme 2.52. Aldehyde synthesis by oxidation with H20> catalyzed by Copper-Zinc complex

Wagh et al. developed a protocol for the oxidations of alcohols 152 to aldehydes 153 using
hydrogen peroxide as oxidant and lactic acid as solvent and oxidation promoter.3® The authors
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started to test the H2O>/lactic acid combination on the oxidation of benzyl alcohol and the reaction
was carried out at 30 °C (Scheme 2.53). Initially, the required excess of H.0> was investigated,
and it was found that a complete conversion can be achieved with only 1.07 equivalents. Any
further increase led to an overoxidation to the acid side product. Reaction media other than lactic
acid (e.g., MeCN, EtOAc, MeOH, CHCIs) failed to provide complete conversion. The authors also
investigated other oxidants such as m-CPBA and TBHP, that provided only 77 % and 66 %
conversions in 7 h, while benzoyl peroxide showed only 58 % conversion of benzyl alcohol.
Finally, several reaction temperatures were also tested, the conversion at 15 °C, 20 °C, and 25 °C
was 43 %, 61 %, and 89 % respectively. Only at 35 °C a complete conversion was reached but with
a decrease in selectivity. The generality of the protocol under optimized reaction conditions was
tested by using various primary aromatic benzyl alcohols bearing electron-donating and
withdrawing groups. Corresponding aldehydes were obtained in excellent yields (87 - 97 %). The
lower results were recorded with the aliphatic alcohol n-BuOH and i-PrOH, 81 % and 80 %,
respectively.

Lactic acid
™o actic aci RN
30 % H,0, (1.07 equiv.), 30 °C
152 Yield: 87 - 97 % 153

R" = Ph, 4-MeCgHy, 4-MeOCgH,, 4-CICgH,, 4-BrCgHy, 4-FCgH,, 4-CNCgH,, 4-NO,CgH,,
4-OHCgHy, 4-CO,HCgH,, 3-OHCgH,, 3-MeOPh, (E)-PhCHCH, 2-furyl, 2-thienyl

HO HO,

seoles,

Scheme 2.53. Aldehyde synthesis by oxidation with H202, promoted by lactic acid

A cobalt zeolitic imidazolate framework (ZIF-9@ Zeolite) was synthesized by Hashemian and
collaborators from cobalt (11) nitrate, benzylimidazole and zeolite.*® The ZIF-9@ Zeolite was tested
as a catalyst for the selective conversion of benzyl alcohols (158) to benzaldehydes (29) with H202
(Scheme 2.54). Using the model reaction with benzyl alcohol, the authors screened several
solvents. Among nine solvents and one mixture (H.O, DCM, MeCN, n-hexane, MeOH, CHCls,
EtOH, DMF, toluene and MeCN/H20 1:1 v/v) the best yield (98 %), was obtained when the
reaction was carried out in the water. Then, with the best solvent in hand, the focus was moved to
the reaction temperature. From 25 °C the temperature was sequentially increased to 40, 60, and 80
°C. The conversion was found to increase with the increasing temperature, and the highest catalyst
activity was achieved at 80 °C. The optimized protocol was tested on 14 various substrates.
Excellent yields were obtained in all the cases, regardless of the presence of an EWG or an EDG.
Finally, the recyclability of the catalyst was tested over four cycles showing a decrease in yield
from 5 to 10 % at each cycle.
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RL©/\OH ZIF-9@Zeolite (0.5 equiv.) RL©AO
H,0, (30 %, 2.0 equiv.)
H,0, 80 °C, 26 - 33 min
Yield: 76 - 99 %

158 29

R" = 4-OMe, 4-Cl, 4-NO,, 4-Me, 4-Br, 4-F, 4-Ph, 3-Cl, 4-CO,Me, 3-NO,,
2-NO,, 3-Me, 3-OMe, 3,4,5-OMe.

Scheme 2.54. Aldehyde synthesis by oxidation with H20> catalyzed by ZIF-9@ Zeolite

Aluminum chloride was used to promote the oxidation of benzyl alcohols 158 or phenethyl
alcohol (159) to benzaldehydes 29 or phenylacetaldehyde (160) with hydrogen peroxide (Scheme
2.55).%! Using the oxidation of benzyl alcohol to benzaldehyde as a model reaction, first, an excess
of H20, was optimized. It was found that 3.0 equivalents of H202 (25 - 30 % ag. solution) was
necessary for a complete conversion of the substrate in MeCN at 45 °C in 2 h. The optimum amount
of AICl3, required for the complete conversion, was 4.5 equivalents. With the optimized conditions
in hand, the scope of the reaction was investigated. Benzyl alcohol was transformed into
benzaldehyde with a conversion of 92 %. Benzyl alcohol derivatives such as 2-methyl benzyl
alcohol and 3-methyl benzyl alcohol were oxidized with 95 and 99 % conversion, respectively. In
the case of 2-methyl benzyl alcohol, it was observed a 2:1 ratio between the aldehyde and the
carboxylic acid, while 2-phenylethanol was selectively converted to the aldehyde but with a poor
yield of 9 %.

. @/\OH o @/V H202 (3.0 equiv.) @/\ @/\/
1
AICI3 (4.5 equiv.)
MeCN
158 Conversion: 9 - 99 % 29

Ry = H, 2-Me, 3-Me

Scheme 2.55. Aldehyde synthesis by oxidation with H>O, catalyzed by AICIs3

Moriyama et al. developed halide-catalyzed selective oxidation of benzyl alcohols 158 to
benzaldehydes 29 using hydrogen peroxide as the primary oxidant (Scheme 2.56).%2 The
investigation began using the model reaction of oxidation of 5-nonanol to the corresponding
ketone. Solvents, and metal bromide catalysts were screened. The reaction was initially tested in
MeCN/H20 (9:1 v/v), EtOAc/H20 (9:1 v/v) and DCM/H20 (9:1 v/v), the best results were obtained
when the reaction was carried out in DCM/H20 and any different medium or ratio led to a lower
yield. KBr proved to be superior to other metal halides like LiBr, NaBr, CaBr2, KCI, KI. Decreasing
the amount of KBr to 0.1 equivalents leads to a decrease in yield. Lower yields were obtained when
the Brgnsted acid PhSOszH additive was changed to other compounds including MeSOsH,
(PhO)2P(O)OH, p-NO2-PhSOsH, TFA. Under the optimized conditions, the method provided a
very selective conversion of benzyl alcohols 158 to benzaldehydes 29. The addition of 0.1
equivalents of TEMPO was found pivotal to avoid the overoxidation to carboxylic acid. The
H20./KBr/PhSOsH/TEMPO method was tested on five substrates providing corresponding
aldehydes with excellent yields.
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H,0; (2.0 equiv.), KBr (0.2 equiv.),

TEMPO (0.1 equiv.), PhSOzH (0.2 equiv.) N
OH R o
R4 DCM !

Yield: 97 - >99 %
158 29

Ry =4-Me, 4-F, 4-Cl, 3-Cl, 2-Cl

Scheme 2.56. Aldehyde synthesis by oxidation with H>O, catalyzed by KBr/TEMPO/PhSOsH
system

2.3.3 Synthesis of aldehydes promoted by NaCIlO

Since its discovery,® oxidation of primary alcohols to aldehydes with NaCIO in ag. biphasic
systems gained a lot of attention due to the simplicity, safety, and high efficiency of the process.
Modern variations of the transformation include a continuous process for the oxidation of alcohol
152 to aldehyde 153 which was accomplished by Hampton et al.* The authors employed a spinning
tube-in-tube (STT) reactor, that was fed with an organic solution of the substrate, TEMPO (0.01
mol%) and nBusNBr (0.05 mol%) in toluene or DCM, and an aqueous solution of bleach diluted
with a saturated aqueous solution of sodium bicarbonate (1:1, pH = 8.5). The reactor was cooled
at 0 °C and the residence time was kept between 27 seconds and 172 seconds (Scheme 2.57). The
methodology was tested on six different substrates, in all the cases the corresponding aldehyde was
obtained with good to excellent yield (76 - 99 %) except for the phenethyl alcohol at 0 °C that
provided only an 11 % of aldehyde but when the temperature was raised to 25 °C the aldehyde was
obtained with 70 % yield. The continuous process provided better yields of aldehyde products and
increased the reaction rates compared to the batch process. Also, it provides a basis for a reliable
upscale of this reaction.

aqueous phase: 3 - 6 % ag. NaCIO, NaHCO3
organic phase: TEMPO (0.01 equiv.),
BuyNBr (0.05 equiv.), Toluene or DCM
R oH STT™ Reactor, 0 °C, RS0

152 4000-6009 RPM i 153
27 - 172 s residence time

Yield: 11 -99 %

H
R' = Ph, 4-OMeCgHj, Bn, CeHis, ™~ O~ N~
>( WO( I
Scheme 2.57. Aldehyde continuous synthesis in STT reactor by oxidation with NaCIO catalyzed
by TEMPO and BusNBr
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Dong and coworkers developed chemoselective oxidation of alcohols 152 to aldehydes 153
using NaClO as the primary oxidant and morpholinone nitroxide 161 as an analogue of TEMPO
(Scheme 2.58).% The catalyst was prepared in 2 steps starting from the cheap 1-amino-2-
methylpropan-2-ol. The protocol was tested on 16 examples of benzyl alcohols, containing EDG
or EWG, and both provided excellent yields (81 - 91 %). Only secondary alcohols did not react,
making the protocol chemoselective for primary alcohols.

161 (1.0 mol%)
R oH NaCIO (150 mol%) R0
0.0 BuyNBr (5 mol%), KBr (10 mol%),
7[ :/? 152 aq. NaHCO; and DCM 153
N Yield: 81 - 91%
0

R' = Ph, 2-CICgHy, 2-MeCgHy, 4-MeCgHj, 4-CICgH,, 4-OMeCgHj, 2-naphthyl,

161 C7H47, CsHq3, PhCH,CHy, Cy, (E)-PhCHCH, X OH
‘ —
N

Scheme 2.58. Aldehyde synthesis by oxidation with NaClO, catalyzed by morpholinone nitroxide
161

Wang et al. reported the preparation and the use of a novel solid-phase catalyst for the
conversion of alcohols 152 to aldehydes 153 consisting of TEMPO-functionalized multiwalled
carbon nanotubes (MWNTS) (Scheme 2.59).% Commercially available carbon nanotubes were
treated with concentrated nitric acid to create carboxylic acid groups directly on the surface of
MWNTSs. Oxidized MWNTSs were converted to corresponding acyl chlorides and coupled with 4-
hydroxy-2,2,6,6-tetramethylpiperidine-loxyl (HO-TEMPO). The TEMPO loading on the
nanotubes was calculated to be 0.74 mmol/g. Oxidation of benzyl alcohol to the corresponding
aldehyde was achieved with 1.25 equivalents of NaClO as the primary oxidant, 0.1 equivalents of
KBr as a co-catalyst and 1.6 equivalents of KHCOs as a base to keep the pH at 9.1. The complete
conversion was reached after 5 minutes when MWNTs with lower loading of TEMPO was used
(0.21 mmol/g of TEMPO), only 60 % conversion was reached in the same amount of time. The
methodology was tested on a panel of alcohols. In all cases, complete conversion was reached in 5
minutes, proving that the electronic properties of the substituent on the benzene rings have a
negligible influence on the reactivity in the case of primary benzylic alcohols. After the completion
of the oxidation, the catalysts were separated from the reaction mixture by filtration, thoroughly
washed with water and DCM, and then reused in the next run under the same conditions. Catalysts
were recycled for six consecutive reactions without any loss in catalytic activity and only after the
seventh run, the activity of catalysts decreased to a certain extent.
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MWNTs-TEMPO (0.01 equiv.)
KBr (0.1 equiv.), NaClO (1.25 equiv.)

KHCOj3 (1.6 equiv.)
152 DCM, 0 °C, 5 min.
Conversion: 100 %

R = Ph, 4-NO,CgHa, 4-MeOCgHj, Bn, C7Hys, nPr, iPr.

Scheme 2.59. Aldehyde synthesis by oxidation with NaCIO, catalyzed by TEMPO-MWNTSs

A polymer-immobilized TEMPO-derivative (PIPO) was used by Hinzmann and collaborators
for the selective oxidation of alcohols 152 to aldehydes 153 (Scheme 2.60).%” The study aimed to
perform aldehydes synthesis in alternative solvents than DCM, commonly used for TEMPO
oxidations. The authors first optimized the TEMPO/NaClO oxidation of n-octan-1-ol in DCM at 0
°C to have a benchmark system. Solid NaClO-5H20 was used instead of bleach (15 % aqg. solution)
and phase transfer catalysts (PTC) (i.e. acetylcholine hydrochloride, BusNCI) or salts like NaHSO4
were tested as additives. In the case of PTC the reaction did not proceed, instead, in the presence
of NaHS0O495 % of the alcohol was consumed, with a small (6 %) overoxidation to the acid. The
optimal amount of TEMPO was found to be 0.25 mol% and for the NaClO-5H,0 1.1 equivalents
was sufficient for a complete conversion. Screening of solvents, in order to replace DCM, showed
that when using EtOAc, MTBE, and 2-Me-THF as organic solvents nearly no conversion of n-
octan-1-ol takes place. On the other hand, the reaction proceeded in various liquid aliphatic nitriles.
In particular, n-octanenitrile and i-butyronitrile turned out to be highly suitable. The solvent screen
was repeated using PIPO as the catalyst. n-Butyronitrile and n-octanenitrile provided the best
conversion with the lowest amount of acid. n-Butyronitrile was selected for the scope of the
reaction since it is relatively easy to remove under a vacuum. The reaction protocol was tested on
11 substrates. Primary alcohols with electron-withdrawing groups such as a nitro group were
rapidly converted into the corresponding aldehydes with high selectivity. In contrast, oxidation is
much slower when using alcohols substituted with an EDG such as methoxy group. Yields were
generally good, except for cyclohexylmethanol which was obtained with a 58 % yield only.

PIPO (0.0025 equiv)
NaHSO4-H,0 (0.05 equiv.)

R"0H NaClO-5H,0 (1.1 equiv.) R,
0,
152 0 C_ ) 153
n-butyronitrile

Yield: 58 - 95 %

R = C7H4s5, CgH1g, CsHyy, Cy, Ph, (E)-PhCHCH, 4-NO,CgHy,
3-NO,CgHa, 4-MeOCgHj, 3-MeOCqH,.

Scheme 2.60. Aldehyde synthesis by oxidation with NaClO, catalyzed by polymer-immobilized
TEMPO-derivative (PIPO)
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2.3.4 Selection of oxidation protocol for the optimization of the route to
UAMC-00050

In Section 2.3 we reported a series of green approaches to the preparation of aldehydes. The
approaches were divided into three categories depending on the primary oxidant (i.e. Air or O,
H202 and NaClO). For our improvement of the synthetic route to UAMC-00050 we selected all
three oxidants. Regarding the choice of the catalyst, as for the Birum-Oleksyszyn reaction, we
selected a catalyst that can be easily purchased and that does not require any tedious preparation.
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3 RESULTS AND DISCUSSION

As shown in the literature review, there are several strategies to implement the synthesis of
UAMC-00050, in particular: the aldehyde can be prepared under more safe and green conditions,
and the yield of the Birum-Oleksyszyn reaction can be increased after a catalyst screen. The
optimized conditions for UAMC-00050 can be later applied for the preparation of the backup
compound UAMC-0004206 and the proof-of-concept compound UAMC-0004207. In the literature
review were also reported several methods for the stereoselective synthesis of a-amino-
phosphonates. In this work, we reported our most important results which can be divided into the
following groups.

1) We have optimized every single step of the medicinal chemistry preparation of UAMC-
00050, the chlorinate solvent DCM was removed, and hazardous or expensive reagents were
replaced with safer or cheaper alternatives, more efficient in terms of atom economy. Every
reaction step was optimized to reach a higher yield and DoE was used to reach the optimum
conditions in the last step. In all the intermediates, the flash chromatography separations (if
required) were replaced with other purification techniques, (e.g. silica pad filtration, slurry, or
crystallization). The overall yield was increased from 3 % of the medicinal chemistry route to 22
% of the process development route. The yttrium triflate catalyzed Birum-Oleksyszyn reaction was
used to prepare a series of a-aminophosphonates which will serve as building blocks for assisting
the serine proteases inhibitors research at the University of Antwerp. Lastly, the optimized
conditions for the preparation of intermediate 9 were tested for synthesizing a phosphonolactone.

2) The optimized condition for UAMC-00050, with some adjustments, was adapted for the
preparation of UAMC-0004206 and UAMC-0004207. The conditions for the Birum-Oleksyszyn
reaction were employed without major modifications. In order to simplify the purification of the
final compound we prepared the Boc-protected guanidine intermediated from the selected aniline
salt using N,N'-di-Boc-1H-pyrazole-1-carboxamidine as a reagent. Due to the limited demand for
material, we decided to keep, if necessary, chlorinated solvents and flash chromatography, to
achieve a pure final material in a short time.

3) Two enantiomers of UAMC-00050 separated and tested in vitro. A series of attempts were
made to develop a stereospecific preparation of the a-aminophosphonate. Chiral complexes of
Lewis acid and proline were tested for an enantioselective Birum-Oleksyszyn reaction. (S)-(-)-1-
Phenylethylamine was used to investigate how the reaction conditions (e.g. solvents, additives,
temperature) affect the diastereoselectivity of the one-pot three-component preparation of a-
aminophosphonates. A panel of chiral carbamates were prepared and tested on the Birum-
Oleksyszyn reaction. (R)-1-(3,5-Bis(trifluoromethyl)phenyl)ethyl carbamate was able to provide
an enantiomeric excess of 28 % on the model a-aminophosphonate 16.
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3.1 Process Development UAMC-00050

3.1.1 Preparation of triaryl phosphite 3

The medicinal chemistry research conditions for the preparation of phosphite 3, were upscaled
after minor changes (Scheme 3.1).5 For this synthesis, 3.0 equivalents of paracetamol (2) were
dissolved in anhydrous THF in the presence of 3.0 equivalents of triethylamine (TEA) and reacted
with 1.0 equivalents of PCls. Triethylammonium chloride was filtered off, and the product was
obtained as a white foam after removing THF under reduced pressure. The reaction was fast, and
we were able to decrease the reaction time from 105 minutes to 60 minutes, where longer times led
to reduced product purity. The instability of the triaryl phosphite 3 makes it difficult to separate
from the main impurities (diarylphosphite 162 and paracetamol (2)) by chromatographic
separation, precipitation or crystallization. Therefore, particular attention was paid to optimizing
the reaction conditions in order to achieve a higher conversion with the minimum amount of side
products. The presence of water in the starting material was found to be the main reason for the
decreased purity of product 3. This is because it can decompose highly reactive PCls to HsPO3 and
HCI, changing the reagent’s ratio, therefore, increasing the amount of 2 and 162. Moreover, it can
also hydrolyze the triaryl phosphite 3 with the formation of paracetamol (2) and diarylphosphite
162. Careful drying of the starting phenol 2 under vacuum (20-25 °C, 5 mbar) for at least 24 h
significantly improved the conversion. The water content in paracetamol after drying was 0.030 %
(Karl Fisher titration). Once the reaction was completed, the product was separated from
triethylammonium chloride by filtration of the mixture under Argon flow, in order to minimize
contact between product 3 and the atmospheric moisture. To avoid thermal decomposition of 3,
THF was then removed in vacuo at room temperature, as at a higher temperature (i.e. 40 °C in the
water bath) product 3 was obtained with a decreased quality. Once the product was obtained in a
solid form, it was kept in a vacuum (20-25 °C, 5 mbar) for 6 h, until a 10 % wt (*H NMR assay) of
residual THF was reached. Any longer drying time (i.e. 24, 48 h) led to slow decomposition of 3
to 162 and 2. These improvements allowed us to get a final product with a 90 % area normalized
(AN) by HPLC. The major impurities were represented by diaryl phosphite 162 and paracetamol
2).

OH

. 1.0 equiv. PCI
3.0 equiv. _Uequv. T | AcHN@O P+ ACHN@O P-OH
3.0 equiv. TEA A A
0,
Niiae THF. 0°C, Th

2

3 162

Scheme 3.1. Preparation of 3, 3.0 equiv. of paracetamol (2) are reacted with 1.0 equiv. of PClz in
THF in the presence of 3.0 equiv. of TEA at 0 °C
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3.1.2 Boc-Protection of the amine group in aniline 4

To enable selective oxidation of alcohol moiety in intermediate 6, amino group protection was
required. It was achieved, using 1.1 equivalents of di-tert-butyl dicarbonate (5) in the presence of
1.0 equivalents of triethylamine in dioxane (Scheme 3.2).5 After acidification of the crude reaction
mixture with 2 N aqg. HCI, the product was extracted with EtOAc and purified with flash
chromatography (Table 3.1, entry 1). We decided to explore a more green alternative to dioxane
and remove the triethylamine from the reaction to avoid the acid wash. The standard reaction
protocol reported in the literature, which uses the more green EtOAc as a reaction medium and
does not require a base, was successfully used in our process development.®® Compound 4 was
treated with 1.1 equivalents of di-tert-butyl decarbonate (5) in EtOAc for 16 h at room temperature
(Table 3.1, entry 2). Any attempt to speed up the reaction with a catalytic amount of DMAP
provided only a complex reaction mixture.® The purified product 6 was obtained from the reaction
mixture after a silica pad filtration. After completion of the reaction, the solution of the crude
material was diluted with 0.5 volumes of heptane, poured on the silica pad (SiO2/6 = 15:1 w/w)
and washed with a mixture of heptane/ethyl acetate (1:2 v/v) (Solvent/6 = 28:1 w/v) (Table 3.1,
entry 3). Unfortunately, the filtration was insufficient to remove all the side products and the final
product carried a visible yellow color as an indication of the presence of impurities. Refluxing the
crude material in ethyl acetate (EtOAc/6 = 2:1 v/w) in the presence of activated charcoal
(charcoal/6 = 0.5:1 w/w) before the silica pad filtration, was able to provide a colorless material
with 99 % AN by HPLC (Table 3.1, entry 4). Further investigation of the reaction revealed that the
yellow impurities were present only when 6 was prepared using 4-aminophenethyl alcohol (4) from
a specific provider. Therefore, changing the purity of the starting material has allowed us to avoid
the charcoal treatment and reduce the amount of silica required in the filter pad, from 15.0 w/w to
8.3 w/w obtaining alcohol 6 (99 % AN by HPLC) on a 73 mmol scale (Table 3.1, entry 5). In a
later improvement, after the reaction, crude 6 was purified by crystallization. Among 7 different
conditions (Table 3.2) the mixture of MeCN/MTBE 1:1 v/v (solvent/5 = 1.5:1) was found able to
provide the crystalline product 6 with 99 % AN by HPLC and 98 % yield (Table 3.1, entry 6).

HQO

b*kb

EtOAc,

HN
20-25 °C, 16 h J< <

Scheme 3.2. Boc-protection of the amine 4
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Table 3.1
Optimization steps of the Boc protection conditions

Scale e Purity | Yield
Entry (mmol) Solvent Method of purification (%) (%)
12 37.00 | Dioxane Flash chromatography 99 99
2 37.00 EtOAC Flash chromatography 99 99
3 37.00 EtOAC Pad of Silica (SiO2/6 = 15:1 w/w) 79 95
Active charcoal reflux (charcoal/6 = 0.5:1 w/w;
4 | 1800 | BOAC | 2900 then pad of Silica (Si02/6 = 15:1 wiw) | 20 | %9
5 73.00 | EtOAc Pad of Silica (SiO2/6 = 15:1 wiw) 99 99
Crystallization MTBE/MeCN 1:1 v/iv
6 73.00 | EtOAc (solvent/6 = 1.5:1) 99 98
1.0 equiv. of TEA as additive.
Table 3.2

Screening of solvents for the crystallization of compound 6

Entry Solvent (Solvent/6; viw) Wash (Solvent/6; viw) | Purity (%) | Yield (%)
1 MeCN (2.5:1) MeCN (1.25:1) 99 74
2 EtOAc (2.5:1) EtOAc (1.25:1) 99 38
3 MeCN (2.5:1) No 99 75
4 MeCN (2.0:1) No 99 73
5 MeCN/MTBE 2:1 v/v (2.5:1) No 99 70
6 MeCN/MTBE 1:1 v/v (2.5:1) No 99 97
7 MeCN/MTBE 1:1 v/v (1.5:1) Heptane (5:1) 99 98

3.1.3 Preparation of aldehyde 7

According to the medicinal chemistry procedure, alcohol 6 was converted to aldehyde 7, with
1.5 equivalents of DMP in DCM at - 78 °C to 23 °C for 3 h. The reaction mixture was then
guenched, and the crude product was purified by flash chromatography. In our research, we decided
to avoid the use of DMP and DCM in favor of more green and safe reagents. For instance, (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) is widely used for the catalytic oxidation of
alcohols. 29101 |n our first attempt, we used the (bpy)Cul/TEMPO-catalyzed aerobic oxidation,®
which, however, failed to provide conversion of substrate 6. Hydrogen peroxide with AICI3* or
KBr/TEMPO/pTsOH® was also unsuccessful for the preparation of 7. On the other hand, using 1.5
equivalents of sodium hypochlorite (NaClO) in the presence of a catalytic amount of TEMPO, KBr
and nBusNBr provided a 69 % conversion of substrate 6 with a good atom economy (66 %)
(Scheme 3.3) (Table 3.3, entry 1).%4% An increase of the equivalents of NaCIO (1.8 equiv.) allowed
us to achieve a complete conversion (6 < 1% 'H NMR assay) in 120 minutes. Initially the
equivalents of NaClO were reaised to 2.0 then decreased to 1.8 without losing the complete
conversion. Since the transformation of alcohol 6 to aldehyde 7 is a fast process, we achieved
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complete conversion even when the reaction was quenched after 15 minutes (Table 3.3, entries 2
and 3). Unfortunately, despite the complete consumption of alcohol 6, a poor yield (31 %) was
obtained on a 4.22 mmol scale (Table 3.3, entry 4). The final material showed a modest presence
of carboxylic acid 163 which is the main impurity in the process. As reported by Anelli et al.,1%?
the presence of nBusNBr catalyzes the aldehyde oxidation to acid 163. After removing the
quaternary salt from the original protocol, the yield was increased to 59 % (Table 3.3, entry 5). To
make the reaction more efficient, we decreased the amount of the catalysts (i.e. KBr, TEMPO) and
the reaction time. The yield was increased to 71 % when NaClO (1.7 equiv.), KBr (0.1 equiv.) and
TEMPO (0.01 equiv.) were used with a reaction time of 30 minutes (Table 3.3, entry 6). After
upscaling the reaction to 37 mmol we noted a drop in yield to 60 % due to an overoxidation (Table
3.3, entry 7) that was fixed by further reducing the amount of NaCIO to 1.6 equivalents and the
reaction time to 15 minutes, which allowed us to get a 66 % yield (Table 3.3, entry 8).

As required for a multigram scale synthesis we investigated different methods for the isolation
of 7 rather than flash chromatography purification. Analogous to compound 6, we used a silica pad
to purify the crude, but it failed to provide aldehyde 7 with an acceptable purity (52 % AN by
HPLC). On the other hand, the bisulfite adduct protocol provided aldehyde 7 with a 99 % AN by
HPLC (Scheme 3.3).1% The crude material was dissolved in 96 % EtOH and a saturated ag. solution
of NaHSOs was added dropwise. The mixture was stirred for 2 h at 20-25 °C and 1 h at 0 °C, then
the bisulfite adduct 164 was filtered and washed with cold 96 % EtOH. The aldehyde 7 was
regenerated by dissolving compound 164 in water, followed by the addition of 2.2 equivalents of
Na2COs and extraction with EtOAc to provide product 7. When the bisulfite adduct purification
method was applied to a 73 mmol scale preparation of 7, a decrease in yield (59 %) was observed
(Table 3.3, entry 9). A careful examination of the mother liquor indicated the leading cause of a
drop in yield: it was attributable to the formation of adduct 164 rather than to the catalytic oxidation
process. Extending the reaction time of the crude aldehyde with NaHSO3z from 2 h to 16 h allowed
us to completely convert crude 7 to 164. The bisulfite derivative was then converted back to
aldehyde, obtaining 7 in 71 % yield from alcohol 6, with 99.2 % AN by HPLC (Table 3.3, entry
10). After the optimization, the Anelli-Montanari protocol proved to be superior to the DMP
oxidation. No chromatographic separation was required in the process. Moreover, the yield was
increased from 65 % to 71 % and the atom economy was enhanced from 33 % to 66 %.

HO, o) QA HQ Q
NaClIO,
TEMPO, ker  HO NaHS0, HO3S NaCOs
L + —_— -
Toluene/EtOAc 1:1 EtOH, 20-25 °C, EtOAc/H,0
NHBoc 0 °C, 15 minutes NHBoc NHBoc 16 h then NHBoc 20-25C,3h NHBoc
°C,1h
6 163 7 o%e 164 7

Scheme 3.3. Preparation of 7 by oxidation of 6, and purification through adduct 164
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Table 3.3
Optimization for the aldehyde 7 synthesis

Entry? Scale | NaCIO | TEMPO | Time | Conversion Bisulfite adducte Yieldd
(mmol) | (equiv.)® | (equiv.) | (min) (%) (%)

1¢ 0.42 1.5 0.05 120 69 - N/AT

2¢ 0.42 1.8 0.05 120 100 - N/AT

3¢ 0.42 1.8 0.05 15 100 - N/AT
4¢ 4.22 1.8 0.05 15 100 2 h (20-25 °C) 31
5 4.22 1.7 0.05 60 100 2 h (20-25 °C) 59
6 4.22 1.7 0.01 30 100 2 h (20-25 °C) 71
7 37.00 1.7 0.01 30 100 2 h (20-25 °C) 60
8 37.00 1.6 0.01 15 100 2 h (20-25 °C) 66
9 73.00 1.6 0.01 15 100 2 h (20-25 °C) 59
10 73.00 1.6 0.01 15 100 16 h (20-25 °C) 71

0.1 Equiv. of KBr; ®°NaClO concentration 11-15%; ‘Additionally stirred 1 h at 0
°C before filtration; “Isolated yield; 0.05 equiv. of nBusNBr; 7100 %
conversion.

3.1.4 Birum-Oleksyszyn reaction
3.1.4.1 The complexity of the transformation

The one-pot three-component reaction between the aldehyde 7, the phosphite 3 and the benzyl
carbamate (8) is a pivotal step for the preparation of compound 1. This reaction is the straightest
way to build molecular complexity and reach the final target 1. Unfortunately, we noted a lack of
reproducibility for this reaction on a gram scale. The reaction suffered from a poor yield (11 %)
and a low selectivity towards the target product. Moreover, the presence of impurities in the crude
material made the purification a challenging step. Our investigation began with understanding the
nature of the main side products noted in the reaction mixture (Scheme 3.4). Water, promoted by
the Lewis acid, was able to hydrolyze product 9 to monoary! derivative 170 and triaryl phosphite
3 to the diarylphosphite 162. We speculate that partial removal of the NH-protecting group in
aldehyde 7 generates unprotected 165, which then polymerizes to 166. The highly reactive imine
167 reacts with the second equivalent of benzyl carbamate to form aminal 168, a more stable
compound that in the presence of a Brgnsted or a Lewis acid can also be converted to the reactive
cation 169 which can react with 3 and generate 9. Partial removal of the Boc group from product
9 lead to the generation of side product 171.
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Scheme 3.4. Proposed side reactions for the Birum-Oleksyszyn step

3.1.4.2 Screening of Lewis acid in the Birum-Oleksyszyn reaction

As depicted in Scheme 3.4, improving the overall efficiency of the synthesis of a-
aminophosphonate 9 requires the simultaneous promotion of imine formation, Birum-Oleksyszyn
reaction, and suppression of unwanted hydrolysis and Boc group removal. A series of acidic
catalysts were screened, using an equimolar ratio (1:1:1) of aldehyde 7, benzyl carbamate (8), and
phosphite 3 with 10 mol% loads of the catalyst in MeCN. The reaction was carried out at room
temperature for 4 h.5 The isolated yields and the ratio between product 9 and side product 170 are
reported in Table 3.4. Due to the fact that hydrolysis of phosphodiesters can be promoted by Lewis
acids, 4% the ratio of 9 and 170 is used as an extra parameter to understand the catalyst efficiency
in this side reaction. In particular, paracetamol-containing phosphonate esters are much more
sensitive to the presence of water compared to their alkyl analogues. The screening began by using
AcOH as a solvent, no product was obtained since a complete decomposition of starting materials
occurred (Table 3.4, entry 1). On the other hand, the Brgnsted acid, TfOH, despite a low yield (13
%) provided much better stability of compound 9 toward the hydrolysis, ratio 82:18 (Table 3.4,
entry 6). Lewis acids like TiCls, Mg(OTf)2, and SnCls are the catalyst with lower selectivity, in
which a reaction of up to half of the product 9 was hydrolyzed (Table 3.4, entries 2, 7, and 14). On
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the other hand, LiOTf provided the best compatibility with product 9 and the lowest degree of
hydrolysis (85:15), but only a moderate yield of 15% (Table 3.4, entry 9). Two elements of group
1 and group 2, represented by catalysts LiOTf and Mg(OTf)., provided a low yield of product 9
(15 % and 14 %, respectively), but different selectivity, relatively high for lithium (85:15) (Table
3.4, entry 9) and moderate for magnesium (50:50) (Table 3.4, entry 7). A similar selectivity (74:26
- 76:24) was registered for all the salts of bismuth. However, a large difference was noted between
the yield obtained from the three catalysts 13 % for BiCls, 19 % for Bi(NO3)3-5H-0, and 31 % for
Bi(OTf)3(Table 3.4, entries 5, 12, and 17). Among four chloride salts, group 4 elements represented
by catalysts TiCls and ZrCls ensured the same low yield of product 9 (8 %) but differed in
selectivity (44:56 and 81:19, respectively) (Table 3.4, entries 2 and 3). At the same time, SnCls and
ZnCl, afforded product 9 with the same yield (22 %), but the selectivity of SnCls was much lower
(57:43 vs. 81:19 for ZnCl,) (Table 3.4, entries 14 and 15). The poor performance of TiCls and
SnCl4 can be explained by their hydrolysis with the formation of HCI under the reaction conditions,
leading to decomposition. FeClz was reported as an excellent catalyst for the synthesis of a-
aminophosphonates from alkyl phosphites, % but, in the case of triaryl phosphite 3, it was able to
provide the product 9 in only 15 % yield with 68:32 selectivity (Table 3.4, entry 8). Furthermore,
we speculated that the strong black-brown color of the reaction mixture, noted with strong Lewis
acids (i.e. TiCls and BF3*Et20), might be due to the formation of side product 170. The polymer
can arise from the removal of Boc protecting group from 7 and the subsequent reaction of amine
165 and aldehyde 7 (Scheme 3.4). Less strong Lewis acids (i.e. Mg(OTf). and LiOTf) generated a
less colored reaction mixture, hence less polymer 166, however, most of aldehyde 7 was left
unreacted providing poor conversion of the starting materials. An interesting comparison can be
made between elements of group 3: Y(OTf)s provided the highest yield (42 %) and a good
selectivity (80:20) of product 9 (Table 3.4, entry 18), Sc(OTf)s showed a similar selectivity (81:19)
but afforded much lower yield (16%) of product 9 (Table 3.4, entry 10). Yb(OTf)s and La(OTf)3
ensured the formation of product 9 in 20 and 25 % yield with a selectivity of 67:33 and 69:31,
respectively (Table 3.4, entries 13 and 16). The group of best performing catalysts includes ZnCly,
La(OTf)3, Bi(OTf)3, and Y(OTf)s. On the scale of 4.3 mmol of target compound 9, the best
performance was achieved with Y(OTf)s, which provided the highest yield (42 %), almost four
times higher than in the case of Cu(OTf)2 (11 %) (Table 3.4, entry 4). With Y (OTf)s, the stability
of the paracetamol diester group was also one of the highest - only 20 % of diester was hydrolyzed.
Furthermore, the reaction mixture possessed a pale yellow color as indication of a scarce formation
of polymer 166 and other colored impurities.
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Lewis acid screening for the Birum-Oleksyszyn reaction

Table 3.4

NHAc NHAc
o AcHN
‘ ACHN@O P <>
< 3 >; (F")/O NHCb: HO-p O
o* r4 + O’P NHCbz
e (O, 0 ey (@ (@
7 NH, NHBoc NHBoc
s 9 170
Yield® Ratio Yield® | Ratio®
Ent talyst Ent talyst

ntry Catalys (%) 9/170 ntry Catalys (%) 9/170
1 AcOH¢ 0 N/A 10 Sc(OTf)s 16 81:19
2 TiCls 8 44:56 11 Et.O-BF3 16 76:24
3 ZrCls 8 81:19 12 Bi(NO3)3-5H20 19 76:24
4 Cu(OTf): 11 76:24 13 Yb(OTf)3 20 67:33
5 BiCl; 13 74:26 14 SnCls 22 57:43
6 TfOH 13 82:18 15 ZnCl2 22 81:19
7 Mg(OTf), 14 50:50 16 La(OTf)3 25 69:31
8 FeClz 15 68:32 17 Bi(OTf)3 31 76:24
9 LiOTf 15 85:15 18 Y(OTf)3 42 80:20

#Reaction conditions: 1.0 equiv. of aldehyde 7, 1.0 equiv. of phosphite 3, 1.0 equiv. of benzyl
carbamate (8) and 10 mol% of Lewis acid, MeCN, 20-25 °C, 4 h; P Isolated yield; °Selectivity
Calculated as the ratio of HPLC areas; 9AcOH as solvent.

In order to investigate side reactions, we converted the one-pot Birum-Oleksyszyn reaction into
a two-step reaction. First, 1.0 equivalent of aldehyde 7 was reacted with 2.0 equivalents of benzyl
carbamate (8) in the presence of 10 mol% of Y (OTf)s. The resulting aminal 168 proved to be bench-
stable and easily isolable. The aminal 168 was then reacted with phosphite 3 in the presence of 10
mol% of Y(OTf)s (Scheme 3.5). Instead of isolating product 9 and calculating the yield, we used
an internal standard (1S, i.e. naphthalene) to facilitate the reaction monitoring. After 4 h, HPLC
assay with IS showed only a 63 % (9/1S = 0.79) (Table 3.5, entry 2) amount of a-aminophosphonate
9 compared to that obtained in three-component Birum-Oleksyszyn reaction (9/IS = 1.26) (Table
3.5, entry 5). According to these data, it can be concluded that aminal 168 can react with phosphite
3, but is less reactive than imine 167. Therefore, a one-pot three-component reaction with in situ
formations of imine is a preferable strategy for the synthesis of aryl a-aminophosphonates.
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Scheme 3.5. Synthesis of product 9 from aminal 168, catalyzed by Y (OTf)s

Table 3.5

Comparison of values calculated as a ratio of the chromatographic concentration of product and
naphthalene as internal standard

Entry Two component reaction Entry Three component reaction between 7, 8,
between 3 and 168; ratio 9/1S and 3; ratio 9/1S
0.94 (2 h) 4 1.05 (2 h)
2 0.79 (4 h) 5 1.26 (4 h)
0.74 (6 h) 6 1.21(6h)

3.1.4.3 Screening of reaction conditions in the Birum-Oleksyszyn reaction

With a good catalyst in hand, our attention moved to selecting a suitable solvent media. While
running the reaction in acetonitrile it was observed the formation of a precipitate, which was
identified later as aminal 168. We then started to investigate a new medium for the a-
aminophosphonate preparation, assuring the homogeneity of the reaction mixture. MeCN, THF,
acetone, and MeCN/THF mixture were selected for their ability to dissolve starting materials. Two
alcohols (EtOH and iPrOH) were tested to see the effect of protic solvents on the reaction outcome.
Dioxane and Toluene were tested to see the effect of a reaction medium incapable to completely
dissolve starting materials. The screen of solvents (Table 3.6), highlighted acetone and the mixture
THF/MeCN (1:1 v/v) as the mediums capable of providing the best ratio of 9/1S, respectively 1.47
(8 h), 1.51 (4 h) (Table 3.6, entries 3 and 4). A good yield obtained in THF/MeCN (1:1 v/v) mixture
can be explained due to the capability of THF to dissolve all components of the reaction including
aminal 168 and, therefore, enhance its reactivity. In protic solvents, like EtOH and iPrOH, only
traces of the product were detected and the triaryl phosphite was completely hydrolyzed to
paracetamol (Table 3.6, entries 7 and 8). Despite a good outcome, acetone was discarded due to its
reactivity with phosphite 3.29%:1% QOther solvents like, THF, dioxane, and toluene provided a low
ratio product 9/IS, respectively 0.88 (4 h), 0.06 (8 h), and 0.76 (8 h) (Table 3.6, entries 2, 5, and 6).
The mixture MeCN/THF (1:1 v/v) was selected as the reaction medium.
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Table 3.6
Solvent screen for the Birum-Oleksyszyn reaction

Entry Solvent Ratio 9/ISat 4 h Ratio 9/ISat 8 h
1 MeCN 1.26 1.17
2 THF 0.88 0.88
3 MeCN/THF 1:1 viv 151 1.34
4 acetone 1.39 1.47
5 dioxane 0.21 0.76
6 toluene 0.04 0.06
7 EtOH N/A N/A
8 iPrOH 0.04 0.03

The attention was then turned to the reaction concentration. From the initial 0.07 M, the
concentration was increased to 0.17 M improving the product 9/IS ratio from 1.51 to 1.55 (Table
3.7, entry 3), while at 0.30 M 9/IS was 1.46 (Table 3.7, entry 4). Another factor noted while
changing the concentration was a different percentage of monoaryl ester 170 compared with
product 9 and side product 171, which increased linearly with the molarity of the reaction solution
going from 18 % at 0.07 M to 23 % at 0.17 M and 36 % at 0.30 M (Table 3.7, entries 2 - 4). The
optimized condition, MeCN/THF (1:1 v/v) and 0.17 M were tested on a 4.3 mmol scale, and
product 9 was isolated with a yield of 45 %. A series of anhydrides were then screened, since they
promote the reaction between aminals and alkylphosphonous acids, as shown in the
literature.?>3010%110 |n oyr case, we aimed to promote the reaction between aminal 168 and
diarylphosphite 162. The screening was performed with the addition of 1.0 equivalents of
anhydride to the reaction mixture. Both acetic and trifluoroacetic anhydrides increased the 9/IS
ratio: using acetic anhydride we allowed it to reach 1.62 (Table 3.7, entry 5) while TFAA gave
1.80 (Table 3.7, entry 6). In both experiments, we noted a decrease in the product IS ratio after 4
h. Lower equivalents of TFAA (0.2 equiv.) lead to a lower 9/IS ratio (1.69) and an increase of
monoaryl ester 170 (39.1 %) (Table 3.7, entry 7). Other anhydrides like, succinic anhydride, and
di-tert-butyl dicarbonate failed to increase the 9/IS ratio (Table 3.7, entries 8 and 9). Dehydrating
agents, such as 1.0 equivalents of trimethyl orthoformate (TMOF) and molecular sieves 4 A (MS
4AIT = 2:1 wiw), were tested in combination with 1.0 equivalents of TFAA. A lower yield has
been noted in both experiments in contrast to using TFAA alone (Table 3.7, entries 10 and 11). In
Figure 3.1 is reported the kinetic profile of the condition in entry 6. It can be seen that the product
curve reaches a maximum at 4 h, then is start to decrease due to the decomposition of the product.
Conditions in entry 6 provided the best 9/IS ratio, this methodology was then tested on a 4.3 mmol
scale and the a-aminophosphonate 9 was isolated, after flash chromatography, with a 52% yield.
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Screening of Birum-Oleksyszyn reaction conditions

Table 3.7

NHAc
NHAc HAc ACHN <>
AcHN \©\
Q (ACHN \©\© @ F" < NHCbz
p° NHCbz © NHCbz \EQ\
NHz NHBoc NHBoc
o st w
Additive Conc. | Product 9/IS HPLC area (%)
Entry? | Solvent . .
(equiv.) (M) (yield)® 9 170 | 171
1 MeCN - 0.07 126 (42%) | 71.9 | 176 | 105
MeCN/THF
2 - .07 151 (44 % 774 | 17. 4,
(11 V) 0.0 51 (44 %) 8 8
MeCN/THF
3 - 0.17 1.55 (45 % 723 | 233 4.4
(2:1 viv) (45 %)
MeCN/THF
4 - 0.30 1.46 60.2 | 358 | 4.0
(2:1 viv)
MeCN/THF
5 Ac20 (1.0 0.17 1.62 (50 % 74.3 | 18.1 7.6
(1:1 viv) ¢0 (1.0) (50 %)
MeCN/THF
TFAA (1. A7 1. 2% 724 | 232 44
6 (11 V) (1.0 0 80 (52 %) 3
MeCN/THF
7 TFAA (0.2 0.17 1.69 58,5 | 39.1 2.4
(2:1 viv) 02)
MeCN/THF | Succinic anhydride
8 0.17 0.61 72.6 | 15.0 | 124
(2:1 viv) (1.0)
MeCN/THF
B 1. A7 91 704 | 16.7 | 12.
9 (11 Vi) 0c20 (1.0) 0 0.9 0 6 9
MeCN/THF TFAA (1.0) +
10 0.17 0.59 841 | 159 | 0.0
(1:1viv) TMOF (1.0)
MeCN/THF TFAA (1.0) +
11 0.17 1.12 64.8 | 338 | 14
L:1viv) 4A MS

30.2 mmol of aldehyde 7, reaction time 4 h; PIsolated yield for reactions with scale 4.3 mmol.
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Figure 3.1. The kinetic profiling of UAMC-00050 depicts the course of the reaction. Points are
calculated as the ratio between product 9 and IS. After 4 hours the peak of the product is
reached, triarylphosphite is completely consumed after the first 2 hours. Conditions: 0.1 equiv.
Y(OTf)s MeCN/THF 1:1, 0.17 M, 1.0 equiv. TFAA

The partial deprotection of the Boc group was observed during the reaction. We hypothesized
that it led to polymerization and formation of colored impurities which proved to be challenging to
separate. We decided to investigate the use of different protected aldehydes in the process. In the
first case, the amino group of 4 was protected with Fmoc, and then the alcohol (172) was converted
to an aldehyde 173 by oxidation with DMP. In the second case, our strategy was to oxidize 4-
nitrophenethyl alcohol (175) to the corresponding aldehyde 176 with DMP. The nitroaldehyde 176
can be reacted with 3 and 8 to generate an appropriately nitro-substituted a-aminophosphonate 177
which then can be converted to 178 after the reduction of the nitro group (Scheme 3.6). In the case
of the Fmoc-protected aldehyde, the Birum-Oleksyszyn reaction failed to provide the o-
aminophosphonate 174 with a good purity profile of the final reaction mixture. While the 2-(4-
nitrophenyl)acetaldehyde proved to be very sensitive and it rapidly decomposed when in contact
with air, a Lewis acid, or a base like Na2CO3. We speculated that the impurities noted for the
Birum-Oleksyszyn reaction with aldehyde 7 and the Fmoc-protected aldehyde 173 might arise from
more complex side reactions than Boc deprotection. Thus, we decide to continue our optimization
with Boc protecting group.
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Scheme 3.6. Preparation of alternative aldehydes and planned reactions

3.1.4.4 Birum-Oleksyszyn reaction work-up and purification development

With optimized reaction conditions in hand, we focused on the work-up and purification process
of the final material to avoid flash chromatography. At the end of the reaction, the HPLC
chromatogram showed product 9 with a 23.2 % AN by HPLC, with paracetamol (2),
diarylphosphite 162, and aminal 168 as major impurities. The crude material was dissolved in a
mixture of EtOAC/EtOH (4:1 v/v), capable of forming a homogeneous solution. The acidic by-
products and side products (e.g. paracetamol (2), diarylphosphite 162) were removed after washing
the organic solution with 0.5 M ag. NaOH. The organic layer was separated from the aqueous
solution, the solvent was removed and the crude material was mixed with celite. The solid mixture
was placed on a silica pad and washed with EtOAc/Hexanes (2:1 v/v) (Solvent/9 = 100 v/w) to
remove the aminal 168 and other lipophilic impurities. The pad was then rinsed with EtOAc/EtOH
(3:1 v/v) (Solvent/9 = 100:1 v/w) to recover the product with purity 64.2 % AN by HPLC. Despite
the basic wash, an 8.3 % HPLC area of paracetamol (2) was still present in the crude material. We
used then antisolvent precipitation with a basic aqueous solution, in order to remove the remaining
2. Crude 9 was dissolved in EtOH (Solvent/9 = 10:1 v/w) and added dropwise in 10 volumes of an
0.5 % ag. NaHCOs. The product was present in the collected precipitate with 74.1 % AN by HPLC.
THF was also able to dissolve crude 9, however, once the solution was added to the aqueous 0.5
% ag. NaHCOs the product precipitated as an oil. After the removal of THF, the solidified product
9 was collected with a purity of 71.7 % AN by HPLC. Under the same conditions, acetone proved
to be a slightly better solvent for the purification of crude 9 than EtOH and THF. The product was
obtained with a purity of 74.5 % AN by HPLC, but the precipitate was formed as very fine particles
that clogged the filter making the isolation of the solid a long process. Changing the mode of
addition (i.e. adding the bicarbonate solution to the crude solution in acetone) made a better
filterable solid with a purity of 82.3 % AN by HPLC.
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Our focus moved to the removal of the colored impurities, a series of products generated after
the unwanted side reactions of the aldehyde 7. We started to investigate charcoal sorbents as a
standard treatment for the removal of colored impurities. Nine types of charcoal, four solvent
systems and 2 different temperatures were tested (Table 3.8). In all experiments, the charcoal was
loaded with a 1:1 mass ratio between the charcoal and the crude material. Acros NORIT™ A Supra
in EtOAC failed to remove colored impurities from the crude material (Table 3.8, entry 1). We then
moved our investigation to a series of charcoals manufactured by Cabot.*** NORIT: CN1, CGP
Super, A Supra EUR, ROX 0.8, and SX plux LC were tested in THF with a treatment time of 4 h
(Table 3.8, entries 2 - 7), but none of them was able to completely remove the orange impurities.
NORIT CN1 and CGP Super showed a slight change in the color of the solution after celite pad
filtration. We decided to investigate if a longer time could help the discoloration. Unfortunately,
all four experiments with NORIT: CN1, CGP SUPER, Darco, and GAC failed to provide any
discoloration of the crude 9 solutions (Table 3.8, entries 8 - 11). Our focus was then moved to a
different solvent system, THF was swapped to a mixture of EtOAc and EtOH (4:1 v/v). The crude
material 9 was treated with NORIT C1 and NORIT CGP Super for 24 hours at room temperature.
In both experiments (Table 3.8, entries 12 and 13) a slight discoloration of the solution was noted.
NORIT Darco and NORIT GAC were tested with the mixture EtOAc/THF (1:1 v/v) (Table 3.8,
entries 12 - 15), but unfortunately, none of them was able to remove the colorful impurities (Table
3.8, entries 14 and 15). A small color change was noted also when NORIT CGP was used with the
mixture EtOAC/THF (1:1 v/v) (Table 3.8, entry 16). Lastly, we tested if treating the crude material
9 with the charcoal NORIT CGP in the mixture of EtOAC/THF (1:1 v/v) under reflux can help the
removal of colored impurities. Again, after filtration through a celite pad, we noted no change in
color of the crude 9 solutions. With this last result in hand, we decided to stop the charcoal screen
and move to a slurry stirring method of purification for crude 9.

The crude material was slurried and stirred in EtOAc (Solvent/9 = 20:1 v/w) for 16 h at 20-25
°C, then the solid was collected by filtration obtaining an off-white product with purity 92 % AN
by HPLC (Table 3.9, entry 1). When we refluxed 4 h after 16 h of stirring at 20-25 °C the product
was isolated with the same purity (92 % AN by HPLC), but with a lower yield (86 %) (Table 3.9,
entry 2). We were pleased to find that the purity was increased to 98 % AN by HPLC when acetone
was added to EtOAc with a ratio EtOAc/acetone = 19:1 v/v, and the product was recovered with a
yield of 88 % (Table 3.9, entry 3). Conditions in entry 3 were selected for further upscaling. At the
2.8 mmol scale, the product was obtained with a purity of 99 % AN by HPLC and yield 85 %
(Table 3.9, entry 4). While at 22.1 mmol scales, product 9 was obtained with a purity of 98 % AN
by HPLC and yield 86 % (Table 3.9, entry 5).
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Table 3.8

Screening of conditions for the charcoal impurities removal

Ti
Entry? Charcoal Solvent (I:)]e Result
1 Across NORIT™ A Supra EtOAC 4 No change in color
2 CABOT NORIT CN1 THF 4 Small change in color
3 CABOT NORIT CGP SUPER THF 4 Small change in color
4 CABOT NORIT A SUPRA EUR THF 4 No change in color
5 CABOT NORIT ROX 0.8 THF 4 No change in color
6 CABOT NORIT C EXTRA USP THF 4 No change in color
7 CABOT NORIT SXPLUS LC THF 4 No change in color
8 CABOT NORIT CN1 THF 24 No change in color
9 CABOT NORIT CGP SUPER THF 24 No change in color
10 CABOT NORIT Darco THF 24 No change in color
11 CABOT NORIT GAC THF 24 No change in color
EtOAC/EtOH
12 CABOT NORIT CN1 tOAC/ELO 24 Small change in color
(4:12viv)
13 CABOT NORIT CGP SUPER EtOAC /EIOH 24 Small change in color
(4:1viv)
14 CABOT NORIT Darco EtOAC/THF 24 No change in color
(1:1viv)
15 CABOT NORIT GAC EtOAC/THF 24 No change in color
(1:2viv)
16 CABOT NORIT CGP SUPER EtOAC/THF 24 Small change in color
(1:1viv)
17° CABOT NORIT CGP SUPER Etaﬁc\///v)-”: 24 No change in color

3For all the experiment charcoal was added as 1:1 mass ratio for the crude product; "Reflux.

Table 3.9

Screening of conditions for the slurry purification of intermediate 9

Entry? | Scale (mmol) Solvent Yield® (%) Purity (%)
1 0.3 EtOAC 94 92
2¢ 0.3 EtOAC 86 92
3 0.3 EtOAc/acetone (19:1 v/v) 88 98
4 2.8 EtOAc/acetone (19:1 v/v) 85 99
5 22.1 EtOAc/acetone (19:1 v/v) 86 98

aStirred at 20-25 °C for 16 h; Plsolated yield; °Stirred at 20-25 °C for 16 h and refluxed for 4 h.
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With the optimized reaction conditions (e.g. catalyst, additive, solvent) and the optimized
workup, the protocol for Birum-Oleksyszyn reaction was tested on a 43 mmol scale of aldehyde 7.
Product 9 was obtained with 44 % yield and with a purity of 98.2 % AN by HPLC.

3.1.5 N-Boc deprotection of intermediate 9

In the medicinal chemistry procedure, Boc protecting group was removed with TFA/DCM (1:1
v/v) at 20-25 °C within two hours. HCI-mediated N-Boc deprotection was investigated as a
valuable and cheaper alternative that would have led directly to the HCI aniline salt 178, which is
necessary at the next step to obtain the HCI guanidine salt 1 (Scheme 3.7). Initially, we used 2.5 N
HCl in ethanol, a solvent capable of dissolving 9. The complete cleavage of the Boc group required
6 h. However, due to the long reaction time and the presence of water in the HCI ethanol solution,
we noted the formation of monoarylphosphonate 179. The similar problem was noted with the use
of 5 -6 N HCI in iPrOH. The hydrolysis of product 178 was curbed when 4 N HCI solution in
dioxane was used. Both starting material 9 and aniline 178 were not completely soluble in dioxane,
however, complete N-Boc deprotection was achieved after 3 h at 20-25 °C. The residual starting
material 9 (0.54 % AN by HPLC) was completely removed after antisolvent precipitation.
Purification of the crude salt 178 was performed by dissolving the crude material in EtOH 96 %
(Solvent/178 = 10:1 v/w), and adding it dropwise to 10 volumes of stirred EtOAc at 20-25 °C.
Unfortunately, the product formed a series of clots made the recovery of the product challenging.
Using absolute EtOH, instead of EtOH 96 %, prevented the formation of clots and the solid was
obtained as off-white flakes with a purity of 96.9 % AN by HPLC (Table 3.10, entry 1). Other
antisolvents, like iPrOAc, THF and MeCN, could not provide compound 178 with higher purity,
respectively 90.0 %, 93.2 % and 94.7 % (Table 3.10, entries 2 - 4). The time between the beginning
of the precipitation and the filtration of the solid was set at 0.5 hours. Increasing the contact time
between the mother liquor and the precipitate led to a reduction of purity from 96.9 % to 95.8 %
(Table 3.10, entry 5). Furthermore, higher temperatures (i.e. 65 °C or reflux) were not able to
provide a material with higher purity (Table 3.10, entries 6 and 7). In the case of reflux, the product
precipitated as a sticky solid, compromising the amount of material that was possible to recover
after filtration. Conditions of N-Boc deprotection and work up in entry 1 were selected for the
upscale. Compound 178 (14 mmol) was stirred for 3 h in 4 N HCI solution in dioxane. After the
removal of the dioxane and the acid in vacuo, the crude material was dissolved in absolute EtOH
and added dropwise to 10 volumes of stirred EtOAc at 20-25 °C. The solid was filtered after 30
minutes from the first drop of the alcoholic solution (Table 3.10, entry 8). After drying in vacuo
compound 178 was obtained with a yield of 99 % and purity of 97.9 % AN by HPLC.
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Scheme 3.7. HCI mediated N-Boc deprotection
Table 3.10
Screening of work-up conditions
Entry Scale Antisolvent Stirring treatment Time | Yield | Purity
(mmol) (h) | (%) | (%)
1 0.7 EtOAC 20-25°C 0.5 99 97
2 0.7 iPrOAc 20-25°C 0.5 96 90
3 0.7 THF 20-25°C 0.5 76 93
4 0.7 MeCN 20-25°C 0.5 94 95
5 0.7 EtOAC 20-25°C 24 99 96
6 0.7 EtOAC 65 °C for 1 h then 20-25 °C for4 h 5 85 94
7 0.7 EtOAC reflux for 1 h then 20-25 °C for 4 h 5 7 93
8 14.0 EtOAC 20-25°C 0.5 99 98

3.1.6 Guanylation of intermediate 178

In the medicinal chemistry route, product 1 is prepared from TFA aniline salt 10 after insertion
of the guanidyl group using N,N'-di-Boc-1H-pyrazole-1-carboxamidine (11), removal of the Boc
groups with TFA in DCM, and salt exchange with DOWEX 1X8 CI resin to convert TFA salt 13
to HCl salt 1. The procedure has several limitations: a low overall yield from 10 to 13 (45 %), a
long reaction time (5 days), the use of the expensive carboxamidine 11 and a low atom economy
(78 %). We started to investigate a direct way to convert intermediate 178 to final product 1, to
reduce the number of steps, increase the overall yield and cut the cost of operation. Different
literature reports describe the direct transformation of aromatic amine to guanidine (Table 3.11).
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Table 3.11
Literature conditions for the direct guanylation of anilines

1.0 equiv. HNYNHz
©/NH2 Reactant | N NH
A G Conditions &4
R R
35 180
Entry Reactant Conditions Reference
1 1.2 equiv. NH2CN 0.1 equiv. Sc(OTf)s, H20, 100 °C | Tsobokura et al.1'?
2 5.0 equiv. NH2CN Excess HNOs, EtOH, reflux Diab et al.'*®
1.0 equiv. |
1.0 equiv. CoCl>*6H-0, 1.0 .
3 S ' Kondraganti et al.'**
equiv. TEA, DMSO, r.t. g
H,N” “NH,
1.0 equiv.
ONH, ¢
4 L 2 1.1 equiv. DIPEA, MeCN, r.t. An et al. 1
CN NH,
1.0 equiv.
5 Jﬂ* MeOH, r.t. Kim et al.'1®
H,N™ “SO4H
1.4 equiv.
(O] S} ° ; 117
6 NH,Cl MeCN, 80 °C Armitage et al.
ClI”~ "NH,
0.5 equiv.
7 NH 0.6 equiv. K2CO3, 90 - 100 °C | Goswami et al.}18
O | wso, | 06 euiv-KCOs -
S~ “NH,
2

As depicted in Table 3.11 there are several ways to convert directly aniline 35 to product 180.
We decided to focus on the conditions reported in entries 1 and 2, using cyanamide as a reactant,
since they have the best atom economy. However, both cyanamide protocols were not directly
applicable. Heating 178 in a protic solvent with the presence of a Bragnsted or a Lewis acid led to
major hydrolysis of the a-aminophosphonate. Nitric acid was initially avoided due to possible
nitration on the paracetamol moiety.
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Scheme 3.8. Direct guanylation of 178 with cyanamide

The Tsobokura protocol with cyanamide (1.2 equiv.) and Sc(OTf)s (0.1 equiv.) catalyst was
applied for the transformation of 178 to 1 with modified conditions. The reaction was run at 20-25
°C instead of 100 °C to avoid major hydrolysis of 178 and 1 (Scheme 3.8). As shown in Table 3.12,
entry 1, water proved to be not a suitable solvent when the reaction was run at 20-25 °C, since,
after 72 h only 8 % of starting material was converted into the product. Hence, a series of solvents
were screened to improve the conversion of aniline 178 at 20-25 °C. iPrOH and acetone provided
a poor conversion, respectively 12 % and 9 % (Table 3.12, entries 4 and 5), while MeCN, THF,
and EtOH furnished a better conversion, respectively 19 %, 24 % and 30 % (Table 3.12, entries 2,
3, and 6). Having tested the pure solvents we started to test 1:1 v/v mixtures. The combination of
the best mediums (EtOH and THF) provided a conversion of 35 % (Table 3.12, entry 7). Mixtures
of MeCN with water, acetone and EtOH provided lower or similar results of acetonitrile alone,
respectively 8 %, 17 % and 19 % (Table 3.12, entries 8, 10, and 11). While MeCN mixtures with
THF and iPrOH provided a better conversion than acetonitrile alone, 36 % and 38 % respectively
(Table 3.12, entries 9 and 13). The mixture of iPrOH/THF 1:1 v/v provided a conversion of 35 %
(Table 3.12, entry 12). With our optimal medium composition in hand (MeCN/iPrOH 1:1 v/v) we
moved our focus to the reaction’s catalyst. Lewis acids like Bi(OTf)s and Y (OTf)z failed to provide
any better conversion with (34 % and 25 % respectively) (Table 3.12, entries 15 and 16). Brgnsted
acids like HCI, HNO3, and AcOH also could not provide any improvements compared to Sc(OTf)s.
In the case of nitric acid, the reaction yielded a complex mixture as a consequence of nitration of
the paracetamol moiety, both starting material and guanidine counted as minor peaks in the HPLC
chromatogram.

For the purification of crude 1 and removal of unreacted 178, the solid was dissolved in absolute
EtOH (Solvent/1 = 10:1 v/w), just after the initial removal of volatiles. Then, 2.5 N HCI in EtOH
(2.5 N HCI/1 = 1:2 v/w) was added to convert any free base guanidine to salt and this ethanolic
solution was added dropwise in 10 volumes of the selected antisolvent. The addition of iPrOAc, as
an antisolvent, provided a solid which was easily filtered and washed with 5 volumes of iPrOAc
(Table 3.13, entry 1). Other solvents (i.e. EtOAc, MeCN, THF, acetone and dioxane) failed to
provide crude 1 with higher purity and yield (Table 3.13, entries 2 - 6).
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Optimization for the direct guanylation of 1

Table 3.12

Entry? Catalyst (equiv.) Solvent Conversion (%)
1 Sc(0Tf)3(0.1) H.0 4
2 Sc(0Tf)3(0.1) MeCN 19
3 Sc(0Tf)3(0.1) THF 24
4 Sc(0Tf)3(0.1) iPrOH 12
5 Sc(0Tf)3(0.1) Acetone 9
6 Sc(0Tf)3(0.1) EtOH 30
7 Sc(0Tf)3(0.1) EtOH/THF 1:1 viv 35
8 Sc(0Tf)3(0.1) MeCN/Hz0 1:1 viv 8
9 Sc(0Tf)3(0.1) MeCN/THF 1:1 viv 36
10 Sc(0Tf)3(0.1) MeCN/Acetone 1:1 viv 17
11 Sc(OTf)3(0.1) MeCN/EtOH 1:1 v/iv 19
12 Sc(0Tf)z(0.1) iPrOH/THF 1:1 viv 35
13 Sc(0Tf)z(0.1) MeCN/iPrOH 1:1 viv 38
14 Bi(OTf)3(0.1) MeCN/iPrOH 1:1 viv 34
15 Y(OTf)3(0.1) MeCN/iPrOH 1:1 v/v 25
16 HCI (1.0) MeCN/iPrOH 1:1 viv 8
17 HNOs (1.0) MeCN/iPrOH 1:1 viv 40°
18 AcOH (1.0) MeCN/iPrOH 1:1 viv 11
31.2 equiv. of NH2CN, conc. 1.0 M, reaction time 72 h; "complex mixture.
Table 3.13
Screen of antisolvents for the work-up of 1
Entry Solvent Yield (%) Purity (%)
1 iPrOAC 85 89
2 MeCN 83 86
3 THF 63 88
4 Acetone 79 87
5 Dioxane 75 89
6 EtOACc 84 87

After the first stage of optimization, having selected the most promising catalyst (Sc(OTf)s) and
reaction solvent (MeCN/iPrOH 1:1 v/v) we worked to increase the efficiency of the reaction. We
identified three factors to change in order to increase the yield and purity of the final material:
concentration, reaction time and equivalents of cyanamide. A Design of Experiment (DoE)
approach was selected to explore all three variables simultaneously and eventually identify any
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interaction between the three factors. At first, we set the limits of the three variables: 0.1 - 2.0 M
for the concentration, 1.2 - 10.0 for the cyanamide equivalents and 48 - 96 h for the reaction time.
The DoE was performed with the support of the artificial intelligence (Al) web-based software xT
SAAM . The program uses stochastic optimization techniques to produce suggestions for the next
experiments until an objective is satisfied and/or gathered data becomes modellable. The objective
was to maximize the purity and yield of the final product as well as to create models for predicting
purity and yield. In this study, 4 consecutive iterations of parallel experiments were carried out,
totalling 22 experiments (Table 3.14). The results of purity and yield were collected and the
software was used to create the final models. XT SAAM uses an automated mechanism to produce
cross-validated linear regression with nonlinear features. From the response surface model (RSM)
(Figure 3.2), it was clear that the best yield and purity were obtained when the concentration was
set at 0.5 M and the NH2CN equivalents and time were maximized.

With a concentration (0.5 M), equivalents of cyanamide (10.0) and reaction time (96 h),
conversion rose to 95 %, and the final product was obtained on a small scale (0.08 mmol) with 86
% yield and 89 % AN by HPLC (Table 3.14, entry 19). After upscaling to a 0.77 mmol scale we
noted a loss of conversion, yield, and purity. An increase of the equivalents of cyanamide to 15.0
was necessary to maintain a purity of 1 around 87 - 88 %.

A Equiv. Cyanamide = 10 B Time = 96

09 09

08 08

07 07

Predicted yield
Predicted yiel

0.6

05

Figure 3.2. Predicted yield RSM for the cyanamide guanylation of 178 in iPrOH/MeCN (1:1 v/v),
A when cyanamide equivalents are fixed at 10, B when time is fixed at 96 h. Yellow regions
indicate the maximum predicted yield.
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Table 3.14
DoE series of experiments for the optimization of the direct guanylation

Entry Series NH2CN Time Conc. Purity? Yield®
(equiv.) (h) (M) (%) (%)
1 1 1.9 86 1.7 46 42
2 1 4.7 86 0.7 76 65
3 1 24 52 0.7 32 29
4 1 15 95 0.7 42 25
5 1 1.6 89 0.5 27 20
6 1 34 68 0.6 20 37
7 2 4.6 94 0.4 73 70
8 2 4.7 92 0.5 84 81
9 2 2.2 88 1.0 62 60
10 2 14 86 16 40 38
11 2 7.5 86 0.5 87 84
12 2 10.0 86 0.4 89 85
13 3 7.0 86 0.5 81 73
14 3 10.0 86 0.5 87 81
15 3 8.0 89 0.3 76 72
16 3 7.0 96 0.5 84 78
17 4 10 96 0.5 89 86
18 4 9.5 90 0.4 89 86
19 4 8.3 94 0.4 87 84
20 4 7.9 86 0.5 84 75
21 4 6.9 87 0.5 86 84
22 4 5.8 93 0.6 87 83

2AN by HPLC; Isolated yield.

With a second solvent screening we investigated 1:2 v/v mixtures (Table 3.15). The four best
solvents from the first screen were selected and pooled in six different manners. The highest
conversion was reached when the mixture MeCN/THF (1:2 v/v) was used as a medium, however,
we decided to avoid any further investigation of this mixture due to the presence of clots in the
flask and unsatisfactory mixing. The second best mixture i.e. THF/EtOH (2:1 v/v) was selected for
further studies. The equivalents of cyanamide and the concentration were gradually increasing, this
time using a one-variable-at-time instead of a DoE approach. The target conversion (> 95 %) was
reached when the equivalents of cyanamide were raised to 10.0, after 96 h, using a concentration
of 0.5 M (Table 3.15, entry 17). At higher concentrations (1.0 M) we reached a 96 % conversion
of aniline 178 with 7.5 equivalents. Although it would be beneficial for the atom economy of the
reaction to use 7.5 equivalents instead of 10.0 equivalents of cyanamide, the reaction mixture
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became very viscous and the magnetic stirring was stopped after some time. To avoid any problems
at a larger scale we preferred to use conditions entry 17. We were pleased to note that when the
reaction in THF/EtOH (2:1 v/v) was up-scaled to 0.77 and 7.7 mmol, the conversion was
maintained above 95 % without the necessity to increase the equivalents of cyanamide. The 7.7
mmol scales direct guanylation in THF/EtOH 2:1 v/v with 10 equivalents of NH2CN, provided 1
with 91.0 % purity and 90.0 % yield. Among the impurities in the final material, we noted a small
presence of monoarylguanidine (181) counting between 0.4 - 1.1 % AN by HPLC.

Table 3.15
Screening of 1:2 v/v solvent mixtures and optimization for the selected mixture
Entry Reaction medium NHz(_JN Time Conc. Conversion

(equiv.) (h) (M) (%)

1 EtOH/THF 1:2 viv 1.2 72 0.50 44
2 EtOH/THF 2:1 viv 1.2 72 0.50 38
3 MeCN/THF 1:2 viv 1.2 72 0.50 54
4 MeCN/THF 2:1 viv 1.2 72 0.50 42
5 MeCN/iPrOH 1:2 viv 1.2 72 0.50 38
6 MeCN/iPrOH 2:1 viv 1.2 72 0.50 36
7 EtOH/THF 1:2 viv 2.0 72 0.20 50
8 EtOH/THF 1:2 viv 2.0 72 0.50 64
9 EtOH/THF 1:2 viv 5.0 72 0.20 66
10 EtOH/THF 1:2 viv 5.0 72 0.35 74
11 EtOH/THF 1:2 viv 5.0 72 0.50 86
12 EtOH/THF 1:2 viv 7.5 72 0.20 74
13 EtOH/THF 1:2 viv 7.5 72 0.50 89
14 EtOH/THF 1:2 viv 7.5 96 0.50 94
15 EtOH/THF 1:2 viv 10.0 72 0.20 76
16 EtOH/THF 1:2 viv 10.0 72 0.50 90
17 EtOH/THF 1:2 viv 10.0 96 0.50 96
182 EtOH/THF 1:2 viv 7.5 96 1.00 96
192 EtOH/THF 1:2 viv 10.0 96 1.00 97

a8Formation of clots in the tube.

3.1.7 Purification of UAMC-00050
3.1.7.1 Crystallization

With our crude final material, we started to screen possible ways of purification in order to reach
the target purity of 98 %. In our first attempt to crystallize the crude material, 17 solvents were
screened (Table 3.16). Solvents were chosen among the most commonly used in chemical industry
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to cover a variety of boiling temperatures and a range of polarity going from cyclohexane to water.
Unfortunatelly, none of them were able to yield a filterable solid of pure 1. Crude 1 was dissolved
entirely in MeOH and EtOH and partially in nBuOH. In iPrOH and THF the product formed a
series of clots at 20-25 °C, while deionized water was able to partially dissolve 1. All other solvents
could not dissolve the crude material at 20-25 °C. All the vials were warmed until the solvent’s
boiling point, and changes were noted in the case of acetone and MeCN, where a large part of the
product formed a single clot. The only solvent capable of completely dissolving the crude product
was warm water. The aqueous solution was left at 20-25 °C for 16 h, unfortunately, in the vial, it
was formed a cloudy precipitate proved impossible to be filtered from the mother liquor. In the last
experiments, crude 1 was completely dissolved in a mixture of EtOH/H.O (1:1 v/v), and then
deionized water was added dropwise (0.2 volumes). The flask was kept at 20-25 °C for 16 h and -
20 °C for 24 h, unfortunately, at both temperatures, no precipitate was formed. Discouraged by
these results we decided to move to different purification methods.

Table 3.16
Screen of solvents for the crystallization of crude 1

Entry Solvent Soluble at Soluble at Precipitate formation after cooling at
20-25°C reflux 20-25°C

1 | Cyclohexane No No 2

2 2Me-THF No No -

3 MIBK No No -

4 nBuOH Partially Partially No change®

5 Acetone No Clots No change

6 iPrOAC No No -

7 THF Clots Clots No change

8 iPrOH Clots Clots No change

9 MeOH Yes - -

10 MeCN No Clots No change

11 EtOH Yes - -

12 EtOAC No No -

13 DCM No No -

14 MTBE No No -

15 Toluene No No -

16 Et,O No No -

17 H20 Partially Yes Cloudy precipitate

& indicate that the precipitation after cooling at 20-25 °C was not take into consideration due to
completely solubility of the material at 20-25 °C or completely insolubility of the material at
reflux; °No change indicate that no modifications in the vial, containing the partially soluble or
clots of material, were noted after cooling to 20-25 °C.
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3.1.7.2 Antisolvent precipitation

We decided to test a series of antisolvent precipitations to see if it is possible to increase the
purity. The crude material, with initial purity of 88 % AN by HPLC, was dissolved in absolute
ethanol (absolute EtOH/1 = 10:1 v/w) and slowly added dropwise to a stirred solution of 10 or 20
volumes of the selected antisolvent at 20-25 °C. In the case of organic solvents, results in Table
3.17, show that only precipitations in 10 volumes of iPrOAc and EtOAc (Table 3.17, entries 1 and
2) were able to slightly increase the purity of 1. Other antisolvents like MeCN, THF, and acetone
failed to increase the purity (Table 3.17, entries 3, 4, and 5). When the volumes of the EtOAc were
increased from 10 to 20 (Table 3.17, entry 6), the product was obtained with a lower yield (79 %)
and a lower purity (76 % AN by HPLC) compare to a similar experiment in EtOAc (Table 3.17,
entry 2). The precipitation was then performed in a series of aqueous antisolvents, where the highly
polar antisolvent could be able to remove all the impurities with higher polarity than the product
(i.e. the monoaryl guanidine 150). However, when the ethanol solution was added dropwise to
water no precipitate was observed (Table 3.17, entry 7). Brine was then used instead of pure water.
In this case, a precipitate was obtained, but with a lower purity (82 % AN by HPLC) than the crude
material (Table 3.17, entry 8). As a last attempt, we used a solution of 0.5 % aq. NHsHCOs/Brine
(1:1 v/v) in order to precipitate 1 as guanidine base and not as guanidinium hydrochloride. The
precipitation failed to increase the purity and the 137 % vyield is proof that the final compound is
containing a considerable amount of NaCl and NHsHCOgz (Table 3.17, entry 9).

Table 3.17
Screen of antisolvents precipitations

. . Yield Change of
Entry Antisolvent Antisolvent volumes (%) purity (%)
1 iPrOAC 10 92 88 > 89
2 EtOAc 10 90 88 > 91
3 MeCN 10 56 88 > 86
4 THF 10 87 88 > 85
5 Acetone 10 49 88 > 83
6 EtOAc 20 79 88 > 76
7 H20 10 0 N/A2
8 Brine 10 volumes 99 88 > 82
9 0.5% ag. NHsHCOa3/Brine 1:1 viv 20 volumes 137 88 > 87

2N/A the purity of the material after the antisolvent precipitation was not assessed due to
completely solubility of the material in H20.
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3.1.7.3 Reverse phase chromatography

After unsuccessful crystallization and antisolvent precipitations, we started to screen
chromatographic methods to purify 1. A normal phase purification on silica failed to provide a pure
final material since a strong gradient (EtOAc/EtOH 3:1 v/v to pure EtOH) was required to move
the product 1 along the silica sorbent and several impurities were coeluted with the product. Thus,
reverse phase (RP) chromatography was selected as a method of purification. Columns with reverse
phase Cig functionalized silica (RP-Cig) were selected as the stationary phase, while the gradient
of 96 % EtOH in deionized water (DIW) was selected as the mobile phase. MeOH was inferior for
elution, because instability of the product took place, and started to hydrolyze generating the
monoaryl guanidinium side product 181. In the first attempt of RP purification, the chromatogram
showed a wide peak, and HPLC analysis of collected fractions showed co-elution of product 1 and
amine 178. Next, the acidic gradient EtOH 96 %/DIW (HCOOH 0.1%) was tested, however, no
improvement was achieved compared to the previous separation. Then EtOH 96 % was substituted
with MeCN. Unfortunately, the gradient MeCN/DIW was not able to elute all the products along
the column. A significant amount of crude material was recovered from the column after being
washed with 3 column volumes (CV) of EtOH 96 %. Hence, the polarity of the organic phase was
increased by replacing the pure MeCN with a mixture of MeCN/EtOH 96 % (9:1 v/v), again as a
gradient in DIW. The peak shape was improved compared to previous experiments and the product
was completely eluted from the column. When iPrOH was used as a co-solvent in the gradient with
(MeCN/iPrOH 9:1 v/v)/DIW the product was obtained with lower purity. Having selected
(MeCN/EtOH 96 % 9:1 v/v)/DIW as the best combination for our separation, we started to
investigate the optimal slope of the gradient change. After several experiments and optimization,
we found that the best outcome was obtained when the gradient change was set as follows: 8 CV 0
% > 25 %, 4 CV isocratic 25 %, 4 CV 25 % > 100 % and 4 CV isocratic 100 % (Figure 3.3).
Both peaks between 6 and 12 minutes correspond to the product. With this gradient, it was possible
to remove all major impurities (i.e. monoaryl 181, amine 178). Using an RP-Cig column and a
gradient of premixed MeCN/EtOH (9:1 v/v) in DIW we were able to purify crude 1 matching the
desired purity of 98 %. The purification was tested on a 3.75 g scale obtaining 1 in two fractions,
S1 with a purity of 98.1 % AN by HPLC and S2 with a purity of 99.4 % AN by HPLC. Combining
the two fractions, pure 1 was recovered from crude 1 with a 79 % yield.
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Figure 3.3. Chromatogram gradient (MeCN/EtOH 96 % 9:1 v/v)/DIW, 8 CV 0 % = 25 %, 4 CV
isocratic 25 %, 4 CV 25 % - 100 % and 4 CV isocratic 100 %.

3.1.8 Process development route to UAMC-00050

In summary, an optimized process for the scalable preparation of the a-aminophosphonate
UAMC-00050 has been developed. Key aldehyde 7 was prepared, according to the Anelli-
Montanari protocol using bleach as the primary oxidant and TEMPO/KBr as the catalytic system.
The yield was increased from 65 % to 71 % and the atom economy was improved from 33 % to 66
%. The Birum-Oleksyszyn reaction for the preparation of pivotal intermediate 9 was optimized.
The combination of Y(OTf)z as the catalyst, TFAA as the additive and THF/MeCN (1:1 v/v) as the
reaction medium increased the yield from 11 % to 44 %. Purification of 9 was achieved using
alternative methods to flash chromatography (e.g. basic extraction, slurry purification, antisolvent
precipitation). For the preparation of product 1, an Al-based software (XT-SAAM), was used to
improve the preparation of 1 using cyanamide as a reagent. The optimized reaction was used to
replace the expensive N,N'-di-Boc-1H-pyrazole-1-carboxamidine cutting the cost for the
preparation of UAMC-00050. The use of chlorinated solvents and flash chromatography
purification of intermediates were removed from the process. Only the final material required flash
chromatography purification in order to reach the target purity > 98 %. The new multi-gram process
improved the overall yield of compound 1 from 3 % for the medicinal chemistry route to 22 %, the
number of steps were reduced from 7 to 6, and in the last step the scale was increased from 0.77
mmol to 7.7 mmol. (Scheme 3.9).
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Scheme 3.9. Optimized synthetic route to UAMC-00050

3.1.9 Scope of Y(OTf)s-catalyzed Birum-Oleksyszyn reaction

The efficiency of Y(OTf)s, as a catalyst for the Birum-Oleksyszyn reaction, was investigated
using various aldehydes 21, carbamates 23, and aryl phosphites 184 (Table 3.18). For the scope
were selected both aromatic and aliphatic aldehydes to test how the type of aldehyde affects the
yield. Aromatic aldehydes were selected with a variety of functional groups in para position in
order to understand compatibility of yttrium triflate with the substrate and to be able to perform
further reaction on the o-aminophosphonate (e.g. reduction, Suzuki-Miyaura coupling,
esterification). The tert-butyl carbamate was selected to prove that such starting material is
compatible with yttrium triflate. Aryl phosphite 3 was prepared according to the procedure for
UAMC-00050. With the same protocol, phosphite 183, was prepared from 4-methoxyphenol (182).
The highest yields of products were obtained for activated phosphites, for example, tris(p-
methoxyphenyl)phosphite and the tris(p-acetamidophenyl)phosphite (3), combined with benzyl
carbamate (8) and an aromatic aldehyde (Table 3.18, entries 1 and 2). The EDG in phosphite
facilitates the nucleophilic attack of the phosphorus atom on the imine. Aliphatic aldehydes
represented by tert-butyl [4-(2-oxoethyl)phenyl]carbamate (7) and 2-phenylacetaldehyde afforded
lower yields (38 - 48 %) of products (9, 185c, and 185d) (Table 3.18, entries 3, 4, and 5) compared
to the yields (72 - 92 %) of products derived from benzaldehyde (185a, 16, 185e, and 185f) (Table
3.18, entries 1, 6, 7, and 8). Among aromatic aldehydes, interesting results were obtained
demonstrating how different halogen substituents in the para-position affect the yield of the
respective product: 4-chlorobenzaldehyde (Table 3.18, entry 9) and 4-bromobenzaldehyde (Table
3.18, entry 10) provided higher yields of 185g and 185h (55 and 54 %, respectively) compared to
4-fluorobenzaldehyde (36 % of 185i) (Table 3.18, entry 11) and 4-iodobenzaldehyde (25 % of

93



185k) (Table 3.18, entry 12). For product 185j the poor yield might be caused by its diminished
solubility of starting aldehyde in MeCN. Compared to the standard conditions of Birum-
Oleksyszyn reaction (application of AcOH as a promotor), the selected Lewis acid catalyst allows
performing the synthesis of a-aminophosphonates using acid-labile compounds, as demonstrated
by the examples with tert-butyl carbamate (Table 3.18, entries 13 - 15) (185k - 185m) and Boc-
protected amine (Table 3.18, entries 3 and 5) (9 and 185d). While yields of products 185k and 185l
(43 and 41 %, respectively) were lower compared to those obtained for benzyl carbamate analogues
(82 and 64 % for products 16 and 185n) (Table 3.18, entries 6 and 16), for all a-aminophosphonates
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.® Similarly, tri(o-
tolyl)phosphite provided lower yields of products 1850 and 185p (34 and 26 %) (Table 3.18, entries
17 and 18) when compared to the analogous reaction with triphenyl phosphite (82 % and 55 % for
products 16 and 185g) (Table 3.18, entries 6 and 9) and tri(p-tolyl)phosphite (75 and 43 % for
products 185e and 185q) (Table 3.18, entries 7 and 19). These differences in yields also might be
attributed to the increased steric hindrance near the phosphorus atom, which obstructs the
nucleophilic attack of phosphite toward imine. Arylaldehydes bearing a cyano group, when
reacting with triphenyl phosphite or tri-p-tolyl phosphite, provided the corresponding product 185s
and 185t with good yield (respectively, 63 and 67 %) (Table 3.18, entries 21 and 22). Good yields
were obtained also with vanillin (75 % for product 185u) (Table 3.18, entry 23) and with methyl
4-formylbenzoate (69 % for product 185v) (Table 3.18, entry 24). In general, the developed
catalytic conditions using Y (OTf)s are well-compatible with a variety of functional groups in both
aldehyde and phosphite. When comparing products with benzaldehyde (185a, 185e, and 185f)
(Table 3.18, entries 1, 7, and 8) and 4-chlorobenzaldehyde (185b, 185q, and 185r) (Table 3.18,
entries 2, 19, and 20), the hydrolyzed side product was detected only in case of products 9, 185b,
and 185f testifying the lower stability of the paracetamol ester.

Table 3.18
Scope of Birum-Oleksyszyn reaction catalyzed by Y (OTf)z with isolated yield and reaction time

R2 2
Preparation of phosphite 183 R R O
OH O-P o)
W /J\ )‘k _R3
. 3 _R N O
PCl3 (1.0 equiv.) ~ 184 0"y H
E——— Vo) o-P RS0
TEA (3.0 equiv.) A 21 o Y(OTH)3 (10 mol%) Q

N THF, 0 °C HzN)kO/RS MeCN, 20-25 °C,
4-24h R?
182 2
183 3 185

Reaction Yield
1 2 3
Entry Product Aldehyde (RICHO) R R time (h) (%)

1 185a e 4-MeO | Bn 6 92
2 185b IO A 4-AcNH | Bn 4 87
Cl
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3 9 4-AcNH | Bn 4 42
H
_0
4 185¢ @N H Bn 6 48
_0
o
5 185d S L IO H Bn 8 38
6 16 (e H Bn 6 82
7 185¢ e 4-Me | Bn 4 75
8 185¢ Sk 4-AcNH | Bn 6 72
~o
9 185¢ y /(jA H Bn 6 55
~o
10 185h . @A H Bn 4 54
. ~o
11 185i i Ioh H Bn 4 36
. ~o
12 185j | @A H Bn 4 25
13 185k Ok H | tBu 6 43
14 185 @A © H tBU 4 41
O,N
~o
15 185m - IOh H | tBu 24 17
16 185n 1y H | Bn 4 64
OoN
17 1850 Sk 2>Me | Bn 8 34
~o
18 185p y /(jA 2-Me | Bn 8 26
~o
19 185q y )@A 4-Me | Bn 8 43
~o
20 185r y )@A 4-MeO | Bn 4 81
~o
21 1855 . o H Bn 6 67
~o
22 185t . oA 4-Me | Bn 6 63
/O X
23 185u © H Bn 6 75
o
~o
24 185v /OY©A H Bn 4 69
[¢]

95




3.1.10 Yttrium-catalyzed Birum-Oleksyszyn reaction for the preparation of
phosphonolactones

While testing the scope of the yttrium-catalyzed Birum-Oleksyszyn reaction, it was noted that
when salicylaldehyde (186) was reacted with triphenyl phosphite (26) and benzyl carbamate (8),
instead of the desired a-aminophosphonate 187, a mixture of linear a-aminophosphonate 187 and
phosphonolactone 188 was obtained. The ratio of the two products ranged from 75:25 (4 h) to
15:85 (24 h) (Table 3.19, entries 1 - 3) (Scheme 3.10). The cyclic product 188 was formed due to
the internal reaction between the phosphonate diester and the salicylic hydroxy group. Derivatives
of phosphonolactones possess a variety of interesting biological properties?'?? and they had a
role as flame retardant'?® and polymer building block.'?* Balam and coworkers prepared a series
of y-phosphonolactones through the Kabachnik-Fields reaction between 2-hydroxybenzaldehyes,
heterocyclic amines, and diphenyl phosphite.!?® With the intention to use the Birum-Oleksyszyn
reaction to prepare and isolate the phosphonolactone we started to screen conditions (i.e.
concentration, phosphite structure, temperature) to increase the product ratio in favor of the
phosphonolactone. Raising the concentration to 1.0 M did not result in any considerable change in
the ratio of the two products (Table 3.19, entries 4 - 6). When using diphenyl phosphite (49) as
phosphite we noted that the ratio at 4 h was much higher in favor of the linear a-aminophosphonate
187 rather than the phosphonolactone 188, both at 0.5 M (90:10) and 1.0 M (93:7). Furthermore,
complete decomposition of the two products was noted after 8 h at both concentrations (Table 3.19,
entries 7 - 12). At 50 °C, the cyclization reaction was much faster. For the reaction with triphenyl
phosphite (26) at 0.5 M, the ratio reached 17:83 after 4 h (Table 3.19, entry 13), raising to 9:91
after 8 h (Table 3.19, entry 14). Similar results were recorded at 1.0 M, where after 4 h the ratio
was 19:81 (Table 3.19, entry 16), which increased in favor of product 188 to 13:87 after 8 h (Table
3.19, entry 17). For both concentrations, at 50 °C, both products were completely decomposed after
24 h (Table 3.19, entries 15 and 18). No products were detected using diphenyl phosphite at 50 °C
after 4 h (Table 3.19, entries 19 and 20). Unfortunately, we could not use naphthalene as an internal
standard due to overlapping with product 188, hence, we could not establish when the maximum
concentration of the product was reached. However, we decided to proceed with conditions in entry
13 (i.e. 50 °C, triphenyl phosphite and 0.5 M) for a multigram preparation of product 188. Quench
time was set at 4 h. The reaction was run at a 47 mmol scale, after 4 h the ratio of linear a-
aminophosphonate 187 and phosphonolactone 188 was recorded as 32:68, which increased in favor
of product 188 (27:73) after the removal of solvent. The residue proved to be a complex mixture
of side products and byproducts, in which the target 188 constituted only 3.3 % AN by HPLC.
Flash chromatography purification was used to separate the product from the complex mixture.
However, after the separation, we could not find the product in any fraction, probably due to a
decomposition of the product on silica. In conclusion, the preparation of phosphonolactones
through a Birum-Oleksyszyn reaction is possible. Nevertheless, further optimizations are necessary
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to increase the product concentration at the expense of all other side products. A screening of Lewis

acids is required to find a suitable catalyst for this specific substrate.

186
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OH 26
+ or
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Scheme 3.10. Birum-Oleksyszyn reaction with salicylaldehyde (186) as starting material,

yielding linear a-aminophosphonate 187 and a phosphonolactone 188

Table 3.19
Screen of phosphite, temperature and concentration for the synthesis of product 187
. Temperature Concentration Time Ratio
Entry | Phosphite C) M) ) 187/188

1 P(OPh)s 20-25 0.5 4 75:25
2 P(OPh)3 20-25 0.5 8 50:50
3 P(OPh)3 20-25 0.5 24 15:85
4 P(OPh)s 20-25 1.0 4 75:25
5 P(OPh)3 20-25 1.0 8 49:51
6 P(OPh)3 20-25 1.0 24 22:78
7 (PhO)2POH 20-25 0.5 4 90:10
8 (PhO)2POH 20-25 0.5 8 N/A
9 (PhO)2POH 20-25 0.5 24 N/A
10 | (PhO).POH 20-25 1.0 4 93:7
11 | (PhO).POH 20-25 1.0 8 N/A
12 | (PhO).POH 20-25 1.0 24 N/A
13 P(OPh)3 50 0.5 4 17:83
14 P(OPh)3 50 0.5 8 9:91
15 P(OPh)3 50 0.5 24 N/A
16 P(OPh)3 50 1.0 4 19:81
17 P(OPh)3 50 1.0 8 13:87
18 P(OPh)3 50 1.0 24 N/A
19 | (PhO).POH 50 0.5 4 N/A
20 | (PhO),POH 50 1.0 4 N/A
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3.2 Activity-based probe and a-aminophosphonates selectivity

Activity-based protein profiling is a proteomics technique that uses activity-based probes
(ABPs) to visualize and characterize enzyme activity within a complex proteome. These molecules
are designed to react covalently with the active form of a target enzyme and allow their detection
or isolation. Thus, ABPs give information about the activity level of an enzyme rather than its
expression level.1?® The University of Antwerp is currently investigating the activity of ABPs 191
on UPA and other serine proteases. a-Aminophosphonates (189) are prepared with an alkyne group
in the structure, then a biotin tag 190 is connected through the copper(l)-catalyzed cycloaddition
between the azide and the alkyne moiety (Scheme 3.11).

RZ
o}
. CuS04°5 H,0,
NH o

0] X
X H Ol + HN Sodium Ascorbate,
A O.__N__Ps \)//\/\)k ~(PEG)3
\/\/ W \( 0 h H \/\N3 THEO (1),
o K ) t, 16h

o O

PNH o )OL )Ri R
HN\) /,//\/\)LN/(PEG%\/\N/Y\/\O N /P/:
H H N=N HQ

191a-d

2
1]

Py
)

® o
HN N O ® o
HN.__NH, CI

NH; b

NH,
R, = NHAc, CI

Scheme 3.11. Synthesis of ABPs starting from biotin-PEG-azide and the alkyne-substituted a-
aminophosphonate

In Table 3.20 are reported 1Cso values of four different alkyne-substituted a-aminophosphonates
(189a-d) and four corresponding ABPs (191a-d) prepare after functionalization of 189a-d with
190. The in vitro experiments were performed by the Medicinal Chemistry Laboratories of the
University of Antwerp. The data reports that the products containing a phosphonate ester with 4-
chlorophenol showed a lower inhibition concentration on the uPA (Table 3.20, entries 4, 6, and 8).
Interestingly, both the alkyne-substituted a-aminophosphonates and the ABPs with the
benzaldehyde-derived R* moiety showed an ICso > 10 uM on the thrombin (Table 3.20, entries 3,
4,7, and 8). Inhibition of thrombin can be a problem due to the importance of the enzyme in the
hemostasis, dysregulation of the thrombin activity can lead to either bleeding or thrombosis.*?’
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Table 3.20
ICs0 on selected enzymes of a-aminophosphonates 189a-d and ABPs 191a-b

Thrombin uPA
Entry Product R! R?
ICso0 (uM)P
1 189a -NHAc 1.11 £ 0.05 0.005 + 0.001
® o
2 189b HN.oNH CI -Cl 1.77 £ 0.05 0.005 + 0.0003
NH,
3 189¢c @ -NHAc >10 152+0.4
HN ﬁHz Cl
4 189d r -Cl >10 0.22 +0.06
5 191a -NHAc 0.76 £0.02 0.01 £ 0.003
® o
6 191b HN.oNH CI -Cl 0.20 + 0.02 0.006 + 0.0001
NH,
7 191c -NHAC >10 5.19 + 0.08
® o
8 191d ANz © -Cl >10 0.16 +0.04
NH,

With the results from the ABPs screening in hand, the University of Antwerp suggested two
compounds that might possess a better selectivity on uPA, therefore a better safety profile as a drug
(Figure 3.4). UAMC-0004206 is an a-aminophosphonate derived from benzaldehyde, and similar
to UAMC-00050, it also possesses a paracetamol phosphonate ester. The compound would serve
as back-up for the lead compound UAMC-00050. While UAMC-0004207, also an a-amino-
phosphonate derived from benzaldehyde, possesses a 4-chlorophenol phosphonate ester. This
compound will be tested as proof of concept for the activity of a-amino-4-chloro-
phenolphosphonates.
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Figure 3.4. a-Aminophosphonates UAMC-0004206 and UAMC-0004207

3.3 Process optimization and preparation of UAMC-0004206
3.3.1 Route selection of UAMC-0004206

For the preparation of UAMC-0004206 (14), tert-butyl(4-formylphenyl)carbamate (192) was
purchased and used as starting point for the synthesis of (193) (Scheme 3.12). The Birum-
Oleksyszyn reaction conditions used for UAMC-00050 were adapted for compound 193. N-Boc
deprotection in compound 193 was performed with 4 N HCI in dioxane or TFA/DCM (1:1 v/v).
For the synthesis of UAMC-0004206 (14), analogous to the medicinal chemistry synthesis of
UAMC-00050, N,N'-di-Boc-1H-pyrazole-1-carboxamidine (11), was used to insert the guanidine
moiety in the a-aminophosphonate. In this way, the resulting Boc-protected guanidine 196 was
successfully purified by flash chromatography on silica to eliminate any impurities. The required
purity (95 - 98 %) was easily achieved after one chromatographic purification. Next, the last N-
Boc deprotection was performed with HCI to access directly the final compound or with TFA
followed by a salt exchange with the resin DOWEX 1X8.
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Scheme 3.12. Procedure for UAMC-0004206

3.3.2 Birum-Oleksyszyn synthesis of intermediate 160

The first step for the preparation of UAMC-0004206 (14) is the three-component Birum-
Oleksyszyn reaction between tert-butyl(4-formylphenyl)carbamate (192), benzyl carbamate (8)
and the triaryl-phosphite 3 (Table 3.21). With our knowledge derived from UAMC-00050 research,
we decided to use 0.1 equivalents of yttrium triflate as a catalyst, a mixture of MeCN/THF (1:1
v/v) as reaction medium, and TFAA as an additive. A series of small-scale experiments (0.22
mmol) were run in order to find the optimum concentration, the right value of equivalents of TFAA
and phosphite 3, and the optimal quenching time of the reaction. The reaction outcome was
calculated based on the ratio between chromatographic concentrations of product 160 and
naphthalene as 1S. With the same conditions optimized for UAMC-00050 (Table 3.21, entry 1).
The highest ratio of product 193 and IS was obtained after 8 h (4.38). Reducing equivalents of
TFAA from 1.0 to 0.2 did not negatively affect the reaction, and the ratio of 193 was slightly
increased (4.45), maintaining its higher value at 8 h (Table 3.21, entry 2). The presence of TFAA
proved to be fundamental for good conversion, since, without anhydride a 3.82 product 193/IS ratio
was reached after 24 h. Any excess of phosphite 3 (i.e. 1.5 equivalents), provided a lower product
193/1S ratio (Table 3.21, entries 5 and 7) compare with entries 4 and 6. The concentration was
raised from 0.17 M to 2.5 M, and the product 193/IS ratio was increased to 1.50 M (5.50 at 4 h)
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(Table 3.21, entry 8). Further increasing the concentration to 2.50 M caused a decrease in the
product 193 ratio (4.63 at 6 h) (Table 3.21, entry 9). Contrary to UAMC-00050, the ratio between
product 193 and monoaryl side product 198 was noted to decrease with the concentration increase
(0.30 at0.33 M, 0.22 at 1.00 M, 0.21 at 1.50 M, and 0.15 at 2.50 M) (Table 3.21, entries 4 - 9).
The kinetic profiling of aldehyde 192, side product (198), and product (193) for conditions of entry
8, are shown in Figure 3.5. It is possible to see the product increasing its ratio until reaching a peak
at 4 h, then decreasing due to the decomposition of the product (193).

Table 3.21
Small-scale experiments (0.22 mmol of 192) for the screening of concentration, equivalents of
TFAA and phosphite, and quenching time in the Birum-Oleksyszyn reaction

NHAc NHAc
AcHN
20:% <ACHN4©*O>;P \©\
3 NHCbz | NHCbz
NHBoc @—\040 é é
192 s M NHBoc NHBoc
0.1 equiv. Y(OTf)3,
0.2 equiv. TFAA 193 198

THF/MeCN 1:1, r.t.
Entry Phosphite 3 TFAA Conc. 193/1s?2 Ratio
(equiv.) (equiv.) M) (time) 193/198
1 1.0 1.0 0.17 4.38 (8 h) 76:24
2 1.0 0.2 0.17 4.45 (8 h) 73:27
3 1.0 0.0 0.17 3.82 (24 h) 60:40
4 1.0 0.2 0.33 4.13 (24 h) 70:30
5 15 0.2 0.33 3.86 (8 h) 58:42
6 1.0 0.2 1.00 4.72 (8 h) 78:22
7 15 0.2 1.00 4.56 (8 h) 62:38
8 1.0 0.2 1.50 5.50 (4 h) 78:22
9 1.0 0.2 2.50 4.63 (6 h) 85:15

2highest value of 160/IS recorded from 2 h to 24 h, reaction mixture analyzed every 2 h until 8 h.
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Figure 3.5. The kinetic profiling for intermediate 193 for the preparation of UAMC-0004206
depicts the course of the reaction. Points are calculated as the ratio between compound 193 and
IS. After 4 hours the peak of the product is reached, triarylphosphite is completely consumed
after the first 2 hours

From the screening, conditions in entries 2, 7, 8 and 9 (Table 3.21) were selected for larger scale
experiments with isolated yields of product 193. Four experiments were run at 2.2 mmol scale.
Product 193 was isolated from the reaction mixture after flash chromatography. The standard
conditions from UAMC-00050 provided 193 with a yield of 46 % and purity of 89 % AN by HPLC
(Table 3.22, entry 1). At 1.00 M and with 1.5 equivalents of phosphite 3 a-aminophosphonate 193
was obtained with a yield of 59 % and purity of 84 % AN by HPLC (Table 3.22, entry 2). The best
conditions from the small-scale screening (1.50 M and 4 h quench) provided the target product
with 64 % yield and 84 % AN by HPLC (Table 3.22, entry 3), while the higher concentration of
2.5 M product 193 was obtained after purification with 55 % yield and purity 90 % AN by HPLC
(Table 3.22, entry 4). The 2.2 mmol scale experiments confirmed the results of the first screening.
Conditions in entry 4, (1.50 M, 1.0 equivalents of phosphite 3 and quench after 4 h) were selected
for multigram preparation of 193. Before moving to 4.4 and 11.0 mmol scale purification methods
alternatives to flash chromatography were investigated. Unfortunately, since the product showed
poor solubility in water-immiscible solvents (i.e. EtOAc, 2-Me-THF, MTBE, heptane, toluene) it
was not possible to wash the crude material with a basic solution to remove all the paracetamol
generated in the reaction. However, taking advantage of the poor solubility of the product in
EtOAc, an alternative method of purification, based on a slurry stirring, was developed. The crude
product was partially dissolved in 96 % EtOH (EtOH/aldehyde 192 = 40 v/w) and added dropwise
to 2.5 volumes of stirred EtOAc at 0 °C. After 2 h of stirring at 0 °C, the product was collected by
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filtration. This purification allowed us to reach a purity ranging from 87 to 94 % AN by HPLC
directly from a crude reaction product with just one purification step (Table 3.22, entries 5 and 6).

Table 3.22
Batches with isolation of product 193
Entry Scale Phosphite 3 Conc. Time Yield Purity
(mmol) (equiv.) (M) (h) (%) (%)
1 2.2 1.0 0.17 8 46 89
2 2.2 15 1.00 4 59 84
3 2.2 1.0 1.50 4 64 84
4 2.2 1.0 2.50 4 55 90
5 44 1.0 1.50 4 55 94
6 11.0 1.0 1.50 4 63 87

3.3.3 N-Boc deprotection of intermediate 193

Initially, the Boc protecting group was removed using the same condition developed for the N-
Boc deprotection of UAMC-00050 (Scheme 3.7). a-Aminophosphonate 193 was treated with 4 N
HCI in dioxane for 3 h at 20-25 °C (Scheme 3.13), then the solvent was removed, the residue was
dissolved in absolute EtOH and added dropwise in 10 volumes of stirred EtOAc at 0 °C.
Unfortunately, no precipitate formed in EtOAc, therefore, volatiles were removed in vacuo, and
the residue was dissolved again in absolute EtOH and added dropwise in 10 volumes of stirred
MTBE at 0 °C. Precipitation of product 195 worked well and a well-formed solid was collected by
filtration. The HCI salt of aniline 195 was obtained with good yields and purity among different
batches. However, the monoary! side product 200 was present in the final material with 3.8 % AN
by HPLC. We hypothesized that the hydrolyzed product might form due to the presence of water
in the 4 N HCI in dioxane. It was also noted, that in the next step, the guanylation with N,N’-di-
Boc-1H-pyrazole-1-carboxamidine (11), the yields of the guanylated product 196 were higher
when the TFA aniline salt was used instead of the HCI aniline salt. The TFA aniline salt (194) was
prepared by treating the starting Boc-protected material 193 with TFA/DCM 1:1 v/v at 20-25 °C.
After 45 minutes, volatiles was removed in vacuo, the crude product was dissolved in absolute
EtOH, added dropwise in 10 volumes of stirred MTBE and solid 194 was collected by filtration.
The TFA/DCM N-Boc deprotection proceeded smoothly in a short time, and almost no hydrolyzed
product 199 was detected in the final material. Therefore we decided to use this protocol for larger
scale preparation of TFA aniline salt 194. The reaction was tested with 2.59 mmol of a-
aminophosphonate 193, aniline salt 194 was obtained with 99 % yield and purity 97 % AN by
HPLC.
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Scheme 3.13. N-Boc deprotection for UAMC-0004206 intermediate 193

3.3.4 Guanylation of intermediate 194 and 195

In the original medicinal chemistry route, guanylation of aniline 194 was performed using N,N’-
di-Boc-1H-pyrazole-1-carboxamidine (11) as reagents. This strategy, despite a poor atom economy
and a high cost of the reagent, was preferred over the guanylation with cyanamide. The resulting
Boc-protected product can be readily separated from most side products by chromatography on
silica. Initially, 0.78 mmol of HCI salt of aniline 195 were treated with 1.2 equivalents of reagent
11 in iPrOH/MeCN (1:1 v/v) (Scheme 3.14). The reaction was quenched when the conversion of
aniline 161 was higher than 90 % (Table 3.23, entry 1). Unfortunately, the conditions in entry 1
were not reproducible on the same scale and the yield of product 196 dropped to 54 % (Table 3.23,
entry 2). Instead of HCI salt, TFA salt of aniline 194 was used as a starting material. After 96 h a
conversion of 194 higher than 90 % was reached and the product was isolated with a yield of 74 %
(Table 3.23, entry 3). After flash chromatography, it turned out that one impurity co-elutes with
the product. Analysis of its mass spectrum allowed us to hypothesize that it might correspond to
the structure of 201, where one tert-butyl group in the product is exchanged with an iso-propyl
group due to transesterification with iPrOH. The alcohol was then substituted with DCM and the
mixture DCM/MeCN (1:1 v/v) was selected as the reaction medium. The new mixture allowed to
slightly increase the yield, and the impurity 201 was not observed in the product anymore (Table
3.23, entry 4). Having concluded the first screen we focused on the work-up/purification
methodology before moving to a larger scale reaction.

105



NHAc NHAc NHAc

AcHN AcHN AcHN
1® o 00 a0
0 ] ol ol

_p° NHobz BocN‘;\NHBoc _PZ__NHCbz _PZ"_NHCbz
o] 1" (o] (o]
+

1.5 equiv. TEA,
iPrOH/DCM 1:1 or
DCM/MeCN 1:1, r.t.

NH, 194 CF5CO0 HN___NBoc HN._NHBoc
19;;@ NHBoc \T/ojrk
o)
196 201

Scheme 3.14. Guanylation of aniline 194 or 195 with N,N'-di-Boc-1H-pyrazole-1-carboxamidine

Table 3.23
Optimization of the synthesis of product 196
Scale . Conc. Time Yield®
Entry (mmol) Aniline Solvent M) ) (%)
1 0.78 195 iPrOH/MeCN 1:1 viv 1.0 96 88
2 0.78 195 iPrOH/MeCN 1:1 viv 1.0 96 54
3 0.70 194 iPrOH/MeCN 1:1 viv 1.0 96 74
4 0.70 194 DCM/MeCN 1:1 viv 1.0 96 75
5 2.68 194 DCM/MeCN 1:1 viv 1.0 144 67
6 7.68 194 DCM/MeCN 1:1 viv 1.0 120 43
7 10.20 194 DCM/MeCN 1:1 viv 1.0 168 71

3solated yield.

As for UAMC-00050, to remove all unreacted aniline 194 and residual TEA, crude product 196
was dissolved in DCM and washed with 0.1 N ag. HCI. However, the dissolution of the product
and separation of layers proved to be difficult, therefore we explored other alternatives to remove
the unreacted aniline 194 and the TEA. Using the difference in polarity between the product and
the reagents, N,N’-di-Boc-1H-pyrazole-1-carboxamidine (11) and triethylamine were removed
after slurry purification in heptane/EtOAc (2:1 v/v). After filtration, product 196 was obtained with
a purity of 85 % AN by HPLC, with 10 % AN by HPLC of aniline 194. Product 196 was isolated
from the starting aniline 194 by normal phase flash chromatography (gradient heptane/EtOAC).
The first multigram synthesis of product 196 with 2.68 mmol of aniline 194, was complicated by
a much longer reaction time (144 h), which required reaching a conversion of starting material
higher than 90 %. After slurry purification and flash chromatography, the product was isolated with
ayield of 67 % (Table 3.23, entry 5). As the long reaction time did not lead to significant hydrolysis
of the starting material or the product, we proceeded with further upscale without any modification
to the reaction parameters (e.g. solvents, concentration). After running the reaction to 7.68 mmol,
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the reaction suffered a slower conversion and the 90 % conversion threshold was crossed after 120
h. Unfortunately, some product was lost during the purification, which led to a moderate 43 % yield
of product 196 (Table 3.23, entry 6). The last multigram synthesis was performed with 10.20 mmol
of starting material, the 90 % conversion threshold was crossed after 168 h. Product 196 was
isolated, after flash chromatography with 71 % yield and purity of 97 % AN by HPLC (Table 3.23,
entry 7).

3.3.5 N-Boc deprotection of intermediate 196

The N-Boc deprotection was initially carried out with an excess of 4 N HCI in dioxane to obtain
the desired chloride salt 14 required for the biological test. The complete conversion of the starting
material 196 to product 14 required a long reaction time (20 h). Then the reaction mixture was
concentrated, the residue dissolved in absolute EtOH and added dropwise to 10 volumes of stirred
MTBE at 0 °C. HPLC assay of the final material showed the presence of the hydrolyzed monoaryl
side product 203 which counted as 11 % AN by HPLC (Table 3.24, entry 1). As for the N-Boc
deprotection of intermediate 193, we speculated that this impurity might arise from the presence
of water in the acid solution. Before switching to N-Boc deprotection with TFA, followed by a salt
exchange, the anhydrous solution of 1 N HCI in Et,O was tested. The complete conversion of 196
to guanidine 14 took 72 h and despite using a water-free reagent, the presence of the hydrolyzed
product was noted again in the final material (Table 3.24, entry 2). Substitution of 4 N HCI in
dioxane with TFA/DCM (1:1 v/v) avoided the formation of the hydrolyzed side product 202 and
provided a complete conversion after 3 h with an 84 % yield of 197 at 0.11 mmol scale (Table 3.24,
entry 3). Experiments on a larger scale were performed with the working condition in hand. At
0.51, 1.03, and 2.25 mmol scale, the desired product 197 was obtained with a yield of 99 % and
with the side product 202 ranging from 0.5 to 1.0 % AN by HPLC in the final material (Table 3.24,
entries 4 - 6).
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Table 3.24
Optimization of the synthesis of product 197

NHAc NHAc NHAc
AcHN\©\ <> AcHN : (;
(0] - (0]
O,/F"*O NHCbz f;rN1 F,ilc,l_"glffézrg’ O,/I'l’/o NHCbz Hg;P”O NHCbz
or TFA/DCM 1:1,
20-25°C
® ®
HN NBoc HN NH, HN NH,
\erBoc NH, 197 CF3COO® \;L//Hz 202 CF3COO®
196 14 c|® 203 Cle
Scale Time (197,14)/(202,203) | Yield
Entr Reagent .
Y| (mmol) g ) ratio (%)
1 1.02 4 N HCl in dioxane 20 89.0:11.0 44
2 0.11 1 N HCl in Et.O 72 94.4:5.6 78
3 0.11 TFA/DCM (1:1 viv) 3 99.5:0.5 84
4 0.51 TFA/DCM (1:1 viv) 3 99.1:0.9 99
5 1.03 TFA/DCM (1:1 viv) 3 99.2:0.8 99
6 2.25 TFA/DCM (1:1 viv) 3 99.0:1.0 99

3.3.6 Salt exchange of intermediate 197

The last step involved a salt exchange between trifluoroacetate and chloride (Scheme 3.15). The
method used in the medicinal chemistry preparation of the UAMC-00050 was applied also for this
substrate.® The TFA salt was dissolved in EtOH/H,0 (2:1 v/v) and stirred with DOWEX 1X8 ClI
resin (Resin/Product 197 = 10:1 w/w) for 32 h. Then the mixture was filtered, and volatiles were
removed in vacuo. The residue was dissolved in absolute EtOH and added dropwise to 10 volumes
of stirred MTBE at 0 °C, the solid was collected by filtration and dried in vacuo to get an off-white
product. The salt exchange was performed on eight different batches and the scale was kept below
2.0 mmol of TFA salt 197. Overall, 5.79 g of final material 14 were collected from different batches
with a purity higher than 95 % AN by HPLC, acceptable for in vitro tests (Table 3.25).
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NHAc NHAc

“of _-og

| 1_0
_PC _PZ__NHCb
o2 howex ixscl oF Cbz
_DOWEXixs®l _
EtOH/H,0 (2:1 viv)
20-25°C, 32 h
® ®
HN._NH, HN.___NH,
S
NH, CH,CO0° NH, Cli
197 14

Scheme 3.15. Salt exchange with DOWEX 1X8 Cl in EtOH/H20 (2:1 v/v)

Table 3.25
Batches of product 14 isolated after the salt exchange, progressive up-scale
Entry Isolated product 14 (mmol) Purity (%) AN by HPLC (254 nm)
1 0.1 95.5
2 0.5 97.7
3 1.0 95.1
4 1.1 98.4
5 2.0 97.7

3.4 Process development of UAMC-0004207
3.4.1 Route selection for UAMC-0004207

UAMC-0004207 possesses a similar structure to UAMC-0004206, where the only difference is
located in the phosphonate ester. In this molecule, the paracetamol ester is substituted with a 4-
chlorophenol ester. Due to the toxicity of the phenol, which is released once the molecule reacts
with serine in the active site of the uPA enzyme, UAMC-0004207 was not planned to be used as
back-up compound for UAMC-00050. This compound, instead, will be used to validate the
inhibition mechanism of ABPs based on 4-chlorophenol phosphonate esters. We decided to use the
used for preparing UAMC-0004206 (Scheme 3.16). Phosphite 205 was prepared from phenol 204
with the same procedure as for phosphite 3. The Birum-Oleksyszyn reaction was run in
MeCN/THF (1/1 v/v) mixture and promoted by 10 mol% of Y (OTf)s. The optimal concentration,
quench time and equivalents of TFAA were found after a conditions screening. As for UAMC-
0004206 the guanidine moiety was inserted with N,N'-di-Boc-1H-pyrazole-1-carboxamidine, and
the resulting Boc-protected compound 209 could be easily separated from the majority of
impurities. Finally, for the N-Boc deprotection the same strategy for the previous a-
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aminophosphonate: if suitable HCI could be used for deprotection and obtaining the desired salt 15
in one step, otherwise TFA would have been used for deprotection, followed by a salt exchange
with DOWEX 1X8.

Cl

o (Orop \©\©

3 o)
205

~P{_NHCbz TFA/DCM 1:1, 20-25 °C or
oH - = - [0)

o 4 N HCl in dioxane, 20-25 °C
1.0 equiv. PClg
—_ a@o P NHBoc 0~

3.0 equiv. TEA, A 192 g NH:
o
cl THF, 0°C 205 0.1 equiv. Y(OTf)3, NHBoc
204 0.2 equiv. TFAA 206
THF/MeCN 1:1, 20-25 °C
cl Cl Cl Cl
)\ cl cl
cl 14 N cl
Xz
o (0] o (o}
o) BocN® ~NHBoc 1.0 1.0 L0
- B _PZ__NHCb: _PZ__NHCb
7P NHCbz 1 7P~ NHCbz o* ” DOWEX1X8Cl O z
[ L - . R
1.5 equiv. TEA, TFA/DCM 1:1, EtOH/H,0 2:1,
solvent, 20-25 °C 20-25°C 20-25°C
o ® €] [©) ©
NHs 207 CF4CO0 HN.__NBoc HN.__NH, CF3C00 HN___NH, CI
o T M
or o NHBoc NH; NH;
208 Cl
209 210 15
4 N HCl in dioxane, 20-25 °C '

Scheme 3.16. Synthetic route for UAMC-0004207

3.4.2 Birum-Oleksyszyn reaction

As a starting point, we used the standard conditions for the Birum-Oleksyszyn reaction found
during the process development of UAMC-00050. Aldehyde 192 (1.0 equiv.) was reacted with
phosphite 205 (1.0 equiv.) and benzyl carbamate (8) (1.0 equiv.) in the presence of Y(OTf)s3 (0.1
equiv.) and TFAA (1.0 equiv.) using MeCN/THF (1:1 v/v) (0.17 M concentration) as a medium.
The highest relative product concentration was reached after 8 h, with the ratio of product 206/IS
of 2.34 (Table 3.26, entry 1). When the same conditions were repeated with 0.2 equivalents of
TFAA, the highest ratio of product 206/1S (2.58) was reached after 24 h (Table 3.26, entry 2).
Analogous to UAMC-0004206, in the next stage of optimization, the concentration and an excess
of phosphite were varied to increase the ratio of product 206 further. At 0.33 M, the highest value
of the ratio 206/1S was increased to 2.93 (after 6 h) and at 1.00 M was increased to 3.33 (after 4 h)
(Table 3.26, entries 3 and 4). Increasing the equivalents of phosphite 205 (1.5) allowed to increase
in the ratio to 3.44, with the highest value reached after 4 h (Table 3.26, entry 5). As for UAMC-
0004206, we noted a decrease in selectivity towards product 206 with an excess of phosphite 205,
at the same concentration with 1.0 equivalents of 205 the ratio product 206/side product 211 was
91:9. In comparison, with 1.5 equivalents of 205, the ratio decreased to 88:12 (Table 3.26, entries
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4 and 5). With further increasing of concentration to 1.50 M, the product 206/IS ratio increased to
4.24 (after 6 h) with 1.0 equivalents of 205 and 3.79 (after 2 h) with 1.5 equivalents of 205. While
at 2.50 M, the product 206/IS ratio reached the value of 4.84 (after 2 h) with 1.0 equivalents of 205
(Table 3.26, entries 6 - 8).

Table 3.26
Screening of concentrations, equivalents of TFAA and phosphite 205 for the preparation of 206
SR R
205 NHCbz | NHCbz
NHBoc @—\040 é é
192 g NH2
0.1 equiv. Y(OTs, NHBoc NHBoc
TFAA, THF/MeCN 1:1, r.t. 206 21
Phosphite 205 TFAA Conc. 206/1S2 .
Entry (ezuiv.) (equiv.) M) (time) 206/211 ratio
1 1.0 1.0 0.17 2.34 (8 h) 92:8
2 1.0 0.2 0.17 2.58 (24 h) 89:11
3 1.0 0.2 0.33 2.93 (6 h) 88:12
4 1.0 0.2 1.00 3.33(4h) 91:9
5 15 0.2 1.00 3.44 (2 h) 88:12
6 1.0 0.2 1.50 4.24 (6 h) 97:3
7 15 0.2 1.50 3.79 (2 h) 92:8
8 1.0 0.2 2.50 4.84 (2 h) 96:4

With 4-chlorophenol a-aminophosphonate the selectivity, in general, was better towards the
product than with paracetamol a-aminophosphonate (as in UAMC-00050 and UAMC-0004206).
The ratio 206/211 was much lower than in the Birum-Oleksyszyn reaction for the preparation of
UAMC-0004206 and as in the previous screening (Table 3.21) the ratio was noted to increase with
the increase of concentration. The two best operation conditions from the small-scale screening
(Table 3.26, entries 6 and 8) were selected for 2.3 mmol scale reaction, and the product was isolated
after flash chromatography. At 1.5 M concentration, the reaction was quenched after 6 h and
product 206 was isolated in 47 % yield and purity 91 % AN by HPLC (Table 3.27, entry 1). At 2.5
M the reaction was stopped after 2 h and product 206 was isolated with a 71 % yield and purity of
85 % (Table 3.27, entry 2). The higher yield obtained in entry 2 confirmed the observations from
the first screen (Table 3.27). With 2.5 M concentration at 4.6 mmol scale of aldehyde 192 a similar
70 % yield was obtained (Table 3.27, entry 3), however, when the synthesis was performed at 11.5
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and 13.3 mmol scale of 192, the yield dropped respectively to 43 and 53 % (Table 3.27, entries 4
and 5). These poor results might be attributed to problems in the separation of the product from
impurities.

Table 3.27
Batches of product 206 with isolated yield
Entry Scale (mmol) | Conc. (M) Time (h) Yield (%) Purity (%)
1 2.3 15 6 47 91
2 2.3 2.5 2 71 85
3 4.6 25 2 70 81
4 115 25 2 43 76
5 13.3 2.5 2 53 75

The kinetic profiling of aldehyde 192, side product 211, and product 206 for conditions of Table
3.26, entry 8, are depicted in Figure 3.6 (points are calculated as the ratio between the compound
206 and the internal standard). As for UAMC-00042086, it is possible to see the product increasing
its ratio until reaching a peak at 2 h, then decreasing due to the decomposition of product 206.

5.00
4.50
4.00
3.50
3.00
2.50
2.00

1.50
1.00
0.50

0.00 o _— \ o
0 5 10 15 20 25

—@— Aldehyde 192 Monoaryl 211 Product 206

Figure 3.6. The kinetic profile for intermediate 206 for the preparation of UAMC-0004207
depicts the course of the reaction. Points are calculated as the ratio between compound 206 and
IS. After 2 hours the peak of the product is reached.
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3.4.3 N-Boc deprotection of intermediate 206

The N-Boc deprotection was initially performed under very similar conditions to the preparation
of UAMC-00050 (Scheme 3.7). Intermediate 206 was treated with 4 N HCI in dioxane for 30 h at
20-25 °C (Scheme 3.17). Then, volatiles were removed in vacuo, the crude material dissolved in
absolute EtOH and added dropwise to 10 volumes of stirred MTBE at 0 °C. The aniline 208 formed
a yellow precipitate that was collected by filtration providing the product with 96 % yield and
purity of 99 % AN by HPLC. The antisolvent precipitation was able to remove a large part of the
impurities generated in the Birum-Oleksyszyn step. As for UAMC-0004206, the TFA aniline salt
207 proved to be superior to the HCI aniline salt 208 in the guanylation reaction with N,N’-di-Boc-
1H-pyrazole-1-carboxamidine. For the preparation of TFA salt 207, intermediate 206 was
dissolved in TFA/DCM (1:1 v/v) and stirred at 20-25 °C for 3 h until complete conversion. The
volatiles were removed in vacuo, and the crude material was dissolved in absolute EtOH and added
dropwise in 10 volumes of stirred MTBE at 0 °C, unfortunately, no precipitate was formed. A small
screening of antisolvents (i.e. Et2O, heptane, cold MTBE) failed to provide suitable conditions for
the precipitation of aniline TFA salt 207. Accordingly, at the end of the reaction, the mixture was
concentrated, and the crude oily TFA salt was used in the next step. However, later it was
discovered that traces of TFA remained in the crude salt 207, the acidic residual was connected
with the poor yield of 209 after the upscale of guanylation reaction to 3.0 mmol. Crude aniline TFA
salt 207 was then dissolved in EtOAc and washed with a solution of 0.5 % ag. NHsHCOs. The
basic wash provided aniline free base 212 and allowed the complete removal of TFA, which
improved the yield on the next step. The TFA/DCM protocol was upscaled to 3.4 mmol of
intermediate 206 and aniline free base 212 was obtained with 97 % yield and purity of 75 % AN
by HPLC.

Cl Cl Cl
af L. 0g oy

0 TFA/DCM 1:1, %5 Q4

O’P NHCbz 20-25 °C or O/”P NHCbz Basic wash O/’P/ NHCbz
_Cesibwash
4 N HCl in dioxane,
20-25°C
€]

NHBoc @NH; 207 CF;,C00 NH,
206 or 212

208 Cle

Scheme 3.17. N-Boc deprotection of intermediate 206
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3.4.4 Guanylation of intermediate 212

Research in preparation of UAMC-0004206 proved to be useful, hence the solvent mixture
iPrOH/MeCN (1:1 v/v) was excluded to avoid transesterification of the tert-butyl group. Thus,
screening for converting aniline HCI 208 to guanidine 209 was initiated from DCM/MeCN (1:1
v/v) in the presence of TEA (1.5 equiv.). Initially, the concentration was set at 2.0 M, and after 96
h the conversion achieved 89 % (Table 3.28, entry 1). However, at 2.0 M, a thick precipitate formed
inside the flask after 30 minutes, the solid slowed down magnetic stirring, and some mixture
remained on the flask’s walls. The concentration was decreased to 1.0 M to allow a better stirring
of the mixture, therefore ensuring a better mass transfer. The conversion was increased from 89 %
to 92 % (Table 3.28, entry 2). On the other side, at 1.0 M concentration, the ratio between product
209 and side product 213 decreased from 82:18 (2.0 M) to 72:28. By analogy with the research on
UAMC-0004206 (Table 3.23) TFA salt of aniline 207 as starting material was used instead HCI
salt 208. We were pleased to find that both the conversion (95 %) and the ratio 209/213 (98:2) were
improved (Table 3.28, entry 3). As reported earlier, after the N-Boc deprotection, the HCI salt 208
was precipitated from EtOH/MTBE and isolated with a purity of 99 % AN by HPLC. Instead, the
TFA salt 207 could not be purified with antisolvent precipitation. The advantages of working with
a pure intermediate prompted us to carry out additional experiments with HCI salt 208 on a larger
scale (0.6 mmol). Unfortunately, a lower conversion after 96 h was observed, dropping from 92 %
to 69 % (Table 3.28, entry 4). Using 1.5 equivalents of DIPEA instead of TEA did not help to
improve the conversion, which was further decreased to 60 %, on the other side, the ratio 209/213
was increased to 89:11 (Table 3.28, entry 5). Unsatisfied with the results of HCI aniline salt 208
we decided to proceed with the TFA aniline salt 207 as the starting material for this step. The
guanylation was tested with 1.5 equivalents of TEA and DIPEA, for both experiments the
conversion was almost complete, with 97 % and 98 %, respectively (Table 3.28, entries 6 and 7).
The ratio 209/213 was also improved to 94:6 in the case of TEA and 99:1 in the case of DIPEA.
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Table 3.28
Optimization of guanylation reaction

Cl
Cl- : <> C'O\@ ©
?o BocN  NHBoc PO NHebz HO5p© Wbz
7P NHCbz
Base,
DCM/MeCN (1:1 viv),
20-25 °C
@NHs 207 CF3C00 NB°° NBOC
or NHBoc NHBoc
208 Cl@ 209 213
a . Scale Conc. . Conversion Ratio
Entry? | Aniline (mmol) ™M) Base (1.5 equiv.) after 96 h (%) | 175/179

1 208 0.3 2.0 TEA 89 82:18
2 208 0.3 1.0 TEA 92 72:28
3 207 0.3 1.0 TEA 95 98:2
4 208 0.6 1.0 TEA 69 82:18
5 208 0.6 1.0 DIPEA 60 89:11
6 207 0.6 1.0 TEA 97 94:6
7 207 0.6 1.0 DIPEA 98 99:1

aN,N’-Di-Boc-1H-pyrazole-1-carboxamidine (1.2 equiv.), base (1.5 equiv.), DCM/MeCN
(1:1 viv), 20-25 °C.

Conditions in entry 7 were selected for further upscale. The TFA aniline salt 207 was treated
with 1.2 equivalents of N,N’-di-Boc-1H-pyrazole-1-carboxamidine 11 in the presence of 1.5
equivalents of DIPEA in DCM/MeCN (1:1 v/v). After 96 h a conversion of 90 % was reached and
after flash chromatography, the product was obtained in 37 % yield (Table 3.29, entry 1). In order
to explain this low isolated yield we have speculated that part of the product might decompose
during purification due to DIPEA present in the reaction mixture. The synthesis of 209 was
repeated at 3.0 mmol scale, but unfortunately, the reaction proceeded slowly and 144 h were
necessary to reach a conversion of 72 % (Table 3.29, entry 2). The volatiles were removed in vacuo,
and then before the flash chromatography purifications, the crude material dissolved in EtOAc and
washed with 0.5 % aqueous KHSO,4 to completely remove DIPEA. However, only 10 % of the
product was isolated after flash chromatography. We speculated that the poor yield was due to
residual trifluoroacetic acid left in the crude material after the N-Boc deprotection. Therefore a
basic wash with 0.5 % aqueous NH4sHCO3 was added as a treatment for the TFA aniline salt to
generate free base 212. With the new starting material 212 the equivalents of DIPEA, necessary to
achieve a basic pH (8 - 10), were reduced to 0.8 and after 96 h a conversion of 83 % was reached
(Table 3.29, entry 3). After work-up and purification, product 209 was isolated with a yield of 45
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%. In a second batch, at 0.8 mmol scale, the equivalents of DIPEA were further reduced to 0.3 and
a 91 % conversion was reached after 96 h, product 209 was isolated with a yield of 43 % (Table
3.29, entry 4). Satisfied with the new reaction and work-up conditions we increased the scale to
1.8 mmol where product 209 was isolated with 63 % yield and purity of 95 % AN by HPLC (Table
3.29, entry 5).

Table 3.29
Screening of work-up conditions for the guanylation of UAMC-0004207
Scale | Treatment starting | DIPEA | Conversion Yield
Entr . . Work-U
y (mmol) material (equiv.) (%) P (%)
1 2.1 None 15 902 None 37
Wash with
2 3.0 N 15 b 10
one & 0.5 % aq. KHSO:
Wash with
Wash with
3 | o8 0.5 % aq. 0.8 83" 050 0 ‘ﬁ":so 45
NHsHCO: 0 ‘
Wash with
Wash with
4 0.8 0.5 % aq. 0.3 912 05 O/a: vrleso 43
NHzHCOs =78 ¢
Wash with .
5 | 19 0.5 % aq. 0.3 942 . S\Q/a:h ‘ﬁ":hs o | 63
NH4HCO3 > 7 aq. ‘

aConversion after 96 h; Pconversion after 144 h.

3.4.5 N-Boc deprotection of guanidine 209

Based on our experience with the final N-Boc deprotection of UAMC-0004206, we started to
test deprotection with TFA/DCM 1:1 v/v at 20-25 °C (Scheme 3.18), and the product was obtained
after 2 h. However, it was impossible to find a suitable solvent for the precipitation of the product.
The volatiles were removed by vacuo and product 210 was obtained with a purity of 94 % AN by
HPLC, lower than the 95 % requirement (Table 3.30, entry 1). The deprotection was then
performed, using 4 N HCI in dioxane, directly generating the hydrochloride salt 15. Firstly, the
reaction was run for 16 h, the volatiles were removed in vacuo, and the residue was dissolved in
absolute EtOH and added dropwise to 10 volumes of stirred MTBE at 0 °C. The final product 15
was obtained by filtration as an off-white solid, with a purity of 90 % AN by HPLC, where the
mono-Boc intermediate 214 represented the main impurity (Table 3.30, entry 2). The AN by HPLC
of the final material did not change when product 15 was dissolved again in absolute EtOH and
added dropwise in 10 volumes of stirred MTBE at 0 °C. The presence of impurity 214 indicated
that a longer time was necessary for a complete deprotection. The final material was obtained with:
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a purity of 95 % AN by HPLC when the reaction was run for 24 h (Table 3.30, entry 3), and a
purity of 97 % AN by HPLC when the reaction was run for 30 h (Table 3.30, entry 4). With the
optimized conditions in hand, we upscaled the reaction to 500 mg scale, and, among the five
different batches, the hydrochloride salt UAMC-0004207 was obtained with yields between 73 %
and 89 % and purities between 96 and 99 % AN by HPLC (Table 3.30, entry 5).

Cl

Qg Ay ol

P 4 N HCI dioxane 1.0 B
07PN NHCbZ o reapem (101 wv) PP~ NHEPZ | o7P<-NHCbz
or TPA/DEM (11 viv).

20-25 °C
®
c®

HN NBoc HN NH ©
P 210 CF4C00 HN ZNH.

NHBoc NH,  45¢0° NHBoc

209 214

Scheme 3.18. N-Boc deprotection of intermediate 209

Table 3.30
Batches of final deprotection for the preparation of UAMC-0004207
Entry Scale Reagent Time Purity (%)° | Yield (%)
(mmol)
18 0.1 TFA/DCM 1:1viv 2h 94 54
2 0.1 4 N HCl in Dioxane 16 h 90 65
3v 0.1 4 N HCl in Dioxane 24 h 95 64
4v 0.1 4 N HCI in Dioxane 30h 97 61
5P 0.5 4 N HCI in Dioxane 30h 96 - 99 73-89

aFinal material obtained after removal of volatiles in vacuo. °Final material dissolved in abs.
EtOH and precipitated in 10 volumes of MTBE at 0 °C then filtered; ‘AN by HPLC (254 nm).

3.5 Stereoselective preparation of UAMC-00050

3.5.1 Separation of enantiomers, screening of conditions and scale-up

Investigation into how stereochemistry can affect the activity of enzyme inhibitors is pivotal
during drug development. UAMC-00050 consists of two enantiomers, but its binding activity on
UPA was tested only for the racemic mixture. Data on the binding of each enantiomer is crucial for
understanding interactions with the enzyme and developing more active molecules. Unfortunately,
methods for the stereoselective preparation of a-aminophosphonates are very limited both in scope
and in a degree of enantioselectivity. Accordingly, our primary target was the preparation of
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individual enantiomers of UAMC-00050 by separating the racemic mixture and testing their
binding with uPA. There are several commercially available chiral chromatographic columns for
the separation of enantiomers. The size of the columns ranges from an analytical scale, where one
can inject up to a few milligrams, to a simulated moving bed,'?® where kilograms of enantiomers
can be isolated in a day. Since it was not known which substituents of a-aminophosphonate core
will allow better chromatographic separation three aminophosphonates were selected: the final
compound 1 and two intermediates 9 and 12. For the screening of chromatographic conditions 10
different columns and 19 mobile phases were selected. As stationary phases we decide to work
with three CHIRALPAK® columns (i.e. 1A, IB, and IC) and two Lux Chiral Columns (i.e. LC1
and LC2). These columns are standardly used to develop methods for separation of enantiomers.
As for the stationary phase were selected a series of standard mobile phases that are used to screen
chiral methods for HPLC. Results for compound 9 are reported in Table 3.31 (all runs are 30
minutes). The best result was obtained with the column Lux Cellulose-1 (LC1, 4.6x250 mm) using
100 % MeCN + 0.1 % ethanolamine (Flow = 1 mL/min) as mobile phase. The method provided
good separation of the two enantiomers and a good peak shape.

Table 3.31
Test of chiral columns and mobile phases for the chiral separation of racemic compound 9
NHAc
AcHN : (;
(0]
o/jl’/o NHCbz
\[@NHBOC
9
Mobile ph Columns

obile phase A 5 i X —

100 % MeOH
F =1 mL/min v N/A Y I N/A

100 % MeCN
F = 1 mL/min v v N/A I N/A

0 0 -
100 % MeCN_+ 0.1% e_thanolamme N/A v | : |
F =1 mL/min
100 % MeCN + 0.1 %

diethanolamine N/A N/A I N/A N/A

F =1 mL/min

100 % EtOH
F = 0.5 mL/min N/A N/A N/A I N/A

100 % iPrOH
F = 0.3 mL/min N/A m N/A N/A N/A

9 i 0

50 % MeCN_ln HsPO4 (0.1 % aq.) v N/A NIA A VA

F =1 mL/min
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50 % MeCN in H,0 N/A v N/A N/A N/A
F =1 mL/min
60 % MeCN in H20 N/A N/A v N/A N/A
F=1mL/min
60 % MeCN in H3PO4 (0.1 % aq.)
F =1 mL/min N/A /A v VA WA

Tier list: 1 (good resolution and peak shape), Il (moderate resolution and peak shape), 111 (bad

resolution or k <0.5), IV (no resolution), N/A conditions not tested.

A separation of the two enantiomers of product 1 would have been optimal since no more
modifications were required for the isolated enantiomers. Unfortunately, none of the columns or
mobile phases was able to provide a separation of the two enantiomers (Table 3.32) (all runs are

30 minutes).
Table 3.32
Test of chiral columns and mobile phases for the chiral separation of racemic compound 1
NHAc
AcHN\©\<>
o
O//ﬁ’o NHCbz
\LQ\ O, e
N)kNH2
N
UAMC-00050 (1)
Mobile phase Columns
P B IC LC1
100 % MeOH
F=1mL/min N/A N/A v
100 % MeCN
F=1mL/min N/A N/A v
0, 0, 1
100 % MeCN_+ 0.1% gthanolamlne v v v
F=1 mL/min
100 % MeCN + 0.1 % diethanolamine
F=1mL/min N/A v N/A
100 % MeCN + 0.1 % TFA
E =1 mL/min N/A N/A N/A
100 % MeCN +_0.05°_A)TFA+(_J.05% N/A N/A v
ethanolamine, F = 1 mL/min
0, 0, 0,
100 % MeCN + 0.0S_A) TFA +_0.1 % N/A N/A v
ethanolamine, F =1 mL/min
0, 0, 0,
100 % MeCN + 0.01_/0 TFA +_0.1 % N/A N/A v
ethanolamine, F =1 mL/min
100 % EtOH
F = 0.5 mL/min N/A NIA v
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100 % EtOH + 0.1 % ethanolamine

F=0.5mL/min N/A N/A v
100 % EtOH + 0.1 % TFA
F = 0.5 mL/min N/A N/A N/A
100 % iPrOH
F = 0.3 mL/min v N/A N/A
50 % MeCN in H,0
E=1mL/min N/A N/A N/A
60 % MeCN in H20
F=1mL/min N/A v N/A
60 % MeCN_ln H3PO4_ (0.1%aq.) N/A N/A N/A
F=1mL/min
60 % MeCN in Hz_O + 0.(35 % TFA_ +0.05% N/A v N/A
ethanolamine, F = 1 mL/min
10 % MeCN in H,O + 0.1 % TFA + 0.1 %
ethanolamine, F = 1 mL/min NIA v N/A

Tier list: 1 (good resolution and peak shape), Il (moderate resolution and peak shape), 111 (bad
resolution or k < 0.5), IV (no resolution), N/A conditions not tested.

Lastly, we tested intermediate 12. In this case we selected one mobile phase (Heptane 50 %,
DCM 40 %, iPrOH 10 %), 10 % of iPrOH was added to increase polarity of mobile phase, and we
screen 6 different chiralpak® columns standardly used to initiate screen of conditions for
enantiomers separation (i.e. IC, ID, IE, IF, IG, IH) (4.6x250 mm). The best separation of the two
enantiomers was obtained with IG column (Table 3.33).

Table 3.33
Test of chiral columns and mobile phase for the chiral separation of racemic compound 12
NHAc
AcHN\©\ <>
(0]
O,/F"/O NHCbz
\L@ NBoc
NXNHBOC
N
12
. Columns
Mobile phase IC ID IE IF IG IH
Heptane 50 %, DCM 40 %,
iPrOH 10 %. F = 1 mL/min v v v IV : v

Tier list: 1 (good resolution and peak shape), Il (moderate resolution and peak shape), 111 (bad
resolution or k < 0.5), IV (no resolution), N/A conditions not tested.

We selected racemic intermediate 12 for preparative separation since the compound is close to
the final material. The conditions, isocratic eluents composed of heptane, DCM, iPrOH (50:40:10
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vIviv), with a chiralpak® IG column (4.6x250 mm) were used for the preparative chromatography.
The racemic mixture of 12 (250 mg) was applied to the column as a solution in MeCN. The
separation yielded approximately 50 mg of each enantiomer with a purity of 95 % AN by HPLC.
(Figure 3.7) The pure enantiomers were then treated with TFA/DCM 1:1 v/v to cleave the Boc
group, and the final product 1 was obtained with 99.7 % ee for the first enantiomer and 98.4 % ee
for the second enantiomer.

uAU

1 UVNIS Channel 1 230nm|
2 UVNVIS Channel 2 254nm|
1500000
1250000
N
1000000 N\
\
N\
\
750000 N
N\
- \ N
\\ 2&\32}%\
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N/ NN /)
\7 NV
WA INZNN
NN \%\
NN 277 N\ NNNZANY AN RNNY
WA NN AVANVNVANY A YAVAY,
3N 4 /IN5Y 6 TN/ AN/ 10 N1 1N 12713014 015 16 /N17.1/18 19\ 20 1. /22 23 24 &N 5
: .
75 10.0 125 15 0 17 5 200

Figure 3.7. Chromatogram for the preparative separation of racemic compound 12. Preparative
HPLC, column CHIRALPAK IG (250x30 mm-5um) eluent: isocratic heptane, DCM, iPrOH
(50:40:10 v/viv), flow 40 mL/min, detector channel 1: 230 nm, channel 2: 254 nm, fraction

volume: 20 mL

3.5.2 Enantiomers 1 and 2 in vitro test on uPA enzyme

Two isolated enantiomers 1 and 2 were tested on the uPA enzyme. In Table 3.34 are reported
values of ICso for the racemic mixture of UAMC-00050 (1), enantiomer 1 and enantiomer 2. For
the racemic mixture, the 1Csp measured was 4.18 nM while for the two enantiomers was
respectively 19.33 nM and 2.26 nM. Enantiomer 2 has a 10-fold higher affinity with the enzyme
than enantiomer 1. However, the 1Cso of enantiomer 2 is just twice as lower as the racemic mixture.
This means that using UAMC-00050 as pure enantiomer 2 instead of the racemic mixture will not
bring a big change in the therapeutic effect of the drug. Nevertheless, the two enantiomers need to
be isolated, and their toxicity must be evaluated in vivo before proceeding to clinical
experimentation with UAMC-00050.
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Table 3.34
In vitro test of racemic and chiral UAMC-00050 1 on uPA

Entry UAMC-00050 1Cs0 (NM)
1 Racemic mixture 4.18
2 Enantiomer 1 19.33
3 Enantiomer 2 2.26

3.5.3 Catalysis of Birum-Oleksyszyn reaction with a chiral metal complex

Lewis acids complexed with chiral ligands were successfully used by Ohara et al.*! and Zhou
et al.*2 in the preparation of optically pure a-aminophosphonates. Inspired by their work we tested
L-proline as a ligand in combination with four different Lewis acids (Table 3.35). First, the catalytic
complex was prepared: selected metal triflate was dissolved in anhydrous MeCN and combined
with L-proline. The amino acid/Lewis acid solution was stirred for 1 h, at the indicated temperature,
and then aldehyde 7, benzyl carbamate (8) and phosphite 3 were added to the solution. After the
time required for the complete conversion of starting materials the product was isolated and
analyzed by an HPLC equipped with a chiral column (LC-1), and mobile phase: isocratic MeCN
(0.1 % ethanolamine) F = 1 mL/min. Bi(OTf)s was used in various amount: 0.10, 0.50, and 1.00
equivalents (Table 3.35, entries 1 - 4). The reaction proceeded faster and with a moderate yield
with 0.50 and 1.00 equivalents, even at - 20 °C, but in all the cases no enantiomeric excess was
obtained in the final product. Cu(OTf)2 was used with 0.10 and 1.00 equivalents, lower yields of 9
were obtained with Cu(OTf). compared with Bi(OTf)s and also in this case 0 % ee was obtained
in both experiments (Table 3.35, entries 5 and 6). Y(OTf)s and Sc(OTf)s were used with 0.20
equivalents loading, both a 20 °C and 0 °C (Table 3.35, entries 7 - 10). From these four
experiments, it was clear, that the reaction significantly slowed down at 0 °C: after 48 h, the
reaction with Y(OTf)z achieved a 3 % yield, and a 5 % yield with Sc(OTf)s. In any case, at 20 °C
and 0 °C no enantiomeric excess was obtained with the L-proline/Lewis acid complex. Next, we
moved our focus to the testing of diastereoselective synthesis of a-aminophosphonate.
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Table 3.35
Screening of L-proline/Lewis acid complexes for the enantioselective synthesis of product 9

3 NHAc
Q ( } AcHN
AcHN@OaP O\c;j
C o O,/;‘D”O NHCbz
NHBoc 8 OJ<NH2 \[©\
7 Lewis acid, proline, MeCN 9 NHBoc
Entry Scale Lewis acid Proline | Time | Temp. Solvent Yield ee
(mg) (equiv.) (equiv.) | (h) (°C) (%) | (%)
1 100 Bi(OTf)s (0.1) 0.15 72 20 MeCN 14 0
2 100 | Bi(OTf)s (0.5) 0.75 1 20 MeCN 32 0
3 100 | Bi(OTf)s (0.5) 0.75 6 -20 MeCN 21 0
4 100 Bi(OTf)s (1.0) 1.50 5 20 MeCN 28 0
5 100 Cu(OTf)2(0.1) 0.15 24 20 MeCN 5 0
6 100 Cu(OTf)2(1.0) 1.50 24 20 MeCN 13 0
7 200 | Y(OTf)sz (0.2) 0.30 24 20 MeCN 22 0
8 200 | Y(OTHs (0.2) 0.30 44 0 MeCN 3 0
9 200 Sc(OTf)z (0.2) 0.30 24 20 MeCN 15 0
10 200 | Sc(OTf)s (0.2) 0.30 44 0 MeCN 5 0

3.5.4 Diastereoselective synthesis of a-aminophosphonates

3.5.4.1 Synthesis of a-aminophosphonates with a chiral amine

Considering the difficulties in the enantioselective synthesis of UAMC-00050 with metal
catalysis an alternative approach was investigated: the diastereoselective synthesis. For this
research, a model a-aminophosphonate was selected, where an amino component was (S)-(-)-1-
phenylethylamine instead of an achiral carbamate. Our goal was to assess if any stereoinduction
can be achieved from this chiral amine during the formation of aminophosphonate asymmetric
center. Simple triphenyl phosphite (26) was used as a model for triaryl phosphite 3. During the
investigation of chiral catalyst for the enantioselective synthesis of a-aminophosphonates (See
section 3.5.3) we had to spend a considerable amount of time on the purification of
aminophosphonate to reach the required purity (> 90 %) for the chiral HPLC analysis. On the other
hand, stereoselective synthesis provides a significant advantage in separating stereoisomers, their
analysis, and their assignment. The first run of the model reaction (Scheme 3.19) provided dr of
76:24, which is in accordance with previous uses of the (S)-(-)-1-phenylethylamine.®”8 We were
especially pleased to find, that the diastereoisomeric ratio of phosphonate 215 could be directly
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assessed without tedious purifications using a simple HPLC assay, where peaks of two
diastereomers had a good shape and were well-resolved.

NH,

P(OPh),
26
or QPh
129 HOP(OPh), 0=P-0OPh
_ 4 HN
* Y(OTf)3 0.1 equiv.
Ox TFAA 1.0 equiv.
MeCN, r.t.
215

136

Scheme 3.19. Diastereoselective reaction with 129, 136, and 26 or 49 catalyzed by Y (OTf)3

Inspired by the reaction outcome we started investigating whether there was a way to increase
dr without changing the aldehyde or the amine as was done by Tibhe et al.5”% First, screened
conditions included reactions without catalyst and/or the additive and its effect on yield and dr As
shown in Table 3.36, the reaction proceeded even without the catalyst, reaching a product 181/1S
ratio of 0.44 with triphenyl phosphite after 24 h (Table 3.36, entry 2) 0.34 with diphenyl phosphite
after 24 h (Table 3.36, entry 6). On the other hand with 0.1 equivalents of Y (OTf)s only traces of
the product were obtained when using triphenyl phosphite (Table 3.36, entries 9 and 10), but a
higher 215/1S ratio (0.79) was reached with diphenyl phosphite after 4 h. (Table 3.36, entry 13)
The effect of the additive TFAA (1.0 equiv.) was also tested. Its use in the absence of the catalyst
provided an improved 215/1S ratio (0.52 after 24 h) for P(OPh)s (Table 3.36, entries 3 and 4) while
in the case of HOP(OPh): it reduced the ratio to 215/IS 0.24 and 0.25 (Table 3.36, entry 7 and 8).
While in the presence of the catalyst, TFAA anhydride helped increase the ratio of product in
experiments with P(OPh)z and HOP(OPh)., the highest value (0.86) was reached with HOP(OPh),
at 4 h. It is worth mentioning that in almost all the experiments a decrease of dr after 24 h was
noted, and in the absence of a catalyst the addition of TFAA provided lower diastereoselectivity.
With these results in hand, we decided to use the reaction between aldehyde 136, amine 129 and
diphenyl phosphite 49 in anhydrous MeCN (1.0 M) at 20-25 °C with 0.1 equivalents of Y(OTf)3
as standard conditions to test how changing reaction parameters can affect the 215/IS ratio and the
dr. Conditions from Table 3, entry 15 were selected, despite the slightly lower dr after 4 h, because
of the higher 215/IS ratio.
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Table 3.36

Tests of various phosphites, catalyst presence, and TFAA presence, for a diastereoselective
Birum-Oleksyszyn reaction

. Additive Catalyst Time
Entry2|  Phosphite (L0 equiv) o1 eqﬁiv) (| 250s | ar
1 P(OPh)3 None None 4 0.13 80:20
2 P(OPh)3 None None 24 0.44 79:21
3 P(OPh)3 TFAA None 4 0.26 73:27
4 P(OPh)3 TFAA None 24 0.52 69:31
5 HOP(OPh) None None 4 0.3 76:24
6 HOP(OPh)2 None None 24 0.34 73:27
7 HOP(OPh)2 TFAA None 4 0.24 75:25
8 HOP(OPh); TFAA None 24 0.25 69:31
9 P(OPh)3 None Y(OTf)3 4 N/A N/A
10 P(OPh)s None Y (OTf)s 24 0.03 | 80:20
11 P(OPh)s TFAA Y(OTH)s 4 022 | 76:24
12 P(OPh)s TFAA Y(OTf)3 24 071 | 73:27
13 HOP(OPh), None Y(OTf)3 4 079 | 73:27
14 HOP(OPh), None Y(OTH)s3 24 0.67 | 68:32
15 HOP(OPh), TFAA Y(OTf)3 4 0.86 | 73:27
16 HOP(OPh)2 TFAA Y (OTf)3 24 0.78 69:31

aMeCN (1.0 M), reaction at 20-25 °C.

To understand the effect of solvents on diastereoselectivity we screened 15 different reaction
mediums. Regarding the 215/IS ratio only MeCN/THF (1:1 v/v mixture), EtOAc and B-pinene
managed to perform better than standard conditions (aldehyde 136, amine 129 and diphenyl
phosphite 49 in anhydrous MeCN (1.0 M) at 20-25 °C with 0.1 equivalents of Y(OTTf)s) (Table
3.36, entry 15) with 215/IS ratio respectively 0.87, 0.88 and 1.04 after 4 h (Table 3.37, entries 3,
5, and 27). All other solvents provided comparable or lower 215/IS ratio, in the case of MeOH and
DMSO the product was obtained only in trace levels (0.04 and 0.09 after 4 h) (Table 3.37, entries
11 and 15). Regarding the diastereoselectivity reaction, several solvents provide changes in the
diastereoselectivity of the reaction. THF, EtOAc, H20, iPrOAc, MIBK and 2-Me-THF (Table 3.37,
entries 1, 5, 7, 19, 21, and 23) provided mild variations of the dr with values from 75:25 when the
reaction was carried in water to 79:21 when the reaction was carried in iPrOAc. Solvents like
toluene, DCM, and cyclohexane (Table 3.37, entries 9, 13, and 25) were able to provide a dr
comparable to or bigger than 80:20 in particular, toluene was the solvent that provided the higher
diastereoselective ratio with 82:18 when used with HOP(OPh).. Having noted that several solvents
were able to increase the dr we tested one chiral solvent, B-Pinene. As reported by Nagata et al.,
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chiral solvents can be helpful for asymmetric reactions.?® p-Pinene provided a good dr after 4 h,
despite being lower than the toluene value, but the dr dropped to 65:35 after 24 h, probably due to
the decomposition of the major diastereoisomer (Table 3.37, entries 27 and 28). Using P(OPh)s 26
instead of HOP(OPh)2 49, in toluene improved dr to 83:17, but the 215/IS ratio was decreased from
0.68 to 0.26 after 4 h (Table 3.37, entry 29).

Table 3.37
Screening of various solvents for a diastereoselective Birum-Oleksyszyn reaction
Entry? Phosphite Solvent Time (h) | 215/IS dr
1 HOP(OPh)2 THF 4 0.71 76:24
2 HOP(OPh)2 THF 24 0.75 68:32
3 HOP(OPh)2 THF/MeCN 1:1 4 0.87 73:27
4 HOP(OPh)2 THF/MeCN 1:1 24 0.77 69:31
5 HOP(OPh)2 EtOAc 4 0.88 78:22
6 HOP(OPh)2 EtOAc 24 0.82 75:25
7 HOP(OPh)2 HO 4 0.71 75:25
8 HOP(OPh)2 H0 24 0.71 75:25
9 HOP(OPh), Toluene 4 0.68 82:18
10 HOP(OPh) Toluene 24 0.70 81:19
11 HOP(OPh)2 MeOH 4 0.04 85:15
12 HOP(OPh)2 MeOH 24 0.03 76:24
13 HOP(OPh)2 DCM 4 0.59 80:20
14 HOP(OPh)2 DCM 24 0.59 79:21
15 HOP(OPh)2 DMSO 4 0.09 66:34
16 HOP(OPh)2 DMSO 24 0.13 71:29
17 HOP(OPh), Acetone 4 0.44 72:28
18 HOP(OPh), Acetone 24 0.45 68:32
19 HOP(OPh). iPrOAC 4 0.67 79:21
20 HOP(OPh), iPrOAC 24 0.76 74:26
21 HOP(OPh), MIBK 4 0.62 77:23
22 HOP(OPh), MIBK 24 0.65 72:28
23 HOP(OPh), 2-Me-THF 4 0.52 78:22
24 HOP(OPh), 2-Me-THF 24 0.54 70:30
25 HOP(OPh), Cyclohexane 4 0.32 80:20
26 HOP(OPh), Cyclohexane 24 0.39 78:22
27 HOP(OPh), B-pinene 4 1.04 80:20
28 HOP(OPh), B-pinene 24 0.93 65:35
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Entry? Phosphite Solvent Time (h) | 215/IS dr
29 P(OPh)3 Toluene 4 0.26 83:17
30 P(OPh)3 Toluene 24 0.53 81:19
0.1 equiv. of Y(OTf)s as a catalyst, 1.0 equiv. of TFAA as an additive reaction run at 20-25 °C,
concentration 1.0 M.

Inspired by the work of Nakamura et al. we decided to investigate the effect of Cinchona
alkaloids additives on the reaction.>* Quinine was selected as a chiral additive and added to the
reaction in various amounts: from 0.05 to 1.0 equivalents (Table 3.38, entries 1 - 8). Initially, 1.0
equivalents of quinine were added to the reaction without the catalyst (Table 3.38, entries 1 and 2),
albeit a good dr (83:17 after 4 h) was achieved, the product was obtained with a very low 215/1S
ratio, even after 24 h (0.07). In the presence of the catalyst, the reaction proceeded well, with 0.05
or 0.1 equivalents of additive (Table 3.38, entries 3 - 6), while a lower 215/IS ratio (0.42 after 4 h)
was achieved with 1.0 equivalents of quinine (Table 3.38, entry 7 and 8). Except for entries 1 and
2, no improvement of diastereoselectivity was registered with quinine as an additive.

Table 3.38
Quinine as a chiral additive for a diastereoselective Birum-Oleksyszyn reaction
Entry? Additive (equiv.) Catalyst (0.1 equiv) | Time (h) | 215/1S dr
1 Quinine (1.0) None 4 0.05 83:17
2 Quinine (1.0) None 24 0.07 78:22
3 Quinine (0.05) Y(OTf)3 4 1.00 73:27
4 Quinine (0.05) Y(OTf)3 24 0.93 69:31
5 Quinine (0.1) Y(OTf)3 4 0.97 73:27
6 Quinine (0.1) Y(OTf)3 24 0.91 69:31
7 Quinine (1.0) Y(OTf)3 4 0.42 75:25
8 Quinine (1.0) Y(OTf)3 24 0.37 71:29

1.0 equiv. of HOP(OPh), 49, 1.0 equiv. of TFAA as an additive, MeCN (1.0 M), reaction at 20-
25°C

Five Lewis acids and one Brgnsted acid (0.1 equiv.) were tested to see their effect on the reaction
outcome (Table 3.39). Bi(OTf)3, TiCls and AcOH provided inferior results to the standard
conditions (Table 3.39, entry 1) with dr after 4 h of 73:27, 72:28, and 70:30, respectively (Table
3.39, entries 2, 6, and 10). In the case of TiCls, a significant decrease of dr (59:41) was noted after
24 h. Camphorsulfonic acid did not provide any significant change in dr after 4 h (77:23) compared
to standard conditions (Table 3.39, entry 8). Sc(OTf)s, provided much lower diastereoselectivity
than the standard conditions, with a dr of 66:34 after 4 h, decreasing to 55:45 after 24 h (Table
3.39, entries 4 and 5). A decrease of 215/1S ratio and dr for all tested catalysts was observed after
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4 h. Only AcOH provided a stable diastereomeric ratio over the reaction time and increased 215/IS
ratio after 24 h (Table 3.39, entry 11).

Table 3.39
Screening of catalysts for a diastereoselective Birum-Oleksyszyn reaction
Entry? Catalyst (0.1 equiv) Time (h) 215/1S dr
1 Y(OTf)3 4 0.86 73:27
2 Bi(OTf)s 4 1.00 73:27
3 Bi(OTf)3 24 0.91 72:28
4 Sc(0Tf)s 4 0.86 66:34
5 Sc(0Tf)s 24 0.64 55:45
6 TiCl4 4 0.47 72:28
7 TiCl4 24 0.31 59:41
8 CSA 4 0.37 77:23
9 CSA 24 0.25 73:27
10 AcOH 4 0.98 70:30
11 AcOH 24 1.08 70:30

21.0 equiv. of HOP(OPh) 49, 1.0 equiv. of TFAA as an additive, MeCN (1.0 M), reaction at 20-
25°C.

Next, reaction temperature and concentration were screened. For the temperature, three different
values were selected: 50 °C, 0 °C and - 78 °C (Table 3.40, entries 1 - 8). Interesting results were
obtained when the reaction was carried at 50 °C, after 4 h we registered a racemic mixture of
product 215 (48:52), but after 24 h product, 215 was obtained with dr (29:71), with complete
inversion of the diastereomeric ratio (Table 3.40, entries 1 and 2). At 0 °C no change in dr was
observed with a lower 215/IS ratio than under the standard conditions. The reaction was left to
warm up to room temperature for 8 h, providing 74:26 dr after 24 h at 20-25 °C (Table 3.40, entries
3and 4). The reaction was also tested at - 78 °C. Acetonitrile was unsuitable for such a temperature
since it froze; toluene was then used due to a lower melting point. In both cases, the reaction did
not proceed at - 78 °C, both experiments were left to warm up at 20-25 °C after 8 h. With toluene,
the diastereoselectivity of the reaction was comparable with previous experiments in that solvent
(Table 3.40, entries 5 and 6). As for concentration, four different values were tested, from 0.1 M
to neat. An increase of 215/IS ratio after 24 h was noted with the increase of the concentration,
going from 0.08 at 0.1 M to 0.94 in neat conditions (Table 3.40, entries 8, 10, 13, and 15).
Regarding the dr no significant improvements were observed for all conditions.
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Table 3.40
Screening of temperatures and concentrations for a diastereoselective Birum-Oleksyszyn reaction

Entry? Solvent (M) Time (h) | Temp. (°C) | 215/IS dr
1 MeCN (1.0) 4 50 0.84 48:52
2 MeCN (1.0) 24 50 0.74 29:71
3 MeCN (1.0) 4 0 0.44 76:24
4 MeCN (1.0) 24 20-25 0.40 74:26
5 Toluene (1.0) 4 -78 N/A N/A
6 Toluene (1.0) 24 20-25 0.41 81:19
7 MeCN (0.1) 4 20-25 0.05 77:23
8 MeCN (0.1) 24 20-25 0.08 66:34
9 MeCN (0.5) 4 20-25 0.57 72:28
10 MeCN (0.5) 24 20-25 0.50 68:32
11 MeCN (2.0) 4 20-25 0.86 73:27
12 MeCN (2.0) 24 20-25 0.89 71:29
13 Neat 4 20-25 0.8 76:24
14 Neat 24 20-25 0.94 74:26

1.0 equiv. of HOP(OPh)2 49, 0.1 equiv. of Y(OTf)3 as a catalyst, 1.0 equiv. of TFAA as an
additive, reaction at 20-25 °C.

As reported by Park et al.,*** and Song et al.,'3* water can positively affect the outcome of
asymmetric reactions. We decided to add 1.0 and 10.0 equivalents of deionized water to our
reaction mixture (Table 3.41, entries 1 - 4). In both experiments, the increase in dr was negligible.
We noted a decrease in the 215/IS ratio, both with 1.0 or 10.0 equivalents of water, probably
explained by the hydrolysis of phenyl phosphonic esters. Interestingly, the reaction run in water as
a solvent (Table 3.37, entries 7 and 8) proceeded better (215/1S 0.71 after 4 h) compared to those
where water (10.0 equiv.) was an additive to MeCN (Table 3.41, entries 3 and 4).

Table 3.41
Screening of water as an additive for a diastereoselective Birum-Oleksyszyn reaction
Entry? Water (equiv.) Time (h) 215/1S dr
1 1.0 4 0.76 74:26
2 1.0 24 0.73 72:28
3 10.0 4 0.30 74:26
4 10.0 24 0.21 72:28

1.0 equiv. of HOP(OPh)2 49, 0.1 equiv. of Y(OTf)s as a catalyst, 1.0 equiv. of TFAA as an
additive, reaction in MeCN (1.0 M) at 20-25 °C.
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L-Proline/Lewis acid chiral catalytic complexes have been already used for asymmetric
synthesis.'32133 We decided to test if L-proline/Y(OTf)s complex might affect the model reaction.
To do so, the yttrium-proline complex was generated in three different ways. With method A, 0.1
equivalents of Y(OTf)s were stirred in MeCN with 0.15 equivalents of proline, and then to the
solution, 1.0 equivalents each of aldehyde 136, amine 129, phosphite 49 and TFAA were added.
With method B, 0.15 equivalents of proline were added as an additive to the reaction between 1.0
equivalents of aldehyde 136, amine 129, phosphite 49, 0.1 equivalents of Y(OTf); and 1.0
equivalents of TFAA. With method C, 0.15 equivalents of proline, dissolved in MeCN, were
deprotonated with 0.15 equivalent of NaHCOs, then 0.1 equivalents of Y(OTf)s were added and
the solution was stirred for 1 h at 20-25 °C then as in method A, 1.0 equivalents of aldehyde 136,
amine 129, phosphite 49 and TFAA were added. As depicted in Table 3.42, no substantial
improvements of dr were observed. In all experiments (Table 3.42, entries 1 - 6) decrease of 215/IS
ratio was noted compared to standard conditions, which was correlated to decreased activity of the
catalyst due to the formation of the complex with L-proline.

Table 3.42
Screening of L-proline/yttrium (111) complexes for a diastereoselective Birum-Oleksyszyn
reaction
Entrye | orolnevetrium ) 215/1S dr
complex formation

1 Method A 4 0.72 75:25

2 Method A 24 0.65 73:27

3 Method B 4 0.65 74:26

4 Method B 24 0.58 72:28

5 Method C 4 0.61 74:26

6 Method C 24 0.55 71:29

1.0 equiv. of HOP(OPh), 49, 0.1 equiv. of Y(OTf)3 as a catalyst, 1.0 equiv. of TFAA as an
additive, MeCN (1.0 M) reaction at 20-25 °C.

From the collected data we can conclude, that the highest dr was reached with toluene as a
solvent and TFAA was omitted from the reaction. Product 215 was obtained with IS ratio of: 0.48
after 4 h and 0.42 after 24 h, while dr was registered as 84:16 after 4 h and 81:19 after 24 h (Table
3.43, entries 1 and 2). When the same conditions were repeated in the absence of the catalyst, the
IS ratio was much lower: 0.08 after 4 h and 0.16 after 24 h but the dr was kept at the value of 84:16
even after 24 h (Table 3.43, entries 3 and 4).
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Table 3.43

Screening of conditions with toluene as a solvent for a diastereoselective Birum-Oleksyszyn

reaction
Entry? Catalyst Time (h) 215/1S dr
1 Y(OTf)s 4 0.48 84:16
2 Y(OTf)s 24 0.42 81:19
3 No 4 0.08 85:15
4 No 24 0.16 84:16

1.0 equiv. of HOP(OPh) 49, toluene (1.0 M), reaction at 20-25 °C, no TFAA.

To summarize, 48 different reaction conditions were tested for a diastereoselective synthesis of
a-aminophosphonate 215 from benzaldehyde (136), diphenyl phosphite (49) and (S)-(-)-1-
phenylethylamine (129). The only parameter that had a considerable positive effect on the dr of the
reaction was the selection of solvent: in particular, toluene was able to increase the dr from 76:24
to 82:18 (Table 3.37, entry 9). All the other variables showed little or no effect on the
diastereoselectivity. On the other side, a lower dr was noted when the reaction was carried with
Sc(OTf)z as a Lewis acid (Table 3.39, entry 5) and an inverted dr was registered after 24 h at 50
°C (Table 3.40, entry 2). With all results obtained from the model reaction, the next question was
whether it can be adapted to Birum-Oleksyszyn reaction, which includes a carbamate as a coupling
partner. In particular, if a chiral center, required for the stereoselective synthesis, can be
incorporated in a carbamate moiety and what will be its effect on the diastereoselective outcome
of the reaction.
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3.5.4.2 Use of chiral carbamates for a diastereoselective synthesis of a-aminophosphonates

There are seminal works, where chiral carbamates have been employed for the
diastereoselective synthesis of a-aminophosphonates: Oshikawa et al.”® and Chung et al.”* Both
authors used carbamates generated from menthol and camphor derivatives. Obtained o-
aminophosphonates were then hydrolyzed to yield a-aminophosphonic acids and analyzed for
optical yield ranging from 3.3 to 42.2 %. Inspired by these works we decided to prepare a series of
chiral carbamates 23 and couple them with benzaldehyde (136) and P(OPh)s 26 or HOP(OPh), 49
using 0.1 equivalents of Y(OTf)s as catalyst, 1.0 equivalents of TFAA as an additive in anhydrous
MeCN at 20-25 °C In the case of a good stereoinduction and high dr we could separate
diastereomers of 216, cleave the carbamate under acidic conditions and functionalize the amine
217 with benzyl chloroformate (218) to yield the desired enantioenriched a-aminophosphonate
(16) (Scheme 3.20).

Ox P(OPh)3 26 or H 9

i . HOP(OPh), 49 R,OTN *_P(OPh),

R —
“0” "NH, Y(OTf); (0.1 equiv.) o
TFAA (1.0 equiv.)
23 136 MeCN, r.t. 216

(e} J H*
(0]

SUN'S: SIS
OTN P(OPh), 218 H3N_*_P(OPh),

- 7
0 Pyridine (1.5 equiv.)
DCM, 0°C

16 217

Scheme 3.20. Synthetic pathway for the enantioselective synthesis of a-aminophosphonate using
chiral carbamate as a chiral auxiliary

Five different chiral alcohols (219) were selected for conversion to the corresponding carbamate
(221) by a reaction with 2.2.2-trichloroacetyl isocyanate to generate intermediate 220 and then
potassium carbonate (Scheme 3.21). The set of alcohols includes: bulky quinine (102b) and
hydroquinidine (222); (S)-1-phenylethanol (223) to compare results with (S)-(-)-1-phenylethyl-
amine (129); (R)-1-(3,5-bistrifluoromethylphenhyl)ethanol (224) was selected to understand if the
two CF3 groups in meta positions can have any effect on the dr; borneol (225) was selected as a
camphor analogue to match the carbamate used by Oshikawa and Chung.
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Scheme 3.21. Preparation of carbamate from alcohol

DFT calculation (at ZORA-M062X/def2-TZVP level of theory) was used to generate the 3D
structure of (S)-(-)-1-phenylethylamine and five prepared carbamates. As depicted in Figure 3.8,
in the case of the amine, the distance between the chiral carbon and the NH> is 0.147 nm that as
shown in the previous series of experiments, which can lead to an average diastereoisomeric ratio
of 75:25. In the case of the carbamates the C-N distance goes from 0.355 nm to 0.358 nm, almost
2.5 times longer than the amine C-N bond. With the next series of experiments, our goal was to
determine if the longer C-N bond would affect the diastereoselectivity of the reaction.
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(5)-(-) -1-phenylethylamine (129) (S)-1-phenylethyl carbamate (228)  (R)-1-(3.5-bis(trifluoromethyl)
phenyl)ethyl carbamate (229)

> 4

CN = 0147 nm C N =0.356 nm CN=0353nm

Quinine-carbamate (226) Hydroquinidine-carbamate (227) Borneol-carbamate (230)

C-N=0.356 nm C-N=0.358 nm C-N=0.355nm

Figure 3.8. 3D structures of with (S)-(-)-1-phenylethylamine and prepared carbamates 192, 193,
194, 195 and 196; structures were generated with a DFT calculation ZORA-M062X/def2-TZVP
and used to calculate the chiral carbon — NH> distance (C-N).

Borneol carbamate 230 was dissolved in MeCN, the solution was left in a partially open vial for
60 days at 20-25 °C. At the end of which, a conglomerate of crystals was formed at the bottom of
the vial. One single crystal was isolated and analyzed with single-crystal X-Ray diffraction (SC-
XRD). Compound 230 crystallizes in the monoclinic crystal system with 12 space group, where
each unit cells contain 8 molecules of 230. In the crystal lattice were noted 2 symmetrically
independent molecules. The two molecules formed an asymmetric unit where two molecules of
230 were paired together with a hydrogen bond between the amino group and the oxygen in the
carbamate (Figure 3.9). The distance between the chiral carbon and the amino group was different
for the two 230 moieties: 0.357 nm and 0.354 nm. With a difference between the structure
generated in DFT of respectively: 0.002 and - 0.001 nm.
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Figure 3.9. Dimer formed between the two independent structure of compound 230. The C-N
distance is different for the two structure. 0.354 nm on the left and 0.357 on the right.

The first carbamates to be tested were bulky Cinchona alkaloids (hydroquinidine and quinine)
(Table 3.44). In the reaction of hydroquinidine carbamate 226 with benzaldehyde (136) and
HOP(OPh)2 49 catalyzed by 0.1 equivalents of Y(OTf)s (Table 3.44, entry 1) no product was
detected after 24 h and the carbamate was left unreacted in the reaction mixture. We speculated
that quinuclidine moiety might coordinate with the metal catalyst, thus inhibiting the reaction. In
order to neutralize any excess electron density in the side chain of this carbamate reaction was
repeated with 1.0 equivalents of the additive: TFAA or HCI (Table 3.44, entries 2 - 5). With
P(OPh)s and HOP(OPh), the additive did not change the course of the reaction, after 24 h
carbamate was left unreacted in the reaction mixture as before. One last attempt was carried out
using a less bulky trimethyl phosphite, but also, in this case, Cinchona carbamate was left unreacted
after 24 h (Table 3.44, entry 6). Despite a poor outcome of hydroquinidine carbamate 226, a set of
experiments was carried out with the quinine carbamate 227. In the reaction of 227 with
benzaldehyde and diphenyl phosphite in the presence of 0.1 equivalents of Y(OTf)z and 1.0
equivalents of TFAA (Table 3.44, entry 7), the carbamate 227 was left unreacted and no product
was detected after 24 h. In order to neutralize any interactions between the Lewis acid catalyst and
the carbamate a large excess of Y(OTf)z (3.0 equiv.) was used. However, also, in this case, the
carbamate was left unreacted even after 96 h (Table 3.44, entries 8 - 11).
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Table 3.44
Hydroquinidine and quinine carbamates screening

>“N' HOP(OR'), or P(OR")3
H Y(OTf)3 (0.1 - 3.0 equiv.)
TFAA (1.0 equiv.) or
HCI (1.0 equiv.)
MeCN, 20 - 25 °C

226 227
R"=Ph, Me
Entry? Carbamate Phosphite Additi\_/e Y(OTf)s (231 or 2.32)“8

(1.0 equiv.) equiv. ratio
1 Hydroquinidine HOP(OPh)2 None 0.1 N/A
2 Hydroquinidine P(OPh)s3 TFAA 0.1 N/A
3 Hydroquinidine P(OPh)3 HCI 0.1 N/A
4 Hydroquinidine HOP(OPh)2 TFAA 0.1 N/A
5 Hydroquinidine HOP(OPh)2 HCI 0.1 N/A
6 Hydroquinidine P(OMe)3 TFAA 0.1 N/A
7 Quinine HOP(OPh)2 TFAA 0.1 N/A
8 Quinine HOP(OPh)2 TFAA 3.0 N/A
9 Quinine HOP(OPh)2 TFAA 3.0 N/A
10 Quinine P(OPh); TFAA 3.0 N/A
11° Quinine P(OPh)s TFAA 3.0 N/A

aReaction at 20-25 °C for 24 h; "Reaction at 20-25 °C for 96 h.

The next set of experiments employed less bulky carbamates. Initially (R)-1-(3,5-bis(trifluoro-
methyl)phenyl)ethyl carbamate (229) was reacted with HOP(OPh), 49 and benzaldehyde (136) in
the presence of 0.1 equivalents of Y(OTf)s and 1.0 equivalents of TFAA (Table 3.45). Product 234
was obtained with a 234/IS ratio of 0.30 after 4 h and 0.33 after 24 h, and with dr of 57:43 both
times (Table 3.45, entries 1 and 2). The more bulky triphenyl phosphite (26) was used as a reactant
in order to increase diastereoselectivity: it improved to 69:31 after 4 h and 60:40 after 24 h, with
an increase of 234/1S ratio, respectively 0.67 after 4 h and 0.51 after 24 h (Table 3.45, entries 3 and
4). The reaction between carbamate 229, benzaldehyde (136) and P(OPh)s (26) was repeated on a
1.35 mmol scale. It was quenched after 4 h and the product was isolated: both the HPLC and the
'H NMR assay confirmed a dr value of 75:25 (Figure 3.10 A). Next, we tested (S)-1-phenylethyl
carbamate (228), to compare results with (S)-(-)-1-phenylethylamine (129) and see if the increased
distance from the chiral to the reaction center (0.209 nm) might have an effect on the dr. (S)-1-
phenylethyl carbamate (228) was reacted with benzaldehyde (136) in the presence of 0.1
equivalents of Y (OTf)s, 1.0 equivalents of TFAA, and 1.0 equivalents of HOP(OPh); 49 or P(OPh)s
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26 (Table 3.45, entries 5 - 8). On the opposite of (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl
carbamate (229), in the case of (S)-1-phenylethyl carbamate (228), the 233/IS ratio was 3 times
higher when HOP(OPh)2 49 was used instead of P(OPh)s 26. Unfortunately, we could not measure
diastereomeric ratio with an HPLC due to a complete overlapping of the two product peaks.
Therefore 'H NMR assay was used instead (Figure 3.10 B). The product was collected from the
reaction with diphenyl phosphite, and after purification the dr was calculated to be 51:49, which
indicated a much less effective stereoinduction for the chiral auxiliary with a longer C-N distance.
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Figure 3.10. *H NMR spectrum (fragment) of a-aminophosphonate products obtained from:
A) (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl carbamate, solvent: DMSO-ds, dr determined with
the ratio between peaks at 5.64 ppm and 5.63 ppm; B) (S)-1-phenylethyl carbamate, solvent
CDClg, dr determined with the ratio between peaks at 5.63 ppm and 5.60 ppm

Finally, the reaction of borneol carbamate 230, was investigated, using the same conditions of
the two previous carbamates: reaction with benzaldehyde (136), triphenyl phosphite (26) or
diphenylphosphite (49), in the presence of 0.1 equivalents of Y (OTf)s and 1.0 equivalents of TFAA
(Table 3.45, entries 9 - 12). The 235/IS ratio was comparable when using P(OPh); 26 or
HOP(OPh)2 49 while, as for (S)-1-phenylethyl carbamate derived a-aminophosphonate 233, also
for the borneol carbamate derived a-aminophosphonate 235, HPLC assay showed one clear peak.
Assessment of dr for the reaction product was possible only with *H NMR assay. Figure 3.11 A
shows a peak of the CH proton of the newly formed chiral center. The peak has a ddd multiplicity
typical of 1:1 diastereoisomers mixtures. However after purification of the crude mixture by flash
chromatography, the peak of the same proton has a dd multiplicity, and after a 3P decoupling, it
turned into a doublet (Figure 3.11, B and C). The *H NMR assay lead us to think that after the
purification we isolated a single diastereoisomer of product 235.
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Figure 3.11. CH proton of the a-aminophosphonate 235: solvent CDCls, A) crude mixture after
reaction, B) isolated product, C) isolated product 3'P-decoupled, from the presence of a dd in the
isolated product a 100:0 dr was assigned to product 235.

Table 3.45
Diastereoselective Birum-Oleksyszyn reaction with chiral carbamates, conditions screening
O\
P(OPh); 26 or o
Sj Hop(o;h)2 29 Rlo)KNH
+ _— o)
Y(OTf)s. (0.1 equiv.) N
136 /’K‘z TFAA3(1 0 eceqjul:/“; @fh\o’:\OPh
0" "0 MeCN, 20 - 25 °C
R1
228 R" = PhMe 233 R' = PhMe
229 R = 3,5-di-CF5PhMe 234 R' = 3,5di-CFsPhMe
230R'= B;Jrneol 235R' = Borneol
Carbamate . Time
Entry? (RIOCONH) Phosphite ) Product/ IS dr
1 N 4 0.30 57:43°
Ao HOP(OPh). b
2 Fio : 24 0.33 57:43
3 4 0.67 69:31°
P(OPh)3 .
4 CFs 24 0.51 60:40
5 NH 4 0.37 51:49°
? HOP(OPh)2
6 0o 24 0.24 51:49¢
7 4 0.12 51:49¢
P(OPh)3
8 24 0.10 51:49°
9 HyC. CHs 4 0.43 100:0¢
HOP(OPh
10 3\40”3 (0PM). 24 0.30 100:0°
11 OYO 4 0.40 100:0°¢
NH P(OPh)s
12 2 24 0.39 100:0°¢

0.1 equiv. of Y(OTf)z and 1.0 equiv. of TFAA in anhydrous MeCN; °dr measured with HPLC
assay; °dr measured with 'H NMR assay after purification of the product by flash chromatography.
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In order to confirm our data registered from the HPLC and the *H NMR assay we planned to
remove the carbamate moiety from a-aminophosphonates 200 and 201, the corresponding amine
would have been converted to Cbz-protected a-aminophosphonates 16 after functionalization with
benzyl chloroformate (145) (Scheme 3.22). The resulting product 16 has been analyzed with a
chiral column (chiralpak® IC 3) with mobile phase: isocratic MeCN/H20 1:1 v/v (Flow = 1
mL/min) in order to confirm the presence of eventual diastereoselectivity of the reaction.

CFs
218 i
R) O.__0O TFA (10.0 equiv.) o @/\O Cl o
: : : ® .
PhO\P//O Hog CFs pho\F;P \,\]‘//H TOH (3.0 equiv) " "OB7 N, (1.0 equiv) PhOZ” \Lich,
_PRwehequw) - e
PhG he or PhG DCM, 50 °C PhO Pyridine (1.5 equiv.) 1O
o DCM 0 °C to rt.
234 235 217 16

Scheme 3.22. Removal of carbamate with TFA/TfOH and functionalization of the amine with
benzyl chloroformate

The carbamate moiety was removed from the a-aminophosphonate 234 and 235 after treatment
with 10.0 equivalents of trifluoroacetic acid, and 3.0 equivalents of triflic acid in anhydrous DCM
at 50 °C. The amine 217 was not isolated and used as crude in the next step. The Cbz group was
inserted reacting amine 217 with benzyl chloroformate (218) in the presence of 1.5 equivalents of
pyridine in DCM at 0 °C to yield 16, which was then isolated and analyzed with chiral HPLC
(Scheme 3.22). In the case of a-aminophosphonate 235 derived from the borneol carbamate, the
chiral column chromatogram showed two peaks with almost the same area (51:49), indicating a
racemic mixture (Figure 3.12).
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Figure 3.12. Chromatogram of a-aminophosphonate 16, generated from borneol-substituted a-
aminophosphonate 235; method: chiralpakIC3, isocratic MeCN (50 %) and H2O (50 %), flow 1
mL/min, 254 nm.
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On the other hand, when a-aminophosphonate 234 was converted to a Chz-protected a-
aminophosphonate 16, the chiral column chromatogram showed two peaks with different areas
(64:36), indicating an enantiomeric excess of 28 % (Figure 3.13). The er of final product 16 was
lower than the dr recorded for a-aminophosphonate 234, probably due to slight racemization during
the removal of carbamate and functionalization with benzyl chloroformate.
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Figure 3.13. Chiral column chromatogram of a-aminophosphonate 16 prepared from o-
aminophosphonate 234; method: chiralpakIC3, isocratic MeCN (50 %) and H20 (50 %), flow
1 mL/min, 254 nm.

In summary, the enantioselective synthesis of UAMC-00050 intermediate with chiral
proline/metal complexes as catalysts failed to provide any ee in the a-aminophosphonate 9. The
diastereoselective synthesis of an a-aminophosphonate from a chiral carbamate also provided poor
results except for (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl carbamate (229). This carbamate
allowed the preparation of a-aminophosphonate 234 with a 75:25 dr which was then converted to
a-aminophosphonate 16 with 64:36 er (probably due to some erosion of the chirality at o-
aminophosphonate carbon). Achieved stereoselectivity is too low for any preparative purposes and
makes it premature to transfer the reaction from the model compounds to reagents required for the
preparation of UAMC-00050 1 and its analogues. Furthermore, the product must be able to survive
the harsh conditions of the carbamate cleavage. However, the present results are an important step
in the field of the diastereoselective synthesis of a-aminophosphonates from chiral carbamate,
which lacked discoveries for the last 26 years. With the actual knowledge, the best way to provide
multigram quantities of the two enantiomers is the separation of the racemic mixture of the product
(16) with a preparative chiral HPLC.
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4 EXPERIMENTAL PART

4.1 General information

Unless otherwise specified, all commercially available reagents were used as received. *H, °C,
and 3P NMR spectra were obtained on a 400 MHz Bruker Avance 400 spectrometer at ambient
temperatures of 400, 101 and 162 MHz, respectively. Chemical shifts (8) are reported in parts per
million (ppm) relative to residual DMSO peak (s, & 2.50 for *H and t, & 39.53 for 13C, respectively),
for 3'P NMR it was calibrated with the use of an external standard (HsPOa). 3C NMR spectra were
recorded without 3P and °F decoupling. Multiplicities are given as s (singlet), d (doublet), t
(triplet), q (quartet), and m (multiplet). Complex splittings are described by a combination of these
abbreviations, e.g. dd (doublet of doublets). Reaction conversion was estimated by LC-MS on
Waters Acquity UPLC H-class instrument, column Waters Acquity UPLC BEH-C18, 2.1 x 50 mm,
1.7 pm, eluent 5 - 95 % MeCN in 0.1 % aq. HCOOH; flow rate: 0.8 mL/min; detection Waters
PDA Detector (200-300 nm). HPLC chromatogram were recorded with Waters Alliance instrument
equipped with 2695 separations module, consisting of quaternary pump, degasser, autosampler and
column heater. Waters 2489 dual wavelength absorbance detector was used for detection of
analytes or Shimadzu Prominence-I LC-2030C; columns: Prevail™ organic acid or Apollo C18-
13, 4.6 x 150 mm; eluent gradient 25 - 95 % or 40 - 95 % MeCN in 0.1 % aqg. HsPOa4: flow rate:
1.0 mL/min, temperature: 40 °C, UV detector: 254 nm. HRMS spectra were acquired on an
electrospray ionization mass spectrometer with a TOF analyzer, using the following parameters:
positive ionization mode, drying gas 10 mL/min and 325 °C, ionization 100 V. Diffraction data
was collected on an XtaLAB Synergy-S Dualflex diffractometer (Rigaku Oxford Diffraction)
equipped with a HyPix6000 detector and microfocus sealed X-ray tube with CuKa radiation (A =
1.54184 A). Structure was solved by direct methods with ShelXT program using intrinsic phasing
and refined by full-matrix least-squares techniques on F2 with SHELXL package. Graphics of the
crystal structures were drawn using Mercury software.

4.2 Compounds synthesized for the preparation of UAMC-00050

Tris(4-acetamidophenyl) phosphite (3)

/L In an oven-dried 500 mL flask equipped with a magnetic stirrer and a
0 dropping funnel, were added 4-acetamidophenol (2) (10.00 g, 0.066
mol. 3.0 equiv.; water content < 0.030 %), previously dried in vacuum

for 24 h, anhydrous THF (100 mL) (water content < 0.005 %) and

0 QO\Z/O anhydrous triethylamine (9.20 mL, 0.066 mol. 3.0 equiv.; water content
N \©\ <0.04 %). The flask was cooled in an ice bath for 10 minutes, then
NH - phosphorous trichloride (1.92 mL, 0.022 mol., 1.0 equiv.) was added

O dropwise. The mixture was stirred for 1 h at 0 °C, then insolubles were

filtered off and the filter cake was washed with anhydrous THF (50 mL; water content < 0.005 %).
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The filtrate was collected in a 500 mL flask and volatiles were stripped off in vacuo (5 mbar). Once
the solid was formed in the flask was kept in vacuo (5 mbar) for 6 h. Yield of 3: 10.38 g (98 %) as
a white foamy solid. Purity 94.0 % area normalized (AN) by HPLC. *H NMR (400 MHz, DMSO-
ds) 8: 9.99 (s, 3H), 7.58 (d, J = 9.0 Hz, 6H), 7.09 (d, J = 9.0 Hz, 6H), 2.03 (s, 9H). 2*C NMR (101
MHz, DMSO-ds) 8: 168.58, 146.50 (d, 2Jcp = 3.5 Hz), 136.44, 121.19 (d, *Jc = 6.4 Hz), 120.91,
25.34. 3P NMR (162 MHz, DMSO-dg) &: 129.32. HRMS (ESI+) m/z calc’d for CasH24N3O6P
[M+H]*:482.1481, found 482.1492.

tert-Butyl (4-(2-hydroxyethyl)phenyl)carbamate (5)

HO, In a 500 mL flask equipped with a magnetic stirrer, were added 4-

aminophenetyl alcohol (4) (10.0 g, 0.073 mol, 1.0 equiv.), EtOAc (200 mL)

o and di-tert-butyldicarbonate (17.50 g, 0.08 mol, 1.1 equiv.). The mixture was

HNJ<O % stirred for 16 h at 20-25 °C (Caution: increase of pressure in the flask), then

the solvent was removed in vacuo to give an off-white product. To the flask

containing the crude material was added 26 mL of MeCN/MTBE 1:1 v/v, and the mixture was

warmed up until complete dissolution of the solid. The solution was left cool down at 20-25 °C for

1 h; then, 10 mg of pure compound 5 was added as a seed. The mixture was left at 20-25 °C for 4

h when precipitated formed. Crystalline product was collected by filtration and filter cake washed

with heptane (85 mL). The crystalline 5 was dried under vacuo (5 mbar) for 16 h. Yield of 5: 17.13

g (98 %) as a white solid. Purity 99.6 % AN by HPLC. *H NMR (400 MHz, DMSO-dg) 5: 9.19 (s,

1H), 7.34 (d, J = 8.5 Hz, 2H), 7.08 (d, J = 8.5 Hz, 2H), 4.58 (t, J =5.3 Hz, 1H), 3.55(q, J = 7.2

Hz, 2H), 2.64 (t, J = 7.2 Hz, 2H,), 1.46 (s, 9H). 3C NMR (101 MHz, DMSO-ds) &: 153.29, 137.88,

133.49, 129.40, 118.59, 79.23, 62.84, 38.88, 28.61. HRMS (ESI+) m/z calc’d for C13H19NOsNa
[M+Na]*:260.1263, found 260.1267.

Sodium 2-(4-((tert-butoxycarbonyl)amino)phenyl)-1-hydroxyethane-1-sulfonate (164)

HO In a 500 mL flask equipped with a magnetic stirrer and a dropping funnel,
HO;S were added in this sequence: intermediate 6 (17.15 g, 0.072 mol, 1.0 equiv.),
dissolved in EtOAc (90.0 mL), TEMPO (0.114 g, 7.3*10* mol, 0.01 equiv.)

o}

HNJ<O% dissolved in toluene (90.0 mL), and KBr (0.869 g, 7.3*10° mol, 0.1 equiv.)

dissolved in saturated ag. NaHCO3 (67.0 mL). The mixture was vigorously

stirred for 10 minutes in an ice bath, then ag. solution of NaCIO 11 - 15 % (67.0 mL) was added
dropwise in 5 minutes. The reaction was vigorously stirred for 10 minutes, then it was quenched
with 10 % aqg. sodium thiosulfate (250.0 mL), the product was extracted from the reaction mixture
with EtOAc (3 x 200 mL), combined organic layers were then washed with brine (500 mL) and
dried over Na.SO4. Volatiles were removed in vacuo. The crude aldehyde was dissolved in ethanol
(340.0 mL) in a 500 mL flask equipped with a magnetic stirrer and a dropping funnel, then a
solution of sodium bisulfite (11.71 g, 0.113 mol, 1.5 equiv.) in deionized water (20 mL), was added
dropwise in 5 minutes. The mixture was stirred for 18 h at 20-25°C and then 1 h at 0 °C to effect a
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complete precipitation. The solid was collected by filtration, washed with cold ethanol (300 mL),
and dried in vacuo for 18 h. Yield of 164: 20.75 g (85 %) as a white solid. Purity 99.0 % AN by
HPLC. *H NMR (400 MHz, DMSO-ds) §: 7.30 (d, J = 2.7 Hz, 4H), 4.61 (dd, J = 10.6, 2.7 Hz, 1H),
4.32 (dd, J=14.4,2.7 Hz, 1H), 2.88 (dd, J = 14.4, 10.6 Hz, 1H), 1.50 (s, 9H). 3C NMR (101 MHz,
DMSO-ds) &: 153.34, 134.15, 130.32, 127.68, 117.93, 82.43, 79.59, 34.45, 25.39. HRMS (ESI")
m/z calc’d for C13H1sNOeS [M]": 316.0861, found 316.0855.

tert-Butyl (4-(2-oxoethyl)phenyl)carbamate (7)

A In a 500 mL flask equipped with a magnetic stirrer, were added adduct 164
(19.68 g, 0.085 mol. 1.0 equiv.) dissolved in deionized water (260 mL),
sodium carbonate (17.20 g, 0.162 mol, 2.2 equiv.) and EtOAc (300 mL), the

O

HNJ<O % mixture was stirred for 3 h at 20-25 °C. Then layers were separated ina 1.0 L
separation funnel. Aqg. layer was extracted with EtOAc (3 x 250 mL),
combined organic layers were washed with brine (400 mL) and dried on Na>SOa (250 g). The
solvent was removed in vacuo. Yield of 7: 13.04 g (91 %) as a pale yellow solid. Purity 99.0 %
AN by HPLC. 'H NMR (400 MHz, DMSO-de) 8: 9.63 (t, J = 4.0 Hz, 1H), 9.32 (s, 1H), 7.44 (d, J
=8.5 Hz, 2H), 7.11 (d, J = 8.5 Hz, 2H), 3.65 (d, J = 2.0 Hz, 2H), 1.47 (s, 9H). *3C NMR (101 MHz,
DMSO-ds) 8: 200.52, 152.80, 138.44, 129.91, 126.04, 118.39, 78.99, 48.95, 28.13. HRMS (ESI+)

m/z calc’d for C13H17NOsNa [M+Na]*: 258.1106, found 258.1115.

tert-Butyl (4-(2-(((benzyloxy)carbonyl)amino)2(bis(4acetamidophenoxy)phosphoryl)ethyl)-
phenyl) carbamate (9).

o In a 500 mL flask equipped with a magnetic stirrer, under argon,
)kNH were added: tert-butyl (4-(2-oxoethyl)phenyl)carbamate (7) (10.0
g, 0.043 mol, 1.0 equiv.), Y(OTf)s (2.30 g, 4.3 mmol, 0.1 equiv.)
o/©/ 1( dissolved in anhydrous MeCN (130.0 mL; water content <0.001

0L %), benzyl carbamate (8) (6.50 g, 0.043 mol, 1.0 equiv.), tris(4-

m o acetamidophenyl)phosphite (3) (23.00 g, 0.043 mol, 1.0 equiv.),

H/l f anhydrous THF (130.0 mL; water content < 0.005 %) and TFAA
)T\ ° gj (5.98 mL, 0.043 mol, 1.0 equiv.). The mixture was stirred for 4 h
at 20-25 °C. The solvent was removed in vacuo and the residue was

dissolved in a mixture of EtOAC/EtOH 4:1 v/v (500 mL). The
organic solution was washed with 0.5 M ag. NaOH (4 x 500 mL) and brine (500 mL). The organic
layers were dried on Na2SO4 (300 g) and the solvent was removed in vacuo. A silica pad with 200
g of silica gel was packed in a 500 mL glass filter. The residue was dissolved in EtOAc/EtOH 3:1
v/v (100 mL), celite (20 g) was added to the solution, and the solvent was removed in vacuo. The
crude material pre-dispersed on celite was placed on top of the silica pad and washed with
EtOAc/heptane 2:1 v/v (2000 mL) to collect fraction 1, which was discarded. The collection flask
was changed and the silica pad was washed with EtOAC/EtOH 3:1 v/v (1000 mL) to collect fraction
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2, the solvent was removed in vacuo from fraction 2 to give a yellow foamy solid. The crude
product was dissolved in acetone (100 mL) and a solution of 0.5 % ag. NaHCOz (200 mL) was
added dropwise. The solid was collected by filtration, washed with MTBE (100 mL) and dried in
vacuo overnight. The dry solid was slurried in EtOAc/acetone 19:1 v/v (300 mL), stirred for 24 h,
collected by filtration, washed with EtOAc (100 mL) and dried in vacuo overnight. Yield of 9:
13.55 g (44 %) as a white solid. Purity 98.2 % AN by HPLC. 'H NMR (400 MHz, DMSO-ds) §:
10.01 (s, 2H), 9.32 (s, 1H), 8.12 (d, J = 9.5 Hz, 1H), 7.58 (m, 4H), 7.40 (d, J = 8.5 Hz, 2H,), 7.30
(m, 3H), 7.18 (m, 8H), 4.98 (dd, J = 31.0, 13.5 Hz, 2H), 4.43 (q, J = 12.1 Hz, 1H), 3.18 (d, J = 12.3
Hz, 1H), 2.92 (m, 1H), 2.04 (s, 6H), 1.49 (s, 9H). ¥C NMR: (101 MHz, DMSO-ds) 5: 168.68,
156.37 (d, %Jcp = 4.7 Hz), 153.25, 145.73 (d, 2Jcp = 9.8 Hz), 145.45 (d, ?Jcp = 9.6 Hz), 138.59,
137.60 (d, 3Jcp = 11.3 Hz), 130.99, 130.81, 129.82, 128.70, 128.01, 127.57, 121.28 (d, 3Jcp = 3.4
Hz), 121.01 (d, 3Jcp = 3.7 Hz), 120.61 (d, 3Jcp = 6.5 Hz), 118.34, 79.39, 65.86, 50.48 (d, YJcp =
156.8 Hz), 34.05 (d, 2Jcp = 4.0 Hz), 28.61, 24.37. *'P NMR (162 MHz, DMSO-ds) &: 18.35. HRMS
(ESI+): m/z calc’d for C37H41N4OgPNa [M+Na]*: 739.2509, found 739.2519.

4-(2-(((Benzyloxy)carbonyl)amino)-2-(bis(4-acetamidophenoxy)phosphoryl)ethyl)benzen-
aminium chloride (178).

o In a 500 mL flask equipped with a magnetic stirrer were added in

HN)K this sequence: Boc-protected compound 9 (10.00 g, 0.014 mol)

N and 4 N HCI in dioxane (150 mL), the solution was stirred for 3

IV \©\ h at 20-25 °C (Caution: increase of pressure in the flask). The

Q0 solvent was removed in vacuo, the residue was dissolved in

0” m@ o absolute EtOH (100 mL; Water content < 0.005 %) and the

NHCI™ solution was added dropwise to stirred EtOAc (1000 mL). The

mixture was stirred for 30 minutes at 20-25 °C, the precipitate

é was collected by filtration, washed with EtOAc (100 mL) and

dried in vacuo overnight. Yield of 178: 9.05 g (99 %) as an off-

white powder. Purity 97.9 % AN by HPLC. *H NMR (400 MHz, DMSO-ds) &: 10.09 (d, J = 2.7

Hz, 2H), 9.76 (s, 2H), 8.17 (d, J = 9.5 Hz, 1H), 7.65 (m, 4H), 7.35 (m, 5H), 7.21 (t, J = 6.7 Hz,

5H), 7.09 (m, 4H), 4.96 (dd, J = 31.0, 13.5 Hz, 2H), 4.45 (m, 1H), 3.25 (m, 1H), 2.99 (m, 1H), 2.03

(s, 6H). **C NMR (101 MHz, DMSO-ds) &: 168.70, 156.31 (d, 3Jcp = 4.6 Hz), 145.66 (d, 2Jcp =

9.8 Hz), 145.38 (d, 2Jcp = 9.8 Hz), 137.27, 137.05 (d, 3Jcp = 10.5 Hz), 130.80, 128.80, 128.23,

127.82, 122.25, 121.23 (d, 3Jcp = 3.6 Hz), 120.96 (d, 3Jcp = 3.8 Hz), 120.61 (d, 3Jcp = 7.8 Hz),

66.05, 50.28 (d, XJcp = 157.4 Hz), 34.11 (d, 2Jcp = 5.0 Hz), 31.16, 24.36. 3P NMR (162 MHz,

DMSO-ds) &: 18.00. HRMS (ESI+) m/z calc’d for Cs2HaaN4O7P [M+H]*: 617.2165, found
617.2175.
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1-(4-(2-(((Benzyloxy)carbonyl)amino)-2-(bis(4-acetamidophenoxy)phosphoryl)ethyl)phenyl)

guanidinium chloride (1).
o In an oven-dried 50 mL flask equipped with a magnetic stirrer,
)LNH were added compound 178 (5.00 g, 7.7 mmol, 1.0 equiv),
WN <> Sc(0Tf)3 (377 mg, 0.77 mmol, 0.1 equiv) dissolved in anhydrous
0 \©\o THF/absolute EtOH 2:1 v/v (15.4 mL; water content < 0.005 %)
OJD”O and NH2CN (3.23 g, 77.0 mmol, 10.0 equiv.). The solution was

o%(mr\m stirred for 96 h at 20-25 °C then the solvent was removed in vacuo,
o Hﬁ)\NHZ the crude product was dissolved in absolute EtOH (50 mL), added
é o dropwise to stirred iPrOAc (500 mL) at 20-25 °C and slurried for
1 h. The solid was collected by filtration, washed with iPrOAc

(250 mL) and dried in vacuo for 16 h. The crude material was
dissolved in 500 mL of deionized water/EtOH (10:1 v/v) and loaded on a 300 g YMC-DispoPack
AT RP-Cyg reverse phase column. The column was eluted with (MeCN/EtOH 9:1 v/v) in deionized
water, gradient O - 100 %. The target fractions were collected, the selected tubes were divided in
two flasks S1 and S2, then the solvent was removed with freeze-drying to get product 1. Yield:
3.859 (72 %). Purity fraction 1 (S1) 98.1 % AN by HPLC and fraction 2 (S2) 99.4 % AN by HPLC.
'H NMR (400 MHz, DMSO-ds) 8: 10.04 (d, J = 2.7 Hz, 2H), 9.94 (s, 1H), 8.18 (d, J = 9.5 Hz, 1H),
7.58 (m, 4H), 7.50 (s, 3H), 7.37 (d, J = 8.5 Hz, 2H), 7.30 (m, 3H), 7.20 (m, 2H), 7.10 (m, 6H), 4.95
(dd, J = 31.0, 13.5 Hz, 2H), 4.45 (g, J = 12.5 Hz, 1H), 3.22 (m, 1H), 3.00 (m, 1H), 2.02 (s, 6H).
13C NMR (101 MHz, DMSO-dg) 8: 168.71, 156.38, 156.30 (d, 3Jcp = 4.1 Hz), 145.65 (d, 3Jcp =
9.7 Hz), 145.40 (d, 3Jcp = 9.7 Hz), 137.27, 137.06 (d, 3Jcp = 10.4 Hz), 135.82, 135.64, 134.32,
130.82, 128.76, 128.26, 127.90, 124.43, 121.22 (d, 3Jcp = 3.6 Hz), 120.95 (d, 3Jcp = 3.7 Hz),
120.62 (d, 3Jcp = 7.7 Hz), 66.08, 50.14 (d, 3Jcp = 157.2 Hz), 34.00 (d, 3Jcp = 4.1 Hz), 24.36. 3P
NMR (162 MHz, DMSO-ds) &: 17.39. HRMS (ESI+) m/z calc’d for CasHarNeO7P [M+H]":
659.2383, found 659.2398.

(9H-Fluoren-9-yl)methyl(4-(2-hydroxyethyl)phenyl) carbamate (172)

In a 50 mL flask equipped with a magnetic stirrer, were added 4-aminophenethyl alcohol (4) (1.00
g, 7.3 mmol, 1.0 equiv.), Na2COz (5.15 g, 18.0 mmol, 2.5 equiv.) and DMAP (50 mg, 0.73 mmol,
oH 0.1 equiv.), DCM (10 mL) and deionized water (5 mL). The

O o] /@/( mixture was cooled at 0 °C then Fmoc-Cl (2.85 g, 11 mmol, 1.5
. OJLN equiv.) dissolved in anhydrous DCM (2 mL) was added dropwise
O via syringe. The mixture was stirred at 0 °C for 0.5 h at 20-25 °C
for 2 h. Then at the solution was added 0.5 M ag. NaHCO3 (200

mL) and the product was extracted with DCM (3 x 100 mL). The combined organic layers were
dried on Na»SO4. The solvent was removed in vacuo and the crude material was purified by flash
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chromatography on silica (eluent heptane/EtOAc 20 - 100 %). Yield of 206: 1.99 g (76 %) as an
off-white solid. Purity 97.9 % AN by HPLC. *H NMR (400 MHz, DMSO-dg) 5: 9.59 (s, 1H), 7.91
(d, J=7.5Hz, 2H), 7.75 (d, I = 7.5 Hz, 2H), 7.43 (t, = 8.5 Hz, 3H), 7.35 (td, J = 7.5, 0.8 Hz, 3H),
7.10 (d, J=8.5 Hz, 2H), 4.59 (t, J = 5.2 Hz, 1H), 4.46 (d, J = 6.7 Hz, 2H), 4.30 (t, J = 6.7 Hz, 1H),
3.56 (g, J = 7.1 Hz, 2H), 2.64 (t, J = 7.1 Hz, 2H). **C NMR (101 MHz, DMSO-ds) &: 153.91,
144.28, 141.28, 137.37, 134.02, 129.54, 128.15, 127.59, 125.61, 120.66, 118.78, 65.95, 62.77,
47.12, 38.87. HRMS (ESI+) m/z calc’d for C23H21NO3Na 382.1419, found 382.1438.

(9H-Fluoren-9-yl)methyl (4-(2-oxoethyl)phenyl)carbamate (173)

In an oven-dried 50 mL flask equipped with a magnetic stirrer, were added alcohol 172 (1.00 g,
2.78 mmol, 1.0 equiv.) and anhydrous DCM (20 mL). The solution was cooled to 0 °C and DMP
O (1.42 g, 3.34 mmol, 1.2 equiv.) was added portionwise. The
. oA _o Mixture was stirred for 4 h at 0 °C then it was quenched with
O HN—Q—/— saturated ag. NaHCO3/10 % ag. Na2S203 (1:1 v/v) (50 mL) and
the product extracted with EtOAc (3 x 50 mL). The combined
organic layers were dried over Na2SOa. Volatiles were removed in vacuo and the crude was purified
by flash chromatography on silica (eluent heptane/EtOAc 20 - 100 %). Yield of 173: 0.32 g (32
%). Purity 95.6 % AN by HPLC. *H NMR (400 MHz, DMSO-dg) &: 9.70 (s, 1H), 9.64 (t, J = 2.0
Hz, 1H), 7.91 (d, J=7.5Hz, 2H), 7.75 (d, J = 7.5 Hz, 2H), 7.43 (t, J = 7.5 Hz, 4H), 7.35 (t, = 7.5
Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H), 4.49 (d, J = 6.7 Hz, 2H), 4.31 (t, J = 6.7 Hz, 1H), 3.68 (d, J =
2.0 Hz, 2H). 3C NMR (101 MHz, DMSO-dg) 8: 201.02, 153.90, 144.26, 141.29, 138.38, 130.50,
128.16, 127.60, 127.08, 125.60, 120.66, 119.04, 66.02, 49.38, 47.12. HRMS (ESI+) m/z calc’d for
C23H19NO3Na 380.1263, found 380.1284.

2-(4-Nitrophenyl)acetaldehyde (210)

—o Inanoven-dried 100 mL flask equipped with a magnetic stirrer, were added 2-
OZ“@_f (4-nitrophenyl)ethan-1-ol 209 (1.00 g, 5.98 mmol, 1.0 equiv.) and anhydrous
DCM (43 mL). The solution was cooled at 0 °C then the DMP (3.04 g, 7.18 mmol, 1.2 equiv.) was
added portionwise. The reaction was stirred at 0 °C for 3 h and 20-25 °C for 16 h. The mixture was
quenched with 10 % ag. Na2S203 (50 mL) and the product extracted with DCM (3 x 100 mL). The
combined organic layers were washed with saturated ag. NaHCOz (100 mL) and brine (100 mL).
The organic phase was dried over Na;SOs4 and volatiles were removed in vacuo at room
temperature (no heating). Yield of 210: 0.86 g (87 %) as a yellow solid. Purity 74.3 % AN by
HPLC. 'H NMR: (400 MHz, DMSO-ds) &: 9.81 (t, J = 1.5 Hz, 1H), 8.22 (d, J = 8.9 Hz, 2H), 7.39
(d, J = 8.9 Hz, 2H), 3.87 (d, J = 1.8 Hz, 2H). 3C NMR: (101 MHz, DMSO-ds) &: 197.18, 139.33,
136.16, 133.21, 131.35, 130.60, 129.35, 124.04, 50.06.
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Dibenzyl (2-(4-((tert-butoxycarbonyl)amino)phenyl)ethane-1,1-diyl)dicarbamate (168)

o} In a 25 mL flask were added aldehyde 7 (0.20 g, 0.85 mmol, 1.0

O)kNH o equiv.) benzyl carbamate (8) (0.26 g, 1.7 mmol, 2.0 equiv.), Y(OTf)3

Nko (0.05 g, 0.085 mmol, 0.1 equiv.) anhydrous MeCN (2.5 mL). The

: /\© solution was stirred at 20-25 °C for 4 h. The precipitate was collected

by filtration, washed with 2 mL of MeCN, and dried in vacuo for 16

OYNH h. Yield of 168: 0.10 g (23 %). Purity 100 % AN by HPLC. *H NMR

>(0 (400 MHz, DMSO-de) 5: 9.28 (s, 1H), 7.71 (s, 2H), 7.35 (t, I = 7.5

Hz, 6H), 7.30 (t, J = 7.5 Hz, 6H), 7.12 (d, J = 7.5 Hz, 2H), 5.16 (s,

1H), 5.00 (m, 4H), 2.83 (d, J = 6.8 Hz, 2H), 1.49 (s, 9H). 3C NMR (101 MHz, DMSO-ds) &:

155.41, 153.27, 138.31, 137.56, 131.41, 129.94, 128.76, 128.15, 128.06, 118.32, 79.33, 65.55,
61.70, 28.62. HRMS (ESI+) m/z calc’d for C29H33N3OsNa [M+Na]*: 542.2267, found 542.2267.

4.3 Compounds prepared for the scope Birum-Oleksyszyn reaction

Tris(4-methoxyphenyl) phosphite (183)

o In an oven-dried 250 mL flask equipped with a magnetic stirrer, were added

4-methoxyphenol (182) (5.00 g, 0.04 mol, 3.0 equiv.), previously dried in

vacuum for 24 h, anhydrous THF (50 mL) and anhydrous TEA (5.58 mL,

0.,-0 0.04 mol, 3.0 equiv.), the solution was cooled to 0 °C and after 10 minutes

O/©/ o) was added dropwise phosphorous trichloride (1.17 mL, 0.013 mol, 1.0

\©\o equiv.) via syringe. The mixture was stirred at 0 °C for 1 h, then was the

I solid was removed by filtration, washed on filter with anhydrous THF (25

mL). Collected, filtrate was concentrated in vacuo (5 mbar). Once solid was formed in the flask

was kept in a vacuo (5 mbar) for 6 h. Yield of 183: 3.59 g (69 %) as an off-white solid. Purity 75

% AN by HPLC. *H NMR (400 MHz, DMSO-dg) §: 7.22 (dd, J = 9.1, 1.1 Hz, 6H), 6.98 (d, J = 9.1

Hz, 6H), 3.73 (s, 9H). 3C NMR (101 MHz, DMSO-ds) &: 156.87, 143.58 (d, 2Jcp = 7.5 Hz), 120.91

(d, 3Jcp = 4.6 Hz), 114.94, 55.37. 3'P NMR (162 MHz, DMSO-ds) &: 129.49. HRMS (ESI+): m/z
calc’d for C21H2206P [M+H]*:400.1076, found 400.1084.
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General procedure A: synthesis of a-aminophosphonates 185a-185v

In a 100 mL flask equipped with a magnetic stirrer, were added: aldehyde (1.0 equiv.) Y(OTf)3
(0.1 equiv.), carbamate (1.0 equiv.) phosphite (1.0 equiv.) and anhydrous MeCN. The solution was
stirred at 20-25 °C for the indicated time. Volatiles were removed in vacuo.

Purification method A: the crude product was suspended in MeCN (20 mL per 3 g of crude), the
mixture was warmed up until the complete dissolution of the solid. Then the solution was kept 20-
25 °C for 20 h until complete precipitation of the product. The solid was collected by filtration and
washed with MeCN (20 mL per 3 g of crude) then dried in vacuo (5 mbar) for 16 h.

Purification method B: the crude product was purified by flash chromatography on silica (gradient
heptane/EtOAc 10 - 100 %). The selected tubes were collected and volatiles were removed by
vacuo.

Benzyl ((diphenoxyphosphoryl)(phenyl)methyl)carbamate (16)

o According to general procedure A: benzaldehyde (1.00 mL, 9.4 mmol, 1.0
HNXO/\@ equiv.), Y(OTf)3 (504 mg, 0.94 mmol, 0.1 equiv.), benzyl carbamate (1.42

Ospz g, 9.4 mmol, 1.0 equiv.), triphenyl phosphite (2.47 mL, 9.4 mmol, 1.0
o)o\© equiv.), and anhydrous MeCN (28 mL). Purification method A. Yield of 16
©/ @ 3.64 g (82 %) as a white solid. Purity 99 % AN by HPLC. *H NMR (400

MHz, DMSO-ds) 8: 8.95 (d, J = 10.3 Hz, 1H), 7.66 (d, J = 8.0 Hz, 2H),
7.35 (m, 12H), 7.19 (m, 2H), 7.07 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.0 Hz, 2H), 5.64 (dd, J = 23.1,
12.5 Hz, 1H), 5.12 (dd, J = 36.0, 12.5 Hz, 2H). **C NMR (101 MHz, DMSO-ds) 3: 156.50 (d, *Jcp
= 8.5 Hz), 150.57 (d, 2Jcp = 10.0 Hz), 150.28 (d, 2Jc,p = 9.7 Hz), 137.12, 134.83, 130.29 (d, *Jcp
= 4.5 Hz), 129.02 (d, *Jcp = 5.9 Hz), 128.91 (d, “Jcp = 1.5 Hz), 128.83, 128.72 (d, “Jcp = 2.5 Hz),
128.41, 125.74 (d, Z2cp = 9.1 Hz), 120.83, 120.76 (d, *Jcp = 4.3 Hz), 66.67, 53.39 (d, 1Jcp = 157.2
Hz). 3'P NMR (162 MHz, DMSO-ds) &: 15.28. HRMS (ESI+) m/z calc’d for C27H23N207P
[M+H]+: 474.1470, found 474.1476.

Benzyl ((bis(4-methoxyphenoxy)phosphoryl)(phenyl)methyl)carbamate (185a)

i According to general procedure A: benzaldehyde (1.00 mL, 9.4 mmol,

NH O/\© 1.0 equiv.), Y(OTf); (504 mg, 0.94 mmol, 0.1 equiv.), benzyl
O‘\P\)o\(j carbamate (1.42 g, 9.4 mmol, 1.0 equiv.), tris(4-methoxyphenyl)
/@/Q phosphite (3.76 g, 9.4 mmol, 1.0 equiv.), and MeCN (28 mL). Stirred
o © for 6 h. Purification method A. Yield of 185a: 3.49 g (92 %). Purity
O 100 % AN by HPLC. *H NMR (400 MHz, DMSO-ds) &: 8.87 (d, J =
10.1 Hz, 1H), 7.61 (d, J = 7.5 Hz, 2H), 7.37 (m, 8H), 6.95 (d, J = 7.5 Hz, 2H), 6.86 (m, 6H), 5.53
(dd, J = 22.3, 10.1 Hz, 1H), 5.10 (dd, J = 38.0, 12.5 Hz, 2H), 3.69 (s, 6H). **C NMR (101 MHz,
DMSO-ds) &: 156.84 (d, 3Jcp = 6.1 Hz), 156.48 (d, 2Jcp = 8.6 Hz), 144.01 (d, 2Jcp = 10.1 Hz),
143.68 (d, 2Jcp = 9.8 Hz), 137.14, 135.02, 128.97 (d, 3Jcp = 5.9 Hz), 128.87 (d, *Jcp = 1.7 Hz),
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128.83, 128.64 (d, 4Jcp = 2.7 Hz), 128.43, 121.69 (d, 3Jcp = 3.7 Hz), 121.62 (d, 3Jcp = 3.9 Hz),
115.11 (d, 3Jcp = 5.1 Hz), 66.64, 55.90, 53.16 (d, Lcp = 156.8 Hz). 3P NMR (162 MHz, DMSO-
de) 5: 14.78. HRMS (ESI+) m/z calc’d for CasHzsNO7P [M+H]*:534.1682, found 534.1689.

Benzy! ((bis(4-acetamidophenoxy)phosphoryl)(4-chlorophenyl)methyl)carbamate (185b)

o According to general procedure A: 4-chlorobenzaldehyde (1.00 g,
HNJKO/\Q 7.1 mmol, 1.0 equiv.), Y(OTf)3 (381 mg, 0.71 mmol, 0.1 equiv.),

OQP\)\Q benzyl carbamate (1.07 g, 7.1 mmol, 1.0 equiv.), tris(4-
69 o acetamidophenyl) phosphite (3.42 g, 7.1 mmol, 1.0 equiv.), and
O)\NQ @ MeCN (21 mL). Stirred for 4 h. Method of purification A. Yield of
H 185b: 4.00 g (87 %) as an off-white solid. Purity 94 % AN by
N HPLC. 'H NMR (400 MHz, DMSO-ds) 5: 9.98 (s, 2H), 8.89 (d, J =

(o]

10.1 Hz, 1H), 7.63 (dd, J = 8.5, 1.8 Hz, 2H), 7.48 (m, 6H), 7.33 (m,
5H), 6.96 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 5.58 (dd, J = 22.3, 10.1 Hz, 1H), 5.08 (dd,
J=33.4,12.5 Hz, 2H), 2.01 (s, 6H). **C NMR (101 MHz, DMSO-ds) &: 168.66, 156.39 (d, 3Jcp =
8.8 Hz), 145.60 (d, 2Jcp = 10.1 Hz), 145.29 (d, 2Jcp = 9.7 Hz), 137.02 (d, *Jc,p = 3.7 Hz), 137.00,
134.08, 133.47 (d, *Jcp = 3.5 Hz), 130.79 (d, Jcp = 5.7 Hz), 128.92, 128.82, 128.45, 128.41,
120.93 (d, 3Jcp = 3.7 Hz), 120.84 (d, 3Jcp = 4.0 Hz), 120.55 (d, 3Jcp = 4.4 Hz), 66.73, 52.56 (d,
Yep = 157.4 Hz), 24.36. 3P NMR (162 MHz, DMSO-ds) &: 14.93. HRMS (ESI+) m/z calc’d for
Cs1H20CIN3O7P [M+H]*: 622.1510, found 622.1526.

Benzyl (1-(diphenoxyphosphoryl)-2-phenylethyl)carbamate (185c)

mmol, 1.0 equiv.), Y(OTf)s (445 mg, 0.83 mmol, 0.1 equiv.), benzyl
pe N)ko carbamate (1.25 g, 8.3 mmol, 1.0 equiv.), triphenyl phosphite (2.18 mL,
o} /\© 8.3 mmol, 1.0 equiv.), and MeCN (25 mL). Stirred for 6 h. Method of
@ purification B. Yield of 185c: 1.94 g (48 %) as a white solid. Purity 99

% AN by HPLC. *H NMR (400 MHz, DMSO-dg) &: 8.20 (d, J = 9.5 Hz,
1H), 7.39 (m, 4H), 7.24 (m, 15H), 4.97 (dd, J = 16.2, 12.9 Hz, 2H), 4.55 (m, 1H), 3.29 (dt, J = 8.0,
3.3 Hz, 1H), 3.02 (m, 1H). *C NMR (101 MHz, DMSO-ds) &: 155.89 (d, 3Jcp = 4.7 Hz), 150.12
(d, 2Jcp = 9.8 Hz), 149.85 (d, 2Jcp = 9.7 Hz), 149.81, 137.11, 136.94, 136.91, 129.88 (d, 3Jcp =
7.1 Hz), 129.13, 128.26, 127.66, 127.24, 126.62, 125.30 (d, 2Jcp = 14.6 Hz), 120.64 (d, 3Jcp = 3.9
Hz), 120.40 (d, 3Jcp = 4.0 Hz), 65.46, 49.98 (d, 1Jcp = 158.1 Hz), 34.15 (d, 2Jcp = 4.8 Hz). 3P
NMR (162 MHz, DMSO-ds) &: 18.06. HRMS (ESI+) m/z calc’d for C27H23N207P [M+H]™:
488.1627, found 488.1639.

According to general procedure A: 2-phenylacetaldehyde (1.00 mL, 8.3
Os j\
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Benzyl(2-(4-((tert-butoxycarbonyl)amino)phenyl)-1-(diphenoxyphosphoryl)ethyl)carbamate
(185d)

Q According to general procedure A: tert-butyl (4-(2-oxoethyl)
phenyl)carbamate (1.00 g, 4.3 mmol, 1.0 equiv.), Y(OTf)3 (231
©/°jlp’o N ov© mg, 0.43 mmol, 0.1 equiv.), benzyl carbamate (1.00 g, 4.3 mmol,
o :O J 70f 1.0 equiv.), triphenyl phosphite (1.11 mL, 4.3 mmol, 1.0 equiv.),
>LO)LN and MeCN (13 mL). Stirred for 8 h. Purification method B. Yield
H of 185d: 0.98 g (38 %) as a pale yellow solid. Purity 78 % AN
by HPLC. *H NMR (400 MHz, DMSO-ds) &: 9.32 (s, 1H), 8.15 (d, J = 9.5 Hz, 1H), 7.39 (m, 6H),
7.21 (m, 13H), 4.97 (dd, J = 33.4, 12.5 Hz, 2H), 4.46 (m, 1H), 3.20 (m, 1H), 2.92 (m, 1H), 1.49 (s,
9H). 3C NMR (101 MHz, DMSO-ds) &: 156.38 (d, 2Jcp = 4.8 Hz), 153.25, 150.59 (d, 2Jcp = 9.7
Hz), 150.32 (d, 2Jc,p = 9.7 Hz), 138.60, 137.44, 130.94, 130.77, 130.34 (d, 3Jcp = 6.8 Hz), 129.82,
128.71, 128.01, 127.58, 125.76 (d, 3Jcp = 14.6 Hz), 121.13 (d, 3Jcp = 3.8 Hz), 120.88 (d, 3Jcp =
4.0 Hz), 118.34, 79.39, 65.84, 50.63 (d, YJcp = 157.1 Hz), 33.98 (d, 2Jcp = 4.9 Hz), 28.62. 3P
NMR (162 MHz, DMSO-ds) &: 18.11 HRMS (ESI+) m/z calc’d for Cz7H23N207P [M+Na]*:
625.2101, found 625.2080.

Benzyl ((bis(p-tolyloxy)phosphoryl)(phenyl)methyl)carbamate (185e)

According to general procedure A: benzaldehyde (1.00 mL, 9.4
? o mmol, 1.0 equiv.), Y(OTf)z (504 mg, 0.94 mmol, 0.1 equiv.), benzyl

\©\ O\\P N)ko carbamate (1.42 g, 9.4 mmol, 1.0 equiv.), tri-p-tolyl phosphite (2.94
0% H /\© mL, 9.4 mmol, 1.0 equiv.), and MeCN (28 mL). Purification method

A. Yield of 185e: 3.31 g (75 %) Purity 93 % AN by HPLC. 'H NMR

(400 MHz, DMSO-ds) 8: 8.87 (d, J = 10.1 Hz, 1H), 7.61 (m, 2H),

7.36 (m, 8H), 7.12 (m, 4H), 6.92 (d, J = 8.5 Hz, 2H), 6.82 (d, J=8.5

Hz, 2H), 5.54 (dd, J = 22.3, 10.1 Hz, 1H), 5.10 (dd, J = 33.4, 12.5 Hz, 2H), 2.25 (s, 6H). 13C NMR
(101 MHz, DMSO) §: 156.45 (d, *Jcp = 8.8 Hz), 148.40 (d, 2Jcp = 9.9 Hz), 148.10 (d, 2Jcp = 9.7
Hz), 137.13, 134.92 (d, 3Jcp = 7.4 Hz), 134.77, 130.53 (d, 3Jcp = 5.1 Hz), 128.97 (d, 3Jcp = 5.9
Hz), 128.87 (d, “Jcp = 1.9 Hz), 128.82, 128.65 (d, “Jcp = 2.7 Hz), 128.40, 120.51, 120.44 (d, *Jcp

= 4.3 Hz), 66.62, 53.26 (d, XJcp = 157.0 Hz), 20.70. 3'P NMR (162 MHz, DMSO-ds) &: 14.79.
HRMS (ESI+) m/z calc’d for C27H2sN.07P [M+H]*: 502.1783, found 502.1801.
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Benzyl ((bis(4-acetamidophenoxy)phosphoryl)(phenyl)methyl)carbamate (185f)

According to general procedure A: benzaldehyde (1.00 mL, 9.4
mmol, 1.0 equiv.), Y(OTf)3 (504 mg, 0.94 mmol, 0.1 equiv.),

O
Y
HN o
\©\C}P N)ko benzyl carbamate (1.42 g, 9.4 mmol, 1.0 equiv.), tris(4-
"% H /\© acetamidophenyl) phosphite (4.52 g, 9.4 mmol, 1.0 equiv.), and

O MeCN (28 mL). Stirred for 6 h. Purification method B. Yield of
N 185f: 4.11 g (72 %). Purity 97 % AN by HPLC. *H NMR (400
Ve MHz, DMSO-ds) 5: 9.98 (s, 2H), 8.89 (d, J = 10.1 Hz, 1H), 7.62

© (d, J = 85 Hz, 2H), 7.51 (t, J = 8.5 Hz, 4H), 7.37 (m, 8H), 6.97

(d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 5.55 (dd, J = 22.3, 10.1 Hz, 1H), 5.10 (dd, J = 33.4,
12.5 Hz, 2H), 2.02 (d, J = 2.5 Hz, 6H). 3C NMR (101 MHz, DMSO-ds) &: 168.20, 156.00 (d, 3Jcp
=8.7 Hz), 145.23 (d, 2Jcp = 10.0 Hz), 144.93 (d, 2Jcp = 9.7 Hz), 136.65, 136.52 (d, 3Jcp = 5.7 Hz),
134.47, 128.53 (d, *Jcp = 5.9 Hz), 128.44 (d, “Jcp = 1.4 Hz), 128.36, 128.21 (d, “Jcp = 1.7 Hz),
127.94, 120.49 (d, *Jcp = 3.7 Hz), 120.42 (d, 3Jcp = 4.0 Hz), 120.07 (d, *Jcp = 2.1 Hz), 66.21,
52.76 (d, Wcp = 156.9 Hz), 23.90. 3'P NMR (162 MHz, DMSO-ds) &: 15.53. HRMS (ESI+) m/z
calc’d for Ca1HaoN307P [M+H]*:588.1900, found 588.1909.

Benzyl ((4-chlorophenyl)(diphenoxyphosphoryl)methyl)carbamate (185g)

i According to general procedure A: 4-chlorobenzaldehyde (1.00 g, 7.1
HN o/\© mmol, 1.0 equiv.), Y(OTf)s (381 mg, 0.71 mmol, 0.1 equiv.), benzyl

(oN . i .
g\)o\©\ carbamate (1.07 g, 7.1 mmol, 1.0 equiv.), triphenyl phosphite (1.86 mL, 7.1
©/© cl mmol, 1.0 equiv.), and MeCN (21 mL). Stirred for 6 h. Method of
purification A. Yield of 185g: 2.09 g (55 %) as an off-white solid. Purity

95 % AN by HPLC. *H NMR (400 MHz, DMSO-ds) 5: 8.94 (d, J = 10.1 Hz, 1H), 7.67 (d, J = 8.5
Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.34 (t, J = 8.5 Hz, 9H), 7.20 (t, J = 8.5 Hz, 2H), 7.05 (d, J = 8.5
Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 5.65 (dd, J = 22.3, 10.1 Hz, 1H), 5.10 (dd, J = 33.4, 12.5 Hz,
2H). 13C NMR (101 MHz, DMSO-ds) &: 156.42 (d, 3Jcp = 8.7 Hz), 150.48 (d, 2Jcp = 10.0 Hz),
150.19 (d, ZJcp = 9.7 Hz), 137.05, 133.95, 133.51 (d, 3Jcp = 3.6 Hz), 130.81 (d, 3Jcp = 5.8 Hz),
130.33 (d, 3Jcp = 6.5 Hz), 128.92 (d, “Jcp = 1.9 Hz), 128.84, 128.43, 125.81 (d, 2Jcp = 9.9 Hz),
120.78 (d, 3Jcp = 3.9 Hz), 120.70 (d, 3Jcp = 4.2 Hz), 66.72, 52.70 (d, *Jcp = 157.9 Hz). 3'P NMR
(162 MHz, DMSO-dg) 8: 14.18. HRMS (ESI+) m/z calc’d for C27H23CINOsP [M+H]*: 508.1081,
found 508.1096.
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Benzyl ((4-bromophenyl)(diphenoxyphosphoryl)methyl)carbamate (185h)

o According to general procedure A: 4-bromobenzaldehyde (1.00 g, 5.4

HNkO mmol, 1.0 equiv.), Y(OTf)s (289 mg, 0.54 mmol, 0.1 equiv.), benzyl
Oep\)o\©/\\© carbamate (0.82 g, 5.4 mmol, 1.0 equiv.), triphenyl phosphite (1.42 mL, 5.4

o ar mmol, 1.0 equiv.), and MeCN (40 mL). Stirred for 4 h. Method of
©/ @ purification B. Yield of 185h: 1.61 g (54 %) as an off-white solid. Purity

100 % AN by HPLC. *H NMR (400 MHz, DMSO-ds) &: 8.96 (d, J = 10.1
Hz, 1H), 7.62 (s, 4H), 7.35 (m, 9H), 7.20 (t, J = 8.5 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 7.03 (d, J =
8.5 Hz, 2H), 5.66 (dd, J = 22.3, 10.1 Hz, 1H), 5.12 (dd, J = 33.4, 12.5 Hz, 2H). **C NMR (101
MHz, DMSO-ds) &: 155.97 (d, 3Jc,p = 8.4 Hz), 150.02 (d, 2Jc,p = 10.0 Hz), 149.73 (d, 2Jcp = 9.6
Hz), 136.59, 133.93, 131.38 (d, “Jcp = 1.8 Hz), 130.65 (d, %Jcp = 5.9 Hz), 129.86 (d, 3Jcp = 6.5
Hz), 128.37, 127.96, 125.34 (d, 2Jcp = 10.1 Hz), 121.69, 121.65, 120.32 (d, 3Jcp = 4.0 Hz), 120.25
(d, 3Jcp = 4.2 Hz), 66.26, 52.32 (d, Jcp = 157.6 Hz). *'P NMR (162 MHz, DMSO-ds) &: 13.70.
HRMS (ESI+) m/z calc’d for C27H23N207P [M+H]*:552.0575, found 552.0582.

Benzyl ((diphenoxyphosphoryl)(4-fluorophenyl)methyl)carbamate (185i)

9 According to general procedure A: 4-fluorobenzaldehyde (1.00 g, 8.1
HN™ O mmol, 1.0 equiv.), Y(OTf)s (434 mg, 0.81 mmol, 0.1 equiv.), benzyl
o‘\P\)O\©\ carbamate (1.00 g, 8.1 mmol, 1.0 equiv.), triphenyl phosphite (1.73 mL, 8.1
@b F mmol, 1.0 equiv.), and MeCN (40 mL). Stirred for 4 h. Method of
purification A. Yield of 185i: 1.43 g (36 %) as an off-white solid. Purity
100 % AN by HPLC. *H NMR (400 MHz, DMSO-dg) &: 8.92 (d, J = 10.1 Hz, 1H), 7.70 (m, 2H),
7.34 (m, 9H), 7.24 (t, J = 8.5 Hz, 2H), 7.19 (t, J = 8.5 Hz, 2H), 7.06 (d, J = 8.5 Hz, 2H), 6.98 (d, J
= 8.5 Hz, 2H) 5.65 (dd, J = 22.3, 10.1 Hz), 5.10 (dd, J = 33.4, 12.5 Hz). **C NMR (101 MHz,
DMSO-ds) 8: 161.94 (d, XJcr = 243.2 Hz), 155.91 (d, 3Jcp = 8.6 Hz), 150.02 (d, 2Jcp = 10.0 Hz),
149.74 (d, 2cp = 9.7 Hz), 136.58, 130.72, 130.64, 130.58, 129.81 (d, %Jcp = 5.0 Hz), 128.33,
127.94, 125.27 (d, 2Jcp = 8.6 Hz), 120.29, 120.22 (d, 3Jcp = 4.4 Hz), 115.29 (dd, 2JcF = 21.6 Hz,
4Jcp = 1.7 Hz), 66.20, 52.12 (d, “Jcp = 158.2 Hz). 3'P NMR (162 MHz, DMSO-dg) &: 14.50.
HRMS (ESI+) m/z calc’d for C27H23FNOsP [M+H]*: 492.1298, found 492.1377.

Benzyl ((diphenoxyphosphoryl)(4-iodophenyl)methyl)carbamate (185j)

o According to general procedure A: 4-iodobenzaldehyde (1.00 g, 4.3 mmol,
HNJKO/\Q 1.0 equiv.), Y(OTf)z (231 mg, 0.43 mmol, 0.1 equiv.), benzyl carbamate
OQP\)O\Q (0.6_5 g, 4.3 mmol, 1.0 equiv.), trlphenyl phosphite (1.13 mL, 4._3 _mm_ol, 1.0

o} | equiv.), and MeCN (40 mL). Stirred for 4 h. Method of purification A.
©/ @ Yield of 185j: 0.71 g (25 %) as a white solid. Purity 91 % AN by HPLC.
'H NMR (400 MHz, DMSO-de) 5: 8.86 (d, J = 10.1 Hz, 1H), 7.70 (d, J =

8.5 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 7.26 (m, 9H), 7.12 (t, J = 8.5 Hz, 2H), 6.99 (d, J = 8.5 Hz,
2H), 6.94 (d, J = 8.5 Hz, 2H), 5.53 (dd, J = 22.3, 10.1 Hz, 1H), 5.03 (dd, J = 33.4, 12.5 Hz, 2H).
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13C NMR (101 MHz, DMSO-ds) &: 155.96 (d, *Jcp = 8.6 Hz), 150.01 (d, 2Jcp = 10.0 Hz), 149.72
(d, 2Jcp = 9.6 Hz), 137.22, 136.59, 134.29, 130.68 (d, 3Jcp = 5.8 Hz), 129.85 (d, 3Jcp = 6.7 Hz),
128.36, 127.94, 125.33 (d, 2Jcp = 10.6 Hz), 120.33 (d, 3Jcp = 4.0 Hz), 120.24 (d, 3Jcp = 4.1 Hz),
94.73, 66.25, 52.45 (d, 1Jcp = 157.4 Hz). **P NMR (162 MHz, DMSO-ds) 3: 13.54. HRMS (ESI+)
m/z calc’d for C27H23INOsP [M+H]*: 600.0437, found 600.0446.

tert-Butyl ((diphenoxyphosphoryl)(phenyl)methyl)carbamate (185k)

o According to general procedure A: benzaldehyde (1.00 g, 9.4 mmol, 1.0 equiv.),
HNkok Y(OTf)z (504 mg, 0.94 mmol, 0.1 equiv.), tert-butyl carbamate (1.43 g, 9.4

Ospr mmol, 1.0 equiv.), triphenyl phosphite (2.47 mL, 9.4 mmol, 1.0 equiv.), and
69 MeCN (28 mL). Stirred for 6 h. Method of purification B. Yield of 185k: 1.78
©/© g (43 %) as a white solid. Purity 99 % AN by HPLC. 'H NMR (400 MHz,

DMSO-dg) 8: 8.48 (d, J = 10.1 Hz, 1H), 7.63 (d, J = 8.5 Hz, 2H), 7.36 (m, 7H),
7.19 (t, J = 8.5 Hz, 2H), 7.09 (d, J = 8.5 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 5.56 (dd, J = 22.3, 10.3
Hz, 1H), 1.40 (s, 9H). *C NMR (101 MHz, DMSO-ds) &: 155.14 (d, 3Jcp = 8.2 Hz), 150.20 (d,
2Jcp = 10.0 Hz), 149.86 (d, 2Jcp = 9.6 Hz), 134.60, 129.79 (d, 3Jcp = 7.5 Hz), 128.60 (d, 3Jcp =
6.0 Hz), 128.37 (d, “Jcp = 1.9 Hz), 128.12 (d, “Jcp = 2.8 Hz), 125.20 (d, 2Jcp = 11.8 Hz), 120.32
(d, 3Jcp = 4.2 Hz), 120.25 (d, 3Jcp = 4.2 Hz), 79.11, 52.34 (d, YJcp = 156.5 Hz), 28.11. 3'P NMR
(162 MHz, DMSO-ds) 8: 15.16. HRMS (ESI+) m/z calc’d for C27H2sN.07P [M+H]*: 462.1468,
found 462.1446.

tert-Butyl ((diphenoxyphosphoryl)(4-nitrophenyl)methyl)carbamate (185I)

o According to general procedure A: 4-nitrobenzaldehyde (1.00 g, 6.6 mmol,

HNXOJ< 1.0 equiv.), Y(OTf)s (354 mg, 0.94 mmol, 0.1 equiv.), tert-butyl carbamate

O‘\P\)\Q (0.78 g, 6.6 mmol, 1.0 equiv.), triphenyl phosphite (1.73 mL, 6.6 mmol, 1.0

69 \o equiv.), and MeCN (20 mL). Stirred for 4 h. Method of purification B. Yield

©/ @ * of 185l: 1.31 g (41 %) as a pale yellow solid. Purity 87 % AN by HPLC. H

NMR (400 MHz, DMSO-ds) &: 8.67 (d, J = 10.1 Hz, 1H), 8.26 (d, J = 8.5

Hz, 2H), 7.93 (m, 2H), 7.35 (t, J = 8.5 Hz, 4H), 7.19 (m, 2H), 7.08 (m, 4H), 5.78 (dd, J = 22.3,

10.01Hz, 1H), 1.39 (s, 9H). 3C NMR (101 MHz, DMSO-de) &: 156.23, 155.11 (d, 3Jcp = 7.9 Hz),

150.03 (d, 2Jcp = 9.8 Hz), 149.71 (d, 2Jcp = 9.5 Hz), 147.28 (d, 3Jcp = 3.5 Hz), 142.37, 129.89 (d,

2Jcp =10.1 Hz), 129.76 (d, 3Jcp = 5.5 Hz), 125.40 (d, 2Jcp = 12.9 Hz), 123.49 (d, “Jcp = 1.9 Hz),

120.31 (d, 3Jcp = 4.0 Hz), 120.23 (d, 3Jcp = 4.2 Hz), 79.47, 77.02, 52.08 (d, Jcp = 155.8 Hz),

28.06. *'P NMR (162 MHz, DMSO-ds) &: 13.60 HRMS (ESI+) m/z calc’d for CazH2sN207P
[M+Na]+: 507.1311, found 507.1297.
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tert-Butyl ((diphenoxyphosphoryl)(4-(methylthio)phenyl)methyl)carbamate (185m)

o According to general procedure A: 4-(methylthio)benzaldehyde (1.00 g, 6.6
HNJKOJ< mmol, 1.0 equiv.), Y(OTf)z (354 mg, 0.94 mmol, 0.1 equiv.), tert-butyl
Osps carbamate (0.78 g, 6.6 mmol, 1.0 equiv.), triphenyl phosphite (1.73 mL, 6.6
0 s~ mmol, 1.0 equiv.), and MeCN (20 mL). Stirred for 24 h. Method of
©/ @ purification B. Stirred for 24 h. Yield of 185m: 0.54 g (17 %) as an off-white
solid. Purity 72 % AN by HPLC. *H NMR (400 MHz, DMSO-ds) &: 8.44 (d,
J=10.1 Hz, 1H), 7.57 (dd, J = 8.5, 1.9 Hz, 2H), 7.37 (td, J = 8.5, 2.2 Hz, 4H), 7.28 (d, J = 8.5 Hz,
2H), 7.20 (t, J = 8.5 Hz, 2H), 7.10 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 8.5 Hz, 2H), 5.50 (dd, J = 22.3,
10.1 Hz, 1H), 2.48 (s, 3H), 1.40 (s, 9H). 3C NMR (101 MHz, DMSO-dg) &: 155.11 (d, 3Jcp = 8.6
Hz), 150.20 (d, 2Jcp = 10.0 Hz), 149.86 (d, 2Jcp = 9.6 Hz), 138.33 (d, 3Jcp = 3.3 Hz), 131.06,
129.82 (d, 3Jcp = 8.8 Hz), 129.11 (d, 3Jcp = 6.0 Hz), 125.72, 125.70, 125.22 (d, 2Jcp = 13.3 Hz),
120.35 (d, 3Jcp = 4.0 Hz), 120.25 (d, 3Jcp = 4.2 Hz), 79.14, 51.88 (d, YJcp = 157.4 Hz), 28.11,
14.58. 3P NMR (162 MHz, DMSO-dg) &: 15.49 HRMS (ESI+) m/z calc’d for Ca7H23N207P
[M+Na]+: 508.1333, found 508.1323.

Benzyl ((diphenoxyphosphoryl)(4-nitrophenyl)methyl)carbamate (185n)

i According to general procedure A: 4-nitrobenzaldehyde (1.00 g, 6.6 mmol,
HN O/\© 1.0 equiv.), Y(OTf)s (354 mg, 0.66 mmol, 0.1 equiv.), benzyl carbamate

o . . .
g\)o\©\ (1.00 g, 6.6 mmol, 1.0 equiv.), triphenyl phosphite (1.73 mL, 6.6 mmol, 1.0
@ NO,  equiv.), and MeCN (20 mL). Stirred for 4 h. Purification method A. Yield
of 185n: 2.19 g (64 %) as a pale yellow solid. Purity 100 % AN by HPLC.

'H NMR (400 MHz, DMSO-dg) 8: 9.11 (d, J = 10.1 Hz, 1H), 8.28 (d, J = 8.5 Hz, 2H), 7.96 (d, J =
8.5 Hz, 2H), 7.36 (m, 9H), 7.20 (t, J = 8.5 Hz, 2H), 7.05 (m, 4H), 5.88 (dd, J = 22.3, 10.1 Hz, 1H),
5.12 (dd, J = 33.4, 12.5 Hz, 2H). 3C NMR (101 MHz, DMSO-ds) &: 155.99 (d, 3Jcp = 8.7 Hz),
149.92 (d, 2Jcp = 9.9 Hz), 149.64 (d, 2Jcp = 9.6 Hz), 147.34 (d, 3Jcp = 3.4 Hz), 142.10, 136.52,
129.91 (d, 3Jcp = 7.8 Hz), 129.72 (d, 3Jcp = 5.5 Hz), 128.39, 128.00, 125.45 (d, 2Jcp = 10.5 Hz),
123.55 (d, “Jcp = 2.0 Hz), 120.33 (d, 3Jcp = 4.0 Hz), 120.24 (d, 3Jcp = 4.2 Hz), 66.38, 52.57 (d,
cp = 155.9 Hz). 3P NMR (162 MHz, DMSO-dg) &: 12.90. HRMS (ESI+) m/z calc’d for
C27H23N207P [M+H]*: 519.1321, found 519.1325.

Benzyl ((bis(o-tolyloxy)phosphoryl)(phenyl)methyl)carbamate (1850)

o According to general procedure A: benzaldehyde (0.80 mL, 7.5 mmol,

o HNko 1.0 equiv.), Y(OTf)s (402 mg, 7.5 mmol, 0.1 equiv.), benzyl carbamate
@;)\p\ (1.13 g, 7.5 mmol, 1.0 equiv.), tri-o-tolyl phosphite (2.33 mL, 7.5 mmol,
° 1.0 equiv.), and MeCN (22 mL). Purification method B. Yield 1850:

@ 1.28 g (34 %). Purity 100 % AN by HPLC. *H NMR (400 MHz, DMSO-

de) 8: 8.92 (d, J = 10.1 Hz, 1H), 7.63 (d, J = 8.5 Hz, 2H), 7.36 (M, 8H),
7.18 (m, 2H), 7.05 (m, 6H), 5.64 (dd, J = 22.3 10.1 Hz, 1H), 5.06 (dd, J = 33.4, 12.5 Hz, 1H), 1.98

154



(d, J=22.2 Hz, 6H). *C NMR (101 MHz, DMSO-ds) &: 156.03 (d, 3Jcp = 9.1 Hz), 148.72 (d, *Jcp
= 8.4 Hz), 148.63 (d, 2Jcp = 8.0 Hz), 136.61, 134.57, 131.35 (d, 3Jcp = 3.8 Hz), 129.01, 128.96,
128.91, 128.61 (d, 3Jcp = 5.8 Hz), 128.39, 128.34, 128.25, 127.93, 127.86, 126.94 (d, 2Jcp = 11.0
Hz), 125.06 (d, 3Jc,p = 3.8 Hz), 119.92 (d, “Jcp = 1.8 Hz), 119.69 (d, *Jc,p = 1.2 Hz), 66.16, 53.09
(d, Ycp = 158.0 Hz), 15.68. 3P NMR (162 MHz, DMSO-ds) &: 15.28. HRMS (ESI+) m/z calc’d
for C27H23N,07P [M+H]*: 502.1795, found 502.1783.

Benzyl ((bis(o-tolyloxy)phosphoryl)(4-chlorophenyl)methyl)carbamate (185p)

According to general procedure A: 4-chlorobenzaldehyde (1.00 g, 7.1
mmol, 1.0 equiv.), Y(OTf)s (381 mg, 0.71 mmol, 0.1 equiv.), benzyl
carbamate (1.07 g, 7.1 mmol, 1.0 equiv.), tri-o-tolyl phosphite (2.19 mL,
oo 7.1 mmol, 1.0 equiv.), and MeCN (21 mL). Stirred for 8 h. Method of
HQH /\© purification B. Yield of 185p: 0.99 g (26 %). Purity 100 % AN by HPLC.
©/ 'H NMR (400 MHz, DMSO-ds) &: 8.95 (d, J = 10.1 Hz, 1H), 7.68 (dd, J
=8.5, 2.0 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.34 (m, 5H), 7.22 (d, J =
8.5 Hz, 2H), 7.08 (m, 6H), 5.70 (dd, J = 22.3, 10.1 Hz, 1H), 5.08 (dd, J = 33.4, 12.5 Hz, 2H), 2.00
(d, J=14.9 Hz, 6H). 1*C NMR (101 MHz, DMSO-ds) 8: 156.44 (d, 3Jcp = 8.9 Hz), 149.11 (d, 2Jcp
=5.1 Hz), 149.01 (d, 2Jcp = 4.9 Hz), 137.01, 134.18, 133.52 (d, 3Jcp = 3.6 Hz), 131.85 (d, 3Jcp =
4.4 Hz), 130.89 (d, *Jcp = 5.8 Hz), 129.45 (d, ®Jcp = 5.3 Hz), 129.37 (d, ®Jcp = 5.4 Hz), 128.87 (d,
3Jcp = 1.8 Hz), 128.81, 128.42, 128.34, 127.44 (d, 2Jcp = 11.4 Hz), 125.62, 120.41 (d, *Jcp = 2.3
Hz), 120.16 (d, *Jcp = 1.7 Hz), 66.69, 52.91 (d, “Jcp = 158.1 Hz), 16.09. *'P NMR (162 MHz,
DMSO-ds) &: 14.22. HRMS (ESI+) m/z calc’d for CooH27CINOsP [M+H]*: 536.1394, found
536.1395.

Cl

Benzyl ((bis(p-tolyloxy)phosphoryl)(4-chlorophenyl)methyl)carbamate (185q)

i According to general procedure A: 4-chlorobenzaldehyde (1.00 g, 7.1
HN o/\© mmol, 1.0 equiv.), Y(OTf)s (381 mg, 0.71 mmol, 0.1 equiv.), benzyl

O ) . .
g\)o\©\ carbamate (1.07 g, 7.1 mmol, 1.0 equiv.), tri-p-tolyl phosphite (2.22 mL,
/©/ cl 7.1 mmol, 1.0 equiv.), and MeCN (21 mL). Stirred for 8 h. Method of
purification A. Yield of 185q: 1.62 g (43 %). Purity 100 % AN by HPLC.

'H NMR (400 MHz, DMSO-dg) &: 8.90 (d, J = 10.1 Hz, 1H), 7.65 (d, J =
8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.36 (m, 6H), 7.12 (d, J = 8.5 Hz, 4H), 6.93 (d, J = 8.5 Hz,
2H), 6.87 (d, J = 8.5 Hz, 2H), 5.59 (dd, J = 22.3, 10.1 Hz, 1H), 5.09 (dd, J = 33.4, 12.5 Hz, 2H),
2.25 (s, 6H). *C NMR (101 MHz, DMSO-dg) &: 155.94 (d, 3Jcp = 8.8 Hz), 147.88 (d, 2Jcp = 9.8
Hz), 147.58 (d, 2Jcp = 9.7 Hz), 136.60, 134.45 (d, 2Jcp = 12.2 Hz), 133.63, 132.99 (d, 3Jcp = 3.5
Hz), 130.32 (d, *Jcp = 5.6 Hz), 130.10 (d, 3Jcp = 6.7 Hz), 128.42 (d, “Jcp = 1.4 Hz), 128.36, 127.95,
120.02, 119.94 (d, 3Jcp = 4.2 Hz), 66.23, 52.16 (d, YJcp = 157.2 Hz), 20.24. 3'P NMR (162 MHz,
DMSO-ds) &: 13.54. HRMS (ESI+) m/z calc’d for CaoH27CINOsP [M+H]*: 536.1394, found
536.1395.
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Benzyl ((bis(4-methoxyphenoxy)phosphoryl)(4-chlorophenyl)methyl)carbamate (185r)

0 According to general procedure A: 4-chlorobenzaldehyde (0.50 g, 3.6
HN O/\© mmol, 1.0 equiv.), Y(OTf); (193 mg, 0.36 mmol, 0.1 equiv.), benzyl
O‘\P\)O\Q carbamate (0.54 g, 3.6 mmol, 1.0 equiv.), tris(4-methoxyphenyl)
/@/O ol phosphite (1.44 g, 3.6 mmol, 1.0 equiv.), and MeCN (11 mL). Stirred
~o <> for 4 h. Method of purification B. Yield of 185r: 1.65 g (81 %) of a
_0 white solid. *H NMR (400 MHz, DMSO-ds) &: 8.89 (d, J = 10.1 Hz,
1H), 7.64 (dd, J = 8.5, 1.8 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 7.35 (m,
5H), 6.95 (dd, J = 8.5, 0.9 Hz, 2H), 6.87 (m, 6H), 5.58 (dd, J = 22.3, 10.1 Hz, 1H), 5.10 (dd, J =
33.4, 12.5 Hz, 2H), 3.70 (s, 6H). 1°C NMR (101 MHz, DMSO-ds) &: 156.42 (d, 3Jcp = 7.3 Hz),
155.96 (d, 2Jcp = 8.6 Hz), 143.48 (d, 2Jcp = 10.0 Hz), 143.14 (d, 3Jcp = 9.7 Hz), 136.61, 133.69,
132.97 (d, 3Jcp = 3.5 Hz), 130.30 (d, 3Jcp = 5.9 Hz), 128.42 (d, “Jcp = 1.8 Hz), 128.37, 127.99,
121.21 (d, 3Jcp = 3.7 Hz), 121.13 (d, 3Jcp = 3.9 Hz), 114.68 (d, 2Jc,p = 7.1 HZ), 66.24, 55.45, 52.05
(d, Ycp = 157.3 Hz). 3P NMR (162 MHz, DMSO-dg) &: 14.16. HRMS (ESI+) m/z calc’d for
C29H27CINO7P [M+H]": 568.1292, found 568.1302.

Benzyl ((4-cyanophenyl)(diphenoxyphosphoryl)methyl)carbamate (185s)

o According to general procedure A: 4-cianobenzaldehyde (1.00 g, 7.6

HNko mmol, 1.0 equiv.), Y(OTf)s (407 mg, 0.76 mmol, 0.1 equiv.), benzyl

©\ ?\p\)\©/\\© carbamate (1.15 g, 7.6 mmol, 1.0 equiv.), triphenyl phosphite (2.00 mL,

“ o oN 7.6 mmol, 1.0 equiv.), and MeCN (22 mL). Stirred for 6 h. Purification

@ method B. Yield of 185s: 2.54 g (67 %) as a white solid. Purity 93 % AN

by HPLC. *H NMR (400 MHz, DMSO-dg) &: 9.07 (d, J = 12.0 Hz, 1H),

7.90 (m, 4H), 7.35 (m, 9H), 7.21 (t, J = 8.5 Hz, 2H), 7.05 (m, 4H), 5.83 (dd, J = 22.3, 10.1 Hz,

1H), 5.13 (dd, J = 33.4, 12.5 Hz, 2H). 3C NMR (101 MHz, DMSO-ds) 8: 155.98 (d, 3Jcp = 8.6

Hz), 149.96 (d, 2Jcp = 9.9 Hz), 149.68 (d, 2Jcp = 9.6 Hz), 140.07, 136.53, 132.38 (d, *Jcp = 2.0

Hz), 129.89 (d, 3Jcp = 7.3 Hz), 129.40 (d, ®Jcp = 6.0 Hz), 128.38, 128.00, 125.43 (d, 2Jcp = 9.9

Hz), 120.30 (d, 3Jcp = 4.0 Hz), 120.23 (d, ®Jc,p = 4.2 Hz), 118.59, 118.57, 115.23, 111.10 (d, 3Jcp

= 3.2 Hz), 66.37, 52.74 (d, YJcp = 156.1 Hz). 3P NMR (162 MHz, DMSO-ds) &: 13.45 HRMS
(ESI+) m/z calc’d for C27H23N207P [M+H]": 499.1428, found 499.1423.

Benzyl ((bis(p-tolyloxy)phosphoryl)(4-cyanophenyl)methyl)carbamate (185t)

According to general procedure A: 4-cianobenzaldehyde (1.00 g, 7.6
iN o mmol, 1.0 equiv.), Y(OTf)z (407 mg, 0.76 mmol, 0.1 equiv.), benzyl

\©\ Qb@ carbamate (1.15 g, 7.6 mmol, 1.0 equiv.), tri-p-tolyl phosphite (2.37
o mL, 7.6 mmol, 1.0 equiv.), and MeCN (22 mL). Stirred for 6 h.

Purification method B. Yield of 185t: 2.71 g (63 %) as a white solid.

§:§ 'H NMR (400 MHz, DMSO-de) 8: 9.00 (d, J = 10.1 Hz, 1H), 7.87 (m,

4H), 7.35 (m, 5H), 7.13 (m, 4H), 6.91 (m, 4H), 5.74 (dd, J = 22.3, 10.1 Hz, 1H), 5.10 (dd, J = 33.4,
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12.5 Hz, 2H), 2.24 (s, 6H). **C NMR (101 MHz, DMSO-dg) &: 155.95 (d, 3Jcp = 8.7 Hz), 147.81
(d, 2cp = 9.8 Hz), 147.52 (d, 2Jcp = 9.6 Hz), 140.21, 136.54, 134.55 (d, 3Jcp = 11.7 Hz), 132.35
(d, *Jcp=1.8 Hz), 130.14 (d, 3Jcp = 7.7 Hz), 129.36 (d, *Jcp = 5.5 Hz), 128.38, 127.99, 119.98 (d,
3Jcp=4.1Hz), 119.92 (d, 3Jcp = 4.2 Hz), 118.59, 115.01, 111.04, 111.01, 66.33, 52.66 (d, 3Jcp =
155.8 Hz), 20.23. *'P NMR (162 MHz, DMSO-ds) &: 13.46. HRMS (ESI+) m/z calc’d for
C27H23N207P [M+H]*: 527.1742, found 527.1736.

Benzyl ((diphenoxyphosphoryl)(4-hydroxy-3-methoxyphenyl)methyl)carbamate (185u)

0 According to general procedure A: vanillin (1.00 g, 6.6 mmol, 1.0 equiv.),
HNXO Y(OTf)z (354 mg, 0.66 mmol, 0.1 equiv.), benzyl carbamate (1.00 g, 6.6
Ospr /\© mmol, 1.0 equiv.), triphenyl phosphite (1.72 mL, 6.6 mmol, 1.0 equiv.), and
69 OH MeCN (20 mL). Stirred for 6 h. Purification method B. Yield of 185u: 2.57
©/ @ SN g (75 %) as a white solid. Purity 98 % AN by HPLC. *H NMR (400 MHz,
DMSO-ds) &: 9.11 (s, 1H), 8.76 (d, J = 10.1 Hz, 1H), 7.34 (m, 9H), 7.24
(m, 1H), 7.19 (m, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.76 (d, J = 8.5 Hz, 1H), 5.47 (dd, J = 22.3, 10.1
Hz, 1H), 5.10 (dd, J = 33.4, 12.5 Hz, 2H), 3.73 (s, 3H). **C NMR (101 MHz, DMSO-ds) 5: 155.90
(d, *Jcp = 8.1 Hz), 150.24 (d, 2Jcp = 10.1 Hz), 149.95 (d, 2Jcp = 9.8 Hz), 147.46 (d, “Jcp = 2.0
Hz), 146.63 (d, “Jcp = 2.8 Hz), 136.71, 129.80 (d, 3Jcp = 4.2 Hz), 128.37, 127.96, 125.17 (d, 2Jcp
=9.0 Hz), 124.66, 121.42 (d, 3Jcp = 7.1 Hz), 120.33 (d, 3Jcp = 4.0 Hz), 120.25 (d, 3Jcp = 4.1 Hz),
115.20, 112.86 (d, 3Jcp = 5.6 Hz), 66.13, 55.70, 52.65 (d, 1Jcp = 159.2 Hz). 3'P NMR (162 MHz,
DMSO-dg) &: 15.18. HRMS (ESI+) m/z calc’d for Cz7H23N207P [M+H]*: 520.1528, found
520.1525.

Methyl 4-((((benzyloxy)carbonyl)amino)(diphenoxyphosphoryl)methyl)benzoate (185v)

i According to general procedure A: methyl 4-formylbenzoate (1.00 g, 6.1
HN 0/\© mmol, 1.0 equiv.), Y(OTf); (327 mg, 0.61 mmol, 0.1 equiv.), benzyl
O°E\O carbamate (0.92 g, 6.1 mmol, 1.0 equiv.), triphenyl phosphite (1.60 mL, 6.1
@/b °~ mmol, 1.0 equiv.), and MeCN (20 mL). Stirred for 4 h. Method of
© purification B. Yield of 185v: 2.60 g (69 %) as a white solid. Purity 86 %
AN by HPLC. *H NMR (400 MHz, DMSO-ds) &: 9.03 (d, J = 10.1 Hz, 1H), 7.97 (d, J = 8.5 Hz,
2H), 7.79 (d, J = 8.5 Hz, 2H), 7.32 (m, 9H), 7.17 (t, J = 8.5 Hz, 2H), 7.02 (dd, J = 21.5, 8.5 Hz,
4H), 5.73 (dd, J = 22.3, 10.1 Hz, 1H), 5.09 (dd, J = 33.4, 12.5 Hz, 2H), 3.84 (s, 3H). 3C NMR
(101 MHz, DMSO-ds) &: 165.88, 156.02 (d, *Jcp = 8.4 Hz), 150.00 (d, 2Jc,p = 9.9 Hz), 149.70 (d,
2Jcp = 9.7 Hz), 139.77, 136.58, 129.88 (d, 3Jcp = 7.2 Hz), 129.44 (d, “Jcp = 2.9 Hz), 129.23 (d,
4Jcp = 1.7 Hz), 128.81 (d, 3Jcp = 5.6 Hz), 128.38, 127.97, 125.38 (d, ¢ = 10.3 Hz), 120.32 (d,
8Jcp = 4.0 Hz), 120.25 (d, 3Jcp = 4.2 Hz), 66.31, 52.78 (d, Jcp = 156.1 Hz), 52.23. 3P NMR (162
MHz, DMSO-ds) &: 13.50. HRMS (ESI+) m/z calc’d for CagH26NO7P [M+H]*: 532.1525, found
532.1506.

157



4.4 Compounds synthesized for the preparation of UAMC-0004206

Benzy! ((bis(4-acetamidophenoxy)phosphoryl)(4-((tert-butoxycarbonyl)amino)phenyl)-
methyl) carbamate (193)

In an oven-dried 100 mL flask equipped with a magnetic stirrer bar
(© were added: aldehyde 192 (5.00 g, 0.023 mol, 1.0 equiv.), Y(OTf)3
(1.23 g, 2.3 mmol, 0.1 equiv.), anhydrous MeCN (17 mL), benzyl
carbamate (8) (3.48 g, 0.023 mol, 1.0 equiv.), phosphite 3 (11.07 g,
0.023 mol, 1.0 equiv.) and anhydrous THF (17 mL). The solution was
stirred for 4 h. Volatiles were removed in vacuo, the residue was
dissolved in 96 % EtOH (200 mL) and the solution was added dropwise
to stirred EtOAc (500 mL) and stirred for 2 h at 0 °C. The solid was
j< collected by filtration, dried in the vacuum (5 mbar) for 16 h. Yield of
193: 11.70 g (63 %) as a pale yellow solid. Purity 87 % AN by HPLC.
'H NMR (400 MHz, DMSO-dg) &: 9.97 (s, 2H), 9.41 (s, 1H), 8.78 (d, J = 10.1 Hz, 1H), 7.49 (m,
8H), 7.33 (m, 5H), 6.98 (d, J = 9.1 Hz, 2H), 6.90 (d, J = 9.1 Hz, 2H), 5.45 (dd, J = 22.3, 10.1 Hz,
1H), 5.08 (dd, J = 33.4, 12.5 Hz, 2H), 2.02 (d, J = 2.5 Hz, 6H), 1.47 (s, 9H). 3C NMR (101 MHz,
DMSO-ds) 8: 168.19, 155.94, 152.73, 145.28, 144.95, 139.51, 136.67, 136.48, 128.91, 128.36,
127.92, 127.72, 120.53, 120.42, 120.07, 117.92, 79.18, 66.16, 52.15, 28.11, 23.90. 3P NMR (162
MHz, DMSO-dg) 8: 15.23 HRMS (ESI+) m/z calc’d for CssH3agN4OgPNa [M+Na]*: 725.2336,
found 725.2352

\(O
HN\©\ /9 OT
\(

Oo-T1

(0]
H
HN.__O
(0]

4-((((Benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl)benzenami-
nium trifluoroacetate (194)

Boc-protected intermediate 193 (6.60 g, 8.2 mmol, 1.0 equiv.) and
OYO DCM (33 mL) and TFA (33 mL). The mixture was stirred for 45
NH
S

In a 250 mL flask equipped with a magnetic stirrer, were added the
\fo

HN\©\

o
HN

o)\

o

minutes at 20-25 °C. Volatiles removed in vacuo, and the residue was
dissolved in absolute EtOH (66 mL). The solution was added dropwise
to stirred MTBE (660 mL) at 0 °C and stirred at 0 °C for 2 h. The solid
@NHs CF,c00~  was collected by filtration, washed with MTBE (330 mL) and dried in
vacuo (5 mbar) for 16 h. Yield of 194: 6.01 g (99 %) as a yellow solid. Purity 97 % AN by HPLC.
'H NMR (400 MHz, DMSO-ds) &: 10.13 (s, 2H), 8.94 (d, J = 10.1 Hz, 1H), 7.74 (d, J = 9.1 Hz,
2H), 7.56 (m, 4H), 7.37 (m, 6H), 6.98 (d, J = 9.1 Hz, 2H), 6.91 (d, J = 9.1 Hz, 2H), 5.61 (dd, J =
22.3,10.1 Hz, 1H), 5.10 (dd, J = 33.4, 12.5 Hz, 2H), 2.04 (d, J = 2.5 Hz, 6H). 3C NMR (101 MHz,
DMSO-ds) 8: 168.73, 158.79, 156.43, 145.58, 145.27, 137.10, 137.04, 134.75, 132.70, 130.23,

i
o}
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128.84, 128.43, 123.60, 120.94, 120.85, 120.60, 66.76, 52.76, 24.35. 3P NMR (162 MHz, DMSO-
ds) 8: 14.69. HRMS (ESI+) m/z calc’d for CaiH31N4sO7PNa [M+Na]*: 625.1828, found 625.1841.

Benzyl (E)-((bis(4-acetamidophenoxy)phosphoryl)(4-(N,N*-bis(tert-butyloxycarbonyl)guani-
dino)phenyl)methyl)carbamate (196)

Q In an oven-dried 50 mL flask equipped with a magnetic stirrer, were

\(0 added: aniline 194 (7.31 g, 10.2 mmol, 1.0 equiv.), N,N’- bis(tert-
HN\©\ 0 OYO butyloxycarbonyl-1-guanyl-pyrazole (11) (3.79 g, 12.2 mmol, 1.2
O/Z NH equiv.), anhydrous DCM/anhydrous MeCN (1:1 v/v) (10.2 mL), and

1 O TEA (2.13mL, 15.3 mmol, 1.5 equiv.). The solution was stirred at 20-

o7 N 25 °C for 168 hours, then volatiles were removed in vacuo. The crude

HN._N._O  material was slurried in heptane/EtOAc 2:1 v/v (150 mL) and stirred

OYNH OT< for 2 h at 20-25 °C, the solid was collected by filtration, washed with

o) a mixture heptane/EtOAc 2:1 v/v (75 mL) and dried in vacuum (5

>( mbar) for 16 h. The product was purified by flash chromatography on

silica (eluent DCM/MeOH 20 - 100 %). The selected tubes were collected and volatiles were

removed by vacuo. Yield of 196: 6.31 g (71 %) as a white solid. Purity 97 % AN by HPLC. H

NMR (400 MHz, DMSO-de) &: 11.41 (s, 1H), 10.03 (s, 1H), 9.96 (s, 2H), 8.84 (d, J = 10.1 Hz,

1H), 7.58 (s, 4H), 7.51 (m, 4H), 7.35 (m, 5H), 6.98 (d, J = 9.1 Hz, 2H), 6.91 (d, J = 9.1 Hz, 2H),

5.54 (dd, J = 22.3, 10.1 Hz, 1H), 5.10 (dd, J = 33.4, 12.5 Hz, 2H), 2.02 (d, J = 2.5 Hz, 6H), 1.51

(s, 9H), 1.40 (s, 9H). 3C NMR (101 MHz, DMSO-ds) &: 168.65, 163.08, 156.44, 153.23, 152.54,

145.70, 145.37, 137.10, 136.98, 131.27, 129.25, 128.83, 128.44, 123.10, 121.03, 120.91, 120.57,

83.86, 79.37, 66.70, 28.24, 24.36. *'P NMR (162 MHz, DMSO-dg) &: 14.93. HRMS (ESI+) m/z
calc’d for Ca2HsoNgO11P [M+H]*: 845.3290, found 845.3275.

Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl)-
phenyl) amino)methaniminium trifluoroacetate (197)

In a 50 mL flask equipped with a magnetic stirrer, were added the
intermediate 196 (1.94 g, 2.3 mmol, 1.0 equiv.) and DCM (9 mL)

:fo
o8
AT

H

YO and TFA (9 mL). The solution was stirred for at 20-25 °C for 3 h.
NH Volatiles were removed in vacuo and the residue was dissolved in
®
\f

o

absolute EtOH (18 mL). The solution was added dropwise to

5 stirred MTBE (180 mL) at 0 °C and stirred 1 h at 0 °C. The solid

NH, CFsCO0™  was collected by filtration and dried in vacuo (5 mbar) for 16 h.
NH, Yield of 197: 1.77 g (97 %) as an off-white solid. Purity 96 % AN
by HPLC. *H NMR (400 MHz, DMSO-ds) &: 10.08 (s, 1H), 10.02 (s, 1H), 8.93 (d, J = 10.1 Hz,
2H), 7.69 (m, 5H), 7.54 (d, J = 9.1 Hz, 4H), 7.43 (d, J = 9.1 Hz, 4H), 7.36 (m, 5H), 7.28 (d, J =9.1
Hz, 2H), 7.00 (d, J = 9.1 Hz, 2H), 6.96 (d, J = 9.1 Hz, 2H), 5.58 (dd, J = 22.3, 10.1 Hz, 1H), 5.09
(dd, J = 33.4, 12.5 Hz, 2H), 2.03 (d, J = 2.5 Hz, 6H). *C NMR (101 MHz, DMSO-ds) &: 168.29,

O,
N
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159.27, 156.01, 155.81, 145.27, 144.92, 136.66, 136.63, 136.57, 135.58, 132.45, 129.84, 128.42,
128.06, 123.99, 120.61, 120.47, 120.18, 66.30, 52.25, 23.91. 3P NMR (162 MHz, DMSO-ds) &:
14.65 HRMS (ESI+) m/z cale’d for C32H34NsO7P [M+H]": 645.2258, found 645.2227.

Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl)-
phenyl)amino)methaniminium chloride (14)

(@ In a 250 mL flask equipped with a magnetic stirrer, were added:

\fo trifluoroacetate salt (2.25 g, 2.9 mmol, 1.0 equiv.) EtOH/H20 2:1 viv
HN\©\ 0 OYO (68 mL) and DOWEX 1X8 CI (22.5 g), the mixture was stirred at 20-

0”("3, NH 25 °C for 32 h. The resin was filtered off and volatiles were removed

;\ O in vacuo. The residue was dissolved in absolute EtOH (22.5 mL) and

o7oN added dropwise to stirred MTBE (225 mL) at 20-25 °C. The mixture

HNYI?HZ ¢ was stirred for 1 h and the solid was collected by filtration. The solid

NH; was dried in vacuo (5 mbar) for 16 h. Yield of 14: 1.38 g (71 %) as an

off-white solid. Purity 97.7 % AN by HPLC. 'H NMR (400 MHz, DMSO-ds) &: 10.09 (s, 2H),

10.03 (s, 1H), 8.92 (d, J = 10.1 Hz, 1H), 7.67 (dd, J = 9.1, 1.7 Hz, 2H), 7.55 (m, 8H), 7.34 (m, 5H),

7.26 (d, J=9.1 Hz, 2H), 6.99 (d, J = 9.1 Hz, 2H), 6.94 (d, J = 9.1 Hz, 2H), 5.57 (dd, J = 22.3, 10.1

Hz, 1H), 5.08 (dd, J = 33.4, 12.5 Hz, 2H), 2.03 (d, J = 2.5 Hz, 6H). *C NMR (101 MHz, DMSO-

de) 8: 168.72, 156.32, 145.65, 145.33, 137.10, 137.06, 137.02, 135.83, 132.91, 130.26, 128.86,

128.49, 124.37, 121.01, 120.87, 120.59, 66.72, 52.76, 24.36. *'P NMR (162 MHz, DMSO-ds) 5:
14.63 HRMS (ESI+) m/z cale’d for C32H34NsO7P [M+H]": 645.2258, found 645.2227.

4.5 Compounds synthesized for the preparation of UAMC-0004207

Tris(4-chlorophenyl)phosphite (205)

€l In an oven-dried 250 mL Schlenk flask equipped with a magnetic stirrer,

cl O/©/ under argon, were added: 4-chlorophenol (204) (10.00 g, 0.078 mol, 3.0

\©\0J5\o equiv.) and anhydrous THF (100 mL). The solution was cooled to 0 °C in

an ice bath, then TEA (10.87 mL, 0.078 mol, 3.0 equiv.) was added

followed by PCls (2.26 mL, 0.026 mol, 1.0 equiv.) added dropwise over 10

ol minutes. The mixture was stirred at 0 °C for 1 h. The solid was filtered off

and the filter cake was washed with anhydrous THF (50 mL). Volatiles were removed in vacuo at

room temperature (no heating). Once the solid was formed it was further kept under vacuo (5 mbar)

for 6 h. Yield of 205: 10.47 g (80 %) of a white solid. Purity 82 % AN by HPLC. *H NMR (400

MHz, DMSO-dg) 8: 7.50 (m, 6H), 7.33 (m, 6H). *C NMR (101 MHz, DMSO-ds) §: 148.41, 130.30,

130.15, 121.78. P NMR (162 MHz, DMSO-dg) &: -17.67 HRMS (ESI+) m/z calc’d for
Ci18H13Cl303P [M+H]*:412.9668, found 412.9658.

160



Benzyl ((bis(4-chlorophenoxy)phosphoryl)(4-((tert butoxycarbonyl)amino)phenyl)-
methyl) carbamate (206)

In a dry 50 mL flask equipped with a magnetic stirrer, were added:

K© aldehyde 192 (2.94 g, 13.3 mmol, 1.0 equiv.), Y(OTf)s (713 mg, 1.33

o} mmol, 0.1 equiv.), anhydrous MeCN (2.7 mL), benzyl carbamate (8)

NH (2.01 g, 13.3 mmol, 1.0 equiv.), phosphite 205 (2.11 g, 13.3 mmol, 1.0

equiv.), and anhydrous THF (2.7 mL). The solution was stirred at 20-25

°C for 2 h, then volatiles were removed in vacuo. The residue was

HN._O purified by flash chromatography on silica (eluent heptane/EtOAc 10 -

f 100 %). The selected tubes were collected and volatiles were removed

T< by vacuo. Yield of 206: 6.18 g (53 %) as a pale yellow solid. Purity 75

% AN by HPLC. 'H NMR (400 MHz, DMSO-ds) &: 9.41 (s, 1H), 8.83 (d, J = 10.1 Hz, 1H), 7.47

(m, 4H), 7.37 (m, 8H), 7.11 (d, J =8.9 Hz, 2H), 7.02 (d, J = 8.9 Hz, 2H), 5.54 (dd, J = 22.3, 10.1

Hz, 1H), 5.08 (dd, J = 33.4, 12.5 Hz, 2H) 1.47 (s, 9H). 3C NMR (101 MHz, DMSO-ds) 3: 156.79,

156.36, 153.18, 149.38, 149.02, 140.14, 137.06, 130.23, 129.88, 129.59, 129.37, 128.83, 128.48,

127.58, 79.66, 66.72, 52.65, 28.57. 3'P NMR (162 MHz, DMSO-dg) 5: 15.40. HRMS (ESI+) m/z
calc’d for C32H31CI2N207PNa [M+Na]*:679.1147, found 679.1144.

Oo-1

C'@\ i N

4-((((Benzyloxy)carbonyl)amino)(bis(4-chlorophenoxy)phosphoryl)methyl)benzenaminium
trifluoroacetate (212)

In a 50 mL flask equipped with a magnetic stirrer, were added: Boc-

(@ protected intermediate 206 (2.24 g, 3.4 mmol, 1.0 equiv.), DCM (11

CI\©\ 0 OYO mL) and TFA (11 mL). The mixture was stirred at 20-25 °C for 3 h then

oo NH volatiles were removed in vacuo. The residue was dissolved in EtOAc

° (50 mL) and washed with 0.1% ag. NHsHCO3 (3 x 50 mL) and brine

cl é (50 mL) then dried on Na2SOs. Volatiles were removed by vacuo and

NH, the product was dried in vacuo (5 mbar) for 16 h. Yield of 212: 2.60 g

(99 %) as an orange solid. Purity 87 % AN by HPLC. *H NMR (400 MHz, DMSO-ds) &: 8.97 (d,

J=10.1 Hz, 1H), 7.72 (dd, J = 8.9, 1.9 Hz, 2H), 7.38 (m, 11H), 7.11 (d, J = 8.9 Hz, 2H), 7.02 (d,

J=8.9 Hz, 2H), 5.70 (dd, J = 22.3, 10.1 Hz, 1H), 5.09 (dd, J = 33.4, 12.5 Hz, 2H). 3C NMR (101

MHz, DMSO-ds) : 156.40, 149.24, 148.90, 136.98, 133.70, 133.54, 130.29, 130.20, 130.00,

128.86, 128.51, 123.29, 122.62, 122.48, 66.83, 52.80. 3P NMR (162 MHz, DMSO-ds) &: 14.85.
HRMS (ESI+) m/z cale’d for C27H23Cl2N20sPNa [M+Na]*:579.0619, found 579.0624.
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Benzyl (E)-((bis(4-chlorophenoxy)phosphoryl)(4-(N,N*-bis(tert-butyloxycarbonyl)guanidi-
no)phenyl)methyl)carbamate (209)

In 50 mL flask equipped with a magnetic stirrer, were added: free base
212 (1.28 g, 1.9 mmol, 1.0 equiv.), N,N’-bis(tert-butyloxycarbonyl-1-

CR@\ 0 OYO guanyl-pyrazole (11) (714 mg, 2.3 mmol, 1.2 equiv.), DCM/MeCN (1:1
o/(ﬁ; NH v/v) (1.9 mL), and DIPEA (496 pL, 2.85 mmol, 1.5 equiv.). The
/©/ mixture was stirred at 20-25 °C for 96 hours then volatiles were

cl removed in vacuo. The crude was dissolved in EtOAc (50 mL) and

HN._N._O  washed with 0.1 % ag. KHSO4 (3 x 50 mL) and brine (50 mL) then
T i _ .

OYNH 07< dried on NazSOs. Volatiles were removed in vacuo and the crude
o material was purified by flash chromatography on silica (eluent
>( heptane/EtOAc 20 - 100 %). The selected tubes were collected and
volatiles were removed by vacuo. Yield of 209: 1.01 g (63 %) as a white solid. Purity 95 % AN by
HPLC. *H NMR (400 MHz, DMSO-dg) &: 11.42 (s, 1H), 10.03 (s, 1H), 8.89 (d, J = 10.1 Hz, 1H),
7.58 (m, 4H), 7.38 (m, 9H), 7.11 (d, J = 8.9 Hz, 2H), 7.01 (d, J = 8.9 Hz, 2H), 5.63 (dd, J = 22.3,
10.1 Hz, 1H), 5.10 (dd, J = 33.4, 12.5 Hz, 2H), 1.51 (s, 9H), 1.40 (s, 9H). 1*C NMR (101 MHz,
DMSO-ds) 6: 163.09, 156.79, 156.39, 153.33, 152.53, 149.30, 148.97, 137.26, 137.02, 130.73,
130.26, 129.92, 129.59, 129.29, 128.84, 128.52, 128.48, 123.33, 122.65, 122.51, 117.39, 83.86,
79.37,66.78, 52.82, 28.21. P NMR (162 MHz, DMSO-dg) &: 15.16. HRMS (ESI+) m/z calc’d for

CasH42Cl2N4OgP [M+H]":799.2066, found 799.2090.

Amino ((4-((((benzyloxy)carbonyl)amino)(bis(4-chlorophenoxy)phosphoryl)methyl)phenyl)
amino)methaniminium chloride (15)

In a 25 mL flask equipped with a magnetic stirrer were added:
intermediate 209 (400 mg, 0.5 mmol) and 4 N HCI in dioxane (4 mL).

CK@\ o OYO The mixture was stirred at 20-25 °C for 30 h. Volatiles were removed
O/(ﬁ; NH in vacuo, the residue was dissolved in absolute EtOH (5 mL), added
dropwise in MTBE (200 mL) at O °C, and stirred for 1 h at 0 °C. The

cl é solid was recovered by filtration and dried in vacuum (5 mbar) for 16 h.
HN;NHZ ¢® Yield of 15: 275 mg (88 %) as an off-white solid. Purity 96 % AN by

NH, HPLC. *H NMR (400 MHz, DMSO-ds) &: 10.06 (s, 1H), 8.96 (d, J =

10.1 Hz, 1H), 7.68 (dd, J = 8.9, 1.6 Hz, 2H), 7.57 (s, 3H), 7.41 (m, 4H), 7.35 (m, 5H), 7.25 (d, J =
8.9 Hz, 2H), 7.12 (d, J = 8.9 Hz, 2H), 7.06 (d, J = 8.9 Hz, 2H), 5.67 (dd, J = 22.3, 10.1 Hz 1H),
5.08 (dd, J = 33.4, 12.5 Hz, 2H). *C NMR (101 MHz, DMSO-ds) 5 156.43, 156.31, 149.31, 148.93,
136.98, 136.02, 135.99, 132.34, 130.30, 129.97, 128.87, 128.58, 124.42, 122.67, 122.49, 66.80,
52.77. 3P NMR (162 MHz, DMSO-ds) &: 14.85. HRMS (ESI+) m/z calc’d for CasH26C1:N4OsP
[M+H]*:599.1018, found 599.1042.

162



4.6 Compounds prepared for the stereoselective synthesis of a-
aminophosphonates

General procedure B: synthesis of carbamates

In an oven-dried 25 mL flask equipped with a magnetic stirrer and a dropping funnel were added:
an indicated alcohol (1.0 equiv.) and anhydrous DCM (5 mL). The solution was cooled at 0 °C
then 2.2.2-trichloroacetylisocyanate (145) (1.2 equiv.). was added dropwise. The solution was
stirred for 2 h at 0 °C. Volatiles were removed in vacuo then the crude was dissolved in a mixture
of MeOH (5 mL) and water (0.7 mL). Then K>COs (1.5 equiv.) was added and the mixture was
stirred at 20-25 °C for 16 h. Volatiles were removed in vacuo and water (7 mL) was added to the
crude. The aqueous layer was extracted with EtOAc (3 x 25 mL). The combined organic layers
were washed with brine (50 mL) and dried over NaSO4. Volatiles were removed in vacuo, crude
product was purified by flash chromatography on silica (eluent DCM/MeOH 10 - 100%). The
selected tubes were collected and volatiles were removed by vacuo.

(5)-((1S,2R,4S,5R)-5-Ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methyl carbamate
(226)

According to general procedure B: hydroquinidine (222) (500 mg, 1.5 mmol,
1.0 equiv.), anhydrous DCM (5 mL). 2.2.2-trichloroacetylisocyanate (145)
(214 uL, 1.8 mmol, 1.2 equiv.). K2CO3 (138 mg, 2.3 mmol, 1.5 equiv.). Yield
of 226: 328 mg (58 %) of an off-white solid. Purity 99 % AN by HPLC. H

N NMR (400 MHz, DMSO-ds) &: 8.72 (d, J = 4.4 Hz, 1H), 7.95 (d, J = 9.2 Hz,
1H), 7.51 (d, J = 2.7 Hz, 1H), 7.42 (m, 2H), 6.72 (d, J = 85.5 Hz, 2H), 6.22 (d, J = 8.6 Hz, 1H),
3.93(s, 3H),3.21 (g, J = 8.6 Hz, 1H), 2.72 (m, 2H), 2.58 (m, 3H), 1.67 (m, 3H), 1.44 (m, 8H), 0.88
(t, 3 = 7.3 Hz, 3H). 1¥C NMR (101 MHz, DMSO-ds) &: 157.52, 156.61, 147.95, 145.88, 144.45,
131.67, 127.58, 121.72, 119.47, 102.76, 72.51, 59.57, 55.85, 50.40, 49.45, 37.42, 27.37, 26.12,
25.45, 24.15, 12.42. HRMS (ESI+): m/z calc’d for C2iHzsN3O3 [M+H]*: 370.2131, found
370.2145.

(2

(R)-(6-methoxyquinolin-4-y1)((1S,2R,4S,5R)-5-vinylquinuclidin-2-yl)methyl carbamate

(227)

— According to general procedure B: quinine (102b) (500 mg, 1.5 mmol, 1.0
equiv.), anhydrous DCM (5 mL). 2.2.2-trichloroacetylisocyanate (145) (220
uL, 1.9 mmol, 1.2 equiv.). K2CO3 (139 mg, 2.3 mmol, 1.5 equiv.). Yield of
227: 256 mg (52 %) as a white solid. Purity 86 % AN by HPLC. *H NMR

N (400 MHz, DMSO-ds) 6: 8.71 (d, J = 4.4 Hz, 1H), 7.95 (d, J = 9.2 Hz, 1H),

7.52 (d, J = 2.7 Hz, 1H), 7.43 (m, 3H), 6.72 (d, J = 105.1 Hz, 2H), 6.18 (d, J = 8.6 Hz, 1H), 5.89

(m, 1H), 5.00 (m, 2H), 3.91 (s, 3H), 3.27 (m, 1H), 3.06 (m, 1H), 2.86 (m, 1H), 2.46 (s, 1H), 2.22

(s, 1H), 1.77 (m, 4H), 1.48 (m, 2H). *3C NMR (101 MHz, DMSO-ds) &: 157.58, 156.51, 147.97,

R
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145.64, 144.47, 142.79, 131.70, 127.43, 121.73, 119.55, 114.71, 102.74, 59.49, 55.99, 42.15,
27.60, 24.85. HRMS (ESI+): m/z calc’d for Co1H26N303 [M+H]": 368.1974, found 368.1987.

(R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl carbamate (229)

H,N__O According to general procedure B: (R)-1-[3,5-bis(trifluoromethyl)phenyl]ethanol

f (224) (1.00 g, 3.9 mmol, 1.0 equiv.), anhydrous DCM (8 mL). 2.2.2-

' trichloroacetylisocyanate (145) (554 uL, 4.7 mmol, 1.2 equiv.). K2COs (349 mg,

2.3 mmol, 1.5 equiv.). No purification needed. Yield of 229: 1.08 g (92 %) as a

FaC CFs  white solid. Purity 99 % AN by HPLC. 'H NMR (400 MHz, CDCls) &: 7.80 (s,

1H), 7.79 (s, 2H), 5.87 (g, J = 6.7 Hz, 1H), 4.84 (s, 2H), 1.58 (d, J = 6.7 Hz, 3H). 3C NMR (101

MHz, CDCls) 8: 155.63, 144.67, 131.88 (q, J = 33.3 Hz), 126.12, 123.19 (q, J = 271.3 Hz) 121.80,

77.34,71.70, 30.92, 22.47. HRMS (ESI+): m/z calc’d for C11HsNO2Na [M+Na]*:324.0435, found
324.1501.

(S)-1-phenylethyl carbamate (228)

H,N__o  According to general procedure B: (S)-(-)-1-phenylethanol (223) (1.00 g, 8.2 mmol,

f 1.0 equiv.), anhydrous DCM (8 mL). 2.2.2-trichloroacetylisocyanate (145) (1.17 mL,

9.8 mmol, 1.2 equiv.). K2COz (737 mg, 12.0 mmol, 1.5 equiv.). No purification needed.

Yield of 228: 1.32 g (44 %) as a white solid. Purity 82 % AN by HPLC. *H NMR (400

MHz, CDCl3) 8: 7.26 (d, J = 4.9 Hz, 4H), 7.20 (m, 1H), 5.70 (g, J = 6.7 Hz, 1H), 4.87

(s, 2H), 1.46 (d, J = 6.7 Hz, 3H). 13C NMR: (101 MHz, CDCls) &: 156.63, 141.91, 128.51, 127.84,

125.98, 73.05, 22.33. HRMS (ESI+): m/z calc’d for CoH1:NO2Na [M+Na]*:188.0687, found
188.1283.

(1S,2R,49)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl carbamate (230)

HsC_ CHa According to general procedure B: borneol (225) (1.00 g, 6.5 mmol, 1.0 equiv.),
A%H3 anhydrous DCM (6 mL). 2.2.2-trichloroacetylisocyanate (145) (0.93 mL, 7.8
OYO mmol, 1.2 equiv.). K2COs (583 mg, 9.7 mmol, 1.5 equiv.). No purification needed.
NH,  Yield of 230: 1.22 g (91 %) as an off-white solid. Purity 95 % AN by HPLC. Single
crystal preparation: compound 230 (350 mg) was dissolved in the minimum amount of MeCN (0.6
mL) and left in vial cover by a septum with three needles in it. After 60 days a conglomerate of
crystals formed at the bottom of the vial. One crystal was recovered from the conglomerate and
analyzed with SC-XRD. *H NMR (400 MHz, CDCls) &: 4.81 (m, 3H), 2.33 (m, 1H), 1.88 (m, 1H),
1.73 (m, 1H), 1.65 (t, J = 4.6 Hz, 1H), 1.24 (m, 2H), 1.03 (dd, J =13.7, 3.5 Hz, 1H), 0.89 (s, 3H),
0.86 (s, 3H), 0.84 (s, 3H). °C NMR (101 MHz, CDCls) &: 157.63, 80.45, 48.75, 47.63, 44.88,
36.64, 28.20, 26.98, 19.74, 18.85, 13.47.
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Diphenyl (phenyl(((S)-1-phenylethyl)amino)methyl)phosphonate (215)

In an oven-dried 25 mL flask were added: benzaldehyde (136) (1.00 g, 1.0

,9 equiv, 9.42 mmol), Y(OTf)s (505 mg, 0.1 equiv., 0.94 mmol), anhydrous
o—‘é MeCN (9.42 mL), (S)-(-)-1-phenylethylamine (129) (1.20 mL, 1.0 equiv., 9.4
@ Ob mmol) and diphenyl phosphite (49) (1.84 mL, 1.0 equiv., 9.42 mmol). The
mixture was stirred at 20-25 °C for 4 h, then volatiles were removed in vacuo

and the product was purified by flash chromatography on silica (eluent heptane/EtOAc 20 - 100
%). The selected tubes were collected and volatiles were removed by vacuo. Yield of 215: 2.71 g
(65 %) as a viscous oil. Purity 70 % AN by HPLC. 'H NMR (400 MHz, DMSO-de) &: 7.49 (m,
2H), 7.40 (m, 5H), 7.32 (m, 2H), 7.25 (m, 5H), 7.15 (m, 4H), 6.77 (m, 2H), 4.18 (d, J = 23.4 Hz,
1H), 3.71 (m, 1H), 1.38 (d, J = 6.7 Hz, 3H). **C NMR (101 MHz, DMSO-dg) 5: 158.89, 158.52,
157.80, 150.65, 150.31, 130.32, 130.16, 129.83, 129.58, 129.09, 129.03, 128.94, 127.99, 127.55,
125.63, 125.08, 121.03, 120.91, 120.56, 119.25, 115.69, 58.63, 56.02, 24.11. 3'P NMR (162 MHz,
DMSO-ds) 6: 17.34. HRMS (ESI+): m/z calc’d for CorH27NOzP [M+H]™:444.1729, found

444.1716.

(R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl((diphenoxyphosphoryl)(phenyl)methyl)-
carbamate (234)

Q In a 25 mL flask equipped with a magnetic stirrer were added: benzaldehyde
5 (136) (137 uL, 1.35 mmol, 1.0 equiv.), Y(OTf)z (73 mg, 0.14 mmol, 0.1 equiv.),
(j%Y@ anhydrous MeCN (1.35 mL), (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl
°n_o carbamate (229) (407 mg, 1.35 mmol, 1.0 equiv.), triphenyl phosphite (26) (356
f pL, 1.35 mmol, 1.0 equiv.) and TFAA (188 pL, 1.35 mmol, 1.0 equiv.). The
% mixture was stirred at 20-25 °C for 4 h, then volatiles were removed in vacuo
and the product was purified by flash chromatography on silica (eluent
Fa€ cFs heptane/EtOAcC 25 - 100 %). The selected tubes were collected and the volatiles
were removed by vacuo. Yield of 234: 402 mg (70 %) as a white solid. Purity 69 % AN by HPLC.
'H NMR (400 MHz, DMSO-de) &: 9.07 (m, 1H), 8.11 (d, J = 7.4 Hz, 2H), 8.01 (s, 1H), 7.62 (m,
2H), 7.34 (m, 5H), 7.22 (m, 3H), 7.10 (m, 2H), 6.97 (t, J = 6.7 Hz, 2H), 6.80 (d, J = 6.7 Hz, 1H),
5.94 (m, 1H), 5.54 (m, 1H), 1.52 (d, J = 6.7 Hz, 3H). **C NMR (101 MHz, DMSO-dg) &: 155.58,
150.32, 146.33, 134.66, 130.85 (q, J = 33.5 Hz), 130.36, 130.08, 129.03, 128.96, 128.84, 128.72,
126.93, 125.83, 125.65, 123.73 (q, J = 271.0 Hz) 71.78, 53.13, 23.04. *'P NMR (162 MHz, DMSO-
de) 6: 14.65. HRMS (ESI+): m/z calc’d for C3oH2sFsNOsP [M+H]*:624.1375, found 624.1379.

H
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(S)-1-Phenylethyl ((diphenoxyphosphoryl)(phenyl)methyl)carbamate (233)

Q In a 25 mL flask equipped with a magnetic stirrer were added: benzaldehyde

(136) (48 puL, 0.47 mmol, 1.0 equiv.), Y(OTf)s (25 mg, 0.05 mmol, 0.1 equiv.),

©/°j/p’:/© anhydrous MeCN (0.47 mL), (S)-1-phenylethyl carbamate (228) (78 mg, 0.47

© N o mmol, 1.0 equiv.), triphenyl phosphite (26) (123 uL, 0.47 mmol, 1.0 equiv.)

f and TFAA (65 uL, 0.47 mmol, 1.0 equiv.). The mixture was stirred at 20-25 °C

for 4 h, then volatiles were removed in vacuo and the product was purified by

flash chromatography on silica (eluent heptane/EtOAc 20 - 100 %). The

selected tubes were collected and the volatiles were removed by vacuo. Yield

of 233: 154 mg (16 %) as an off-white solid. Purity 66 % AN by HPLC. *H NMR (400 MHz,

CDCl3) 6: 7.50 (m, 2H), 7.33 (m, 9H), 7.15 (m, 6H), 6.96 (d, J = 8.7 Hz, 1H), 6.85 (d, J = 8.7 Hz,

1H), 6.79 (m, 1H), 5.95 (ddd, J = 14.3, 10.0, 4.2 Hz, 1H), 5.79 (q, J = 6.7 Hz, 1H), 5.55 (ddd, J =

26.6, 21.9/10.1 Hz, 1H), 1.52 (m, 3H). *C NMR (101 MHz, CDCls) &: 150.07, 141.42, 134.20,

129.80, 129.68, 128.87, 128.67, 128.51, 128.23, 127.94, 126.02, 125.39, 120.48, 120.37, 115.36,

74.00, 22.38. 3P NMR (162 MHz, DMSO-ds) &: 14.01. HRMS (ESI+): m/z calc’d for
C2sH26NOsPNa [M+Na]*: 510.1446, found 510.1453.

(2S)-1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl ((diphenoxyphosphoryl)(phenyl)methyl)-
carbamate (235)

In a 25 mL flask equipped with a magnetic stirrer were added: benzaldehyde
Q (136) (258 uL, 2.54 mmol, 1.0 equiv.), Y(OTf)s (136 mg, 0.25 mmol, 0.1
o\\P/E’ equiv.), anhydrous MeCN (2.54 mL), (1S,2R,4S)-1,7,7-trimethylbicyclo-
HN— © [2.2.1]heptan-2-yl carbamate (230) (500 mg, 2.54 mmol, 1.0 equiv.), triphenyl
O:<o phosphite (26) (502 pL, 2.54 mmol, 1.0 equiv.) and TFAA (353 uL, 2.54
@ mmol, 1.0 equiv.). The mixture was stirred at 20-25 °C for 4 h, then volatiles
/ were removed in vacuo and the product was purified by flash chromatography
on silica (eluent heptane/EtOAC 20 - 100 %). The selected tubes were collected and the volatiles
were removed by vacuo. Yield of 235: 593 mg (45 %) as a white solid. Purity 52 % AN by HPLC.
!H NMR (400 MHz, CDCls) &: 7.36 (m, 6H), 7.17 (m, 7H), 6.85 (m, 2H), 6.01 (s, 1H), 6.04 (s,
1H), 5.62 (dd, J = 22.0, 9.0 Hz, 1H), 4.83 (dd, J = 22.3, 10.1 Hz, 1H), 2.31 (m, 1H), 1.88 (m, 1H),
1.72 (m, 1H), 1.64 (m, 1H), 1.26 (m, 1H), 0.98 (dd, J = 13.7, 3.5 Hz, 1H), 0.87 (m, 9H). *C NMR
(101 MHz, CDCls) 6: 156.33, 150.06, 134.30, 129.90, 129.78, 129.55, 129.02, 128.77, 128.41,
125.61, 125.51, 120.62, 120.44, 120.15, 81.62, 52.78, 49.01, 48.83, 47.95, 47.90, 44.89, 36.75,
28.07, 27.09, 21.16, 19.81, 18.91, 13.64, 13.54. 3'P NMR (162 MHz, DMSO-dg) &: 14,30 HRMS
(ESI+): m/z calc’d for C3oH3sNOsPNa [M+Na]*: 542.2072, found 542.2074.
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5 CONCLUSIONS

1. The overall yield for the preparation of UAMC-00050 was increased from 3 % for the medicinal
chemistry route to 22 % for the process chemistry route. Major efforts were applied for the
preparation of aldehyde 7, phosphonate 9, and for the preparation and purification of product 1.
DMP oxidation for the synthesis of aldehyde 7 was substituted with a green and cheap
NaCIO/TEMPO/KBr oxidation. The key reaction (Birum-Oleksyszyn) was extensively studied
for the construction of UAMC-00050. The screening of the catalyst relieved Y (OTf)z as the most
efficient catalyst for the construction of UAMC-00050. Further optimization of the reaction
conditions, using the catalyst in combination with TFAA as an additive and THF/MeCN (1:1
v/v) as solvent enabled to increase in the yield of the 9 from 11 % to 44 %. Guanidine 1 was
prepared from aniline 178 in a single step. Cyanamide was selected as the reactant and smart
DoE was applied to optimize the guanylation reaction. The newly developed protocol allowed
us to cut costs for the preparation of UAMC-00050. In all intermediate steps, for the synthesis
of 6, 7, and 9 flash chromatography was removed and intermediates were purified using
alternative methods suitable for a larger scale like crystallization, slurry or antisolvent
precipitation. Only flash chromatography was required for the final product in order to reach the
target purity > 98 %. The improved route was executed on a multi-gram scale and is suitable for
preclinical batch preparation of UAMC-00050.

NHAc
OH NHAc

TIPS Y

3 o

_P___NHCbz

NrAe I'l’/o NHCbz two steps S
—

o7 ® °
HO Q NH, CI
\ X
three steps N NH,
- NHBoc H

NH, NHBoc UAMC-00050 (1)
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2. A five-step scheme was developed for the preparation of 5.79 g of UAMC-0004206. The target
compound was obtained from aldehyde 192 with an overall yield of 30 %. In the Birum-
Oleksyszyn step, the concentration was found to be an important parameter for the reaction
outcome. For the guanylation step with N,N'-di-Boc-1H-pyrazole-1-carboxamidine (11), the use
of the iPrOH in combination with MeCN was assumed to be the source of impurity in the final
material. Using DCM instead of iPrOH allowed us to isolate a pure material.

OH

NHAc NHAc
_ <ACHN@O>P AcHN AcHN
3 L L
o
NHAc o four steps 1.0

o//rlfo NHCbz —oPe . PC_NHCbz

~o

® o
HN__NH, CI
NHBoc NHBoc hd
NH,

UAMC-0004206 (14)

3. A four-step scheme was developed for the preparation of 1.9 g of UAMC-0004207. The final
compound was obtained from aldehyde 192 with an overall yield of 26 %. Similar to UAMC-
0004206, in the Birum-Oleksyszyn reaction, the concentration was found to be an important
parameter for the reaction outcome. The additional development effort was necessary due to
residual TFA in the aniline which had a negative impact on the guanylation reaction with N,N'-
di-Boc-1H-pyrazole-1-carboxamidine (11). A basic wash with 0.5 % agq. NHsHCO3 of the
starting material and an acid wash of the crude product with 0.5 % aq. KHSO4 before the
chromatographic purification allowed to increase in the yield of the protected guanidine.

OH
O — -0 \@ \@ﬁ?
¢ } NHCbz three steps NHCbz

O
i ® O
NHBoc HNYNHZ cl
NHBoc NH,

UAMC-0004207 (15)
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4. The two enantiomers of UAMC-00050 were isolated and tested in vitro. The enzymatic test
highlighted a 10-fold difference between the two stereoisomers, in which enantiomer 1 has a
better affinity with uPA than enantiomer 2. The IC50 of enantiomer 1 resulted to be only twice
lower than the racemic mixture. A stereoselective synthetic preparation of UAMC-00050 was
investigated to provide material for toxicological studies in a later stage of the drug
development.

NHAc NHAc
o AGHN AcHN
AcHN OtP )k
s HoN o/\© o o
L
o) //F"/g NHCbz  twosteps 2P~ - NHCbz
\ o —_—
Lewis acid + chiral ligand ®NH CI®
iy
NHBoc N NH

NHBoc
UAMC-00050 (1)

5. The chiral carbamate derivative of a-aminophosphonate was prepared, in a diastereomeric ratio
75:25, using (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl carbamate as a chiral auxiliary for
Birum-Oleksyszyn reaction. The mixture of diastereoisomers was then converted to the desired
Chbz-protected a-aminophosphonate after acid cleavage of chiral auxiliary and functionalization
of the amino group with benzyl chloroformate. The conversion resulted in a mixture of
enantiomer with 64:36 er. Despite modest enantioselectivity, the method is an important
addition to the development of the stereoselective Birum-Oleksyszyn reaction which was
neglected for more than two decades.
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7 Appendix |
Tris(4-acetamidophenyl) phosphite (3)

ESTG2_DVC-500.10fid &
|

* igas F2.5x10°
I

<
¢

7.59
257
7.10
2.08
361
158
357
357
308
107
306
108
—2s0

r7.0x10°
F6.5x10"
| 1 F6.0x10"

| - F5.5x10"

r5.0x10°
Fa.5x10"
F4.0x10"

r3.5x10’

F3.0x10"
F2.5x10"
F2.0x10"
' FL5x107

F1.0x10"

i F5.0x10°
= H +0.0

t-s.0x10f

6.06-3
~ ] 83
2791
200«
ze:{

0 65 60 55 50 45 40 35 30 25 20 15 10 05 00
fi (ppm)

115 110 105 1

ESTG2_DVC-500.11.fid

23.89

85000

16814
146.06
— 136.00
12075
12047

<

80000

75000

{70000

65000

60000

{55000

{50000

{45000

{40000

35000

30000

{25000

{20000

15000

10000

{5000

L L . Lo

{--5000

T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)



tert-Butyl (4-(2-hydroxyethyl)phenyl)carbamate (5)
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Sodium 2-(4-((tert-butoxycarbonyl)amino)phenyl)-1-hydroxyethane-1-sulfonate (164)
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tert-Butyl (4-(2-oxoethyl)phenyl)carbamate (7)
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tert-Butyl(4-(2-(((benzyloxy)carbonyl)amino)2(bis(4acetamidophenoxy)phosphoryl)ethyl)-

phenyl) carbamate (9).
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4-(2-(((benzyloxy)carbonyl)amino)-2-(bis(4-acetamidophenoxy)phosphoryl)ethyl)benzen-
aminium chloride (178).
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1-(4-(2-(((benzyloxy)carbonyl)amino)-2-(bis(4-acetamidophenoxy)phosphoryl)ethyl)phenyl)
guanidinium chloride (1).
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(9H-fluoren-9-yl)methy! (4-(2-hydroxyethyl)phenyl)carbamate (172)
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(9H-fluoren-9-yl)methy! (4-(2-oxoethyl)phenyl)carbamate (173)
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2-(4-nitrophenyl)acetaldehyde (210)
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Dibenzyl (2-(4-((tert-butoxycarbonyl)amino)phenyl)ethane-1,1-diyl)dicarbamate (168)
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Tris(4-methoxyphenyl) phosphite (183)
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Benzyl ((diphenoxyphosphoryl)(phenyl)methyl)carbamate (16)
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Benzyl((bis(4-methoxyphenoxy)phosphoryl)(phenyl)methyl)carbamate (185a)
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Benzyl ((bis(4-acetamidophenoxy)phosphoryl)(4-chlorophenyl)methyl)carbamate (185b)
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Benzyl (1-(diphenoxyphosphoryl)-2-phenylethyl)carbamate (185c)
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Benzyl(2-(4-((tert-butoxycarbonyl)amino)phenyl)-1-(diphenoxyphosphoryl)ethyl)carbamate
(185d)
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Benzyl ((bis(p-tolyloxy)phosphoryl)(phenyl)methyl)carbamate (185€)
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Benzyl ((bis(4-acetamidophenoxy)phosphoryl)(phenyl)methyl)carbamate (185f)
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Benzyl ((4-chlorophenyl)(diphenoxyphosphoryl)methyl)carbamate (185g)
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Benzyl ((4-bromophenyl)(diphenoxyphosphoryl)methyl)carbamate (185h)
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Benzyl((diphenoxyphosphoryl)(4-fluorophenyl)methyl)carbamate (185i)
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Benzyl ((diphenoxyphosphoryl)(4-iodophenyl)methyl)carbamate (185j)
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Tert-butyl((d|phenoxyphosphoryI)(phenyl)methyl)carbamate (185Kk)
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Tert-butyl((diphenoxyphosphoryl)(4-nitrophenyl)methyl)carbamate (185I)
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Tert-butyl((diphenoxyphosphoryl)(4-(methylthio)phenyl)methyl)carbamate (185m)
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Benzyl((diphenoxyphosphoryl)(4-nitrophenyl)methyl)carbamate (185n)
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Benzyl ((bis(o-tolyloxy)phosphoryl)(phenyl)methyl)carbamate (1850)
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Benzy! ((bis(p-tolyloxy)phosphoryl)(4-chlorophenyl)methyl)carbamate (185q)
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Benzyl ((bis(4-methoxyphenoxy)phosphoryl)(4-chlorophenyl)methyl)carbamate (185r)
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Benzyl((4-cyanophenyl)(diphenoxyphosphoryl)methyl)carbamate (185s)
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Benzyl((bis(p-tolyloxy)phosphoryl)(4-cyanophenyl)methyl)carbamate (185t)
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Benzyl ((diphenoxyphosphoryl)(4-hydroxy-3-methoxyphenyl)methyl)carbamate (185u)
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Methyl 4-((((benzyloxy)carbonyl)amino)(diphenoxyphosphoryl)methyl)benzoate (185v)

ESTG2_DVC:400.10.fid g2 8288RRAA=8588% RRREANEY g
j\ v N L o S Y
HN™ "O (
|
Os i
Pl o
‘ l
¢] (ONg ‘
|
e} [ ] [ Ji
J ] VA
|
|
|
m f
MUY by
5 8 g
D e s T D e e P
12.0 11.5 11.0 105 10.0 9.5 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)
ESTG2Z_DVC-400.11.fid | @ 3 gR ~ .
g 8 &% H dd
| IV %
|
|
|
| I l l
Lo
T T T T T T T T T T T T T T T v T T T T A
00 190 180 170 160 150 140 130 120 110 100 [0 80 70 60 50 40 30 20 10 -10

1 (ppm)

215

i~ 17000000

- 16000000

- 15000000

I~ 14000000

{~13000000

i~ 12000000

- 11000000

- 10000000

{-9000000

{~8000000

{~7000000

{~6000000

5000000

4000000

{~3000000

{~2000000

{~1000000

Fo

[--1000000

k120000

110000

- 100000

90000

80000

70000

60000

50000

140000

30000

120000

10000

i--10000




Benzyl ((bis(4-acetamidophenoxy)phosphoryl)(4-((tert-butoxycarbonyl)amino)phenyl)-
methyl) carbamate (193)
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4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl)benzenami-
nium trifluoroacetate (194)
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Benzyl(E)-((bis(4-acetamidophenoxy)phosphoryl)(4-(N.N'-bis(tert-butyloxycarbonyl)guani-

dino)phenyl)methyl)carbamate (196)
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Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl)-
phenyl) amino)methaniminium trifluoroacetate (197)
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Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl)-
phenyl) amino)methaniminium chloride (14)
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Tris(4-chlorophenyl)phosphite (205)

ESTG2_DVC-825.10.fid

Cl

Cl

Cl

—7.50

—733

T T T T T T
12.0 11.5 11.0 10.5 10.0 9.5

ESTG2_DVC-825.11.fid

9.0

148.41

130.30
13015

<

— 12178

T T
65 60 55 50 45 40 35 3.0 25
f1 (ppm)

T T T T
220 210 200 190

T
160

T
150

T
130

T
120

T T
110 100 90 80 70 60 50 40 30
f1 (ppm)

221

F3.8x10"
F3.6x10"
F3.4x10
F3.2x10"
F3.0x10"
F2.8x10"
F2.6x10"
F2.4x10"
F2.2x10°
F2.0x10"
t1.8x10
F1.6x10"
b14x10”
t12x10”
F1.0x10"
F-8.0x10°
F6.0x10°
F4.0x10°
F2.0x10°
Fo.0

F-2.0x10°

750000
700000
650000
600000
550000
500000
450000
-400000
350000
300000
250000
200000
150000
100000
50000
ko

--50000




Benzyl((bis(4-chlorophenoxy)phosphoryl)(4-((tert butoxycarbonyl)amino)phenyl)-

methyl) carbamate (206)
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4-((((benzyloxy)carbonyl)amino)(bis(4-chlorophenoxy)phosphoryl)methyl)benzenaminium

trifluoroacetate (212)
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Benzyl(E)-((bis(4-chlorophenoxy)phosphoryl)(4-(N.N*-bis(tert-butyloxycarbonyl)guanidino)
phenyl)methyl)carbamate (209)
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Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-chlorophenoxy)phosphoryl)methyl)phenyl)
amino)methaniminium chloride (15)
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(5)-((1S,2R,4S,5R)-5-ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methyl carbamate (226)
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(R)-(6-methoxyquinolin-4-y1)((1S,2R,4S,5R)-5-vinylquinuclidin-2-yl)methyl carbamate

(227)
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(R)-1-(3,5-bis(trifluoromethyl)phenyl)ethyl carbamate (229)
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Appendix 11

Crystal data, data collection and structure refinement details are summarized in Table Al.

Table Al. Experimental details

Crystal data

Chemical formula C22H37N204
My 393.53

Crystal system, space group Monoclinic, 12
Temperature (K) 293

a, b, c(A) 10.71978 (19), 13.6582 (3), 15.7103 (2)
0 (°) 95.5933 (14)

V (A% 2289.25 (7)

z 4

Radiation type CuKD

0 (mm™) 0.62

Crystal size (mm)

0.30 x 0.22 x 0.12

Data collection

Diffractometer

XtaLAB Synergy, Dualflex, HyPix

Absorption correction

Multi-scan

CrysAlis PRO 1.171.41.123a (Rigaku Oxford
Diffraction, 2022) Empirical absorption
correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling
algorithm.

Tmin, Tmax

0.760, 1.000

No. of measured, independent and
observed [I > 201(1)] reflections

11174, 3762, 3394

Rint

0.025

(sin O/ )max (A

0.630

Refinement

R[F2 > 201(F))], wR(F?), S

0.073, 0.245, 1.05
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No. of reflections 3762

No. of parameters 268
No. of restraints 1
H-atom treatment H atoms treated by a mixture of independent
and constrained refinement
|pmax, (lpmin (8 A®) 0.39,-0.22
Absolute structure Flack x determined using 1186 quotients [(1+)-

(I)VI(+H)+(@-)] (Parsons, Flack and Wagner,
Acta Cryst. B69 (2013) 249-259).

Absolute structure parameter -0.13 (12)

Computer programs: CrysAlis PRO 1.171.41.123a (Rigaku OD, 2022), SHELXT 2014/4
(Sheldrick, 2014), SHELXL2018/3 (Sheldrick, 2018).
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Computing details

Data collection: CrysAlis PRO 1.171.41.123a (Rigaku OD, 2022); cell refinement: CrysAlis PRO
1.171.41.123a (Rigaku OD, 2022); data reduction: CrysAlis PRO 1.171.41.123a (Rigaku OD,
2022); program(s) used to solve structure: SHELXT 2014/4 (Sheldrick, 2014); program(s) used
to refine structure: SHELXL2018/3 (Sheldrick, 2018).

Table A2. Crystal data

Ca22H37N204

F(000) = 860

Mr =393.53

Dx = 1.142 Mg m™®

Monoclinic, 12

Cu K[ radiation, [ = 1.54184 A

a=10.71978 (19) A

Cell parameters from 7313 reflections

b =13.6582 (3) A

[0 =4.3-76.0°

c=15.7103 (2) A

(] =0.62 mm*

(] = 95.5933 (14)°

T=293K

V =2289.25 (7) A3

Block, colourless

Z2=4

0.30 x0.22 x 0.12 mm

Table A3. Data collection

XtaLAB Synergy, Dualflex, HyPix
diffractometer

3394 reflections with | > 20J(1)

Radiation source: micro-focus sealed X-ray
tube

Rint = 0.025

L] scans

Hmax = 76.20, Hmin = 4.3°

Absorption correction: multi-scan

CrysAlis PRO 1.171.41.123a (Rigaku Oxford
Diffraction, 2022) Empirical absorption
correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling
algorithm.

h=-13009

Tmin = 0760, Tmax =1.000

k=-160116

11174 measured reflections

I=-190019

3762 independent reflections
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Table A4. Refinement

Refinement on F?

H atoms treated by a mixture of independent
and constrained refinement

Least-squares matrix: full

w = 1/[0?(Fo) + (0.1823P)? + 0.5831P]
where P = (Fo? + 2F:2)/3

R[F? > 20J(F?)] = 0.073

(j/D)max = 0002

WR(F?) = 0.245

jpmax =0.39e A—3

S=1.05

Ipmin =-0.22 ¢ A®

3762 reflections

Extinction correction: SHELXL2018/3
(Sheldrick 2018),
Fc"=kFc[1+0.001xFc?0%sin(20)] ™Y

268 parameters

Extinction coefficient: 0.0005 (5)

1 restraint

Absolute structure: Flack x determined using
1186 quotients [(I+)-(1-))/[(I+)+(I-)] (Parsons,
Flack and Wagner, Acta Cryst. B69 (2013)
249-259).

Hydrogen site location: mixed

Absolute structure parameter: -0.13 (12)

Special details:

Geometry. All esds (except the esd in the dihedral angle between two I.s. planes) are estimated

using the full covariance matrix. The cell esds are taken into account individually in the estimation

of esds in distances, angles and torsion angles; correlations between esds in cell parameters are

only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of

cell esds is used for estimating esds involving |.s. planes.

Table A5. Fractional atomic coordinates and isotropic or equivalent isotropic displacement

parameters (A?) for (dvc_800_rt)

X y z Uiso*/Ueq
N1 -0.3814 (4) -0.2918 (4) -0.0791 (3) 0.0818 (14)
H1A -0.354406 -0.255745 -0.039787 0.123*
H1B -0.447 (8) -0.299 (7) -0.093 (6) 0.123*

08 -0.3285 (3) -0.3617 (3) -0.1973 (2) 0.0752 (11)
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cs -0.4174 (5) -0.6262 (6) -0.8673 (4) 0.098 (2)
HSA -0.447581 -0.651524 -0.923230 0.118*
H8B -0.470875 -0.650567 -0.825623 0.118*
025 -0.1895 (3) -0.7209 (3) -0.59662 (19)  [0.0709 (9)
o011 -0.1771 (3) -0.3174 (3) -0.0958 (2) 0.0802 (11)
c11 -0.2110 (3) -0.5745 (4) -0.8850 (3) 0.0566 (9)
022 -0.3428 (3) -0.6808 (3) -0.69924 (18)  [0.0785 (12)
c18 -0.2828 (4) -0.6562 (3) -0.8435 (2) 0.0611 (10)
c9 -0.2866 (4) -0.3225 (4) -0.1214 (3) 0.0653 (11)
C10 -0.2328 (6) -0.5687 (6) -0.9825 (3) 0.0915 (17)
H10A -0.178063 -0.613890 -1.007316 0.110*
H10B -0.215657 -0.503411 -1.000854 0.110*
H10C -0.318344 -0.585110 -1.000642 0.110*
c23 -0.3001 (4) -0.7189 (4) -0.6239 (2) 0.0584 (10)
c3 -0.2339 (4) -0.3957 (4) -0.2521 (3) 0.0672 (12)
H3 -0.166072 -0.430334 -0.218146 0.081*

c4 -0.2930 (5) -0.4606 (3) -0.3220 (3) 0.0653 (11)
c27 -0.0684 (5) -0.5755 (9) -0.8628 (5) 0.125 (3)
H27A -0.049736 -0.583694 -0.802164 0.187*
H27B -0.033619 -0.514757 -0.880122 0.187*
H27C -0.032648 -0.628696 -0.892089 0.187*

cé -0.3562 (7) -0.3205 (6) -0.4072 (5) 0.116 (3)
H6A -0.383784 -0.320193 -0.467914 0.139*
H6B -0.380809 -0.259436 -0.382238 0.139*

c7 -0.2025 (4) -0.4480 (4) -0.3913 (3) 0.0589 (10)
c1 -0.2189 (6) -0.3350 (5) -0.3925 (4) 0.0868 (16)
H1 -0.170837 -0.301012 -0.433507 0.104*

N2 -0.3935 (4) -0.7548 (4) -0.5838 (2) 0.0769 (12)
H2 -0.369657 -0.762917 -0.533080 0.115*
H1D -0.475 (7) -0.754 (7) -0.614 (5) 0.115*
c15 -0.2763 (7) -0.4947 (5) -0.8392 (5) 0.107 (2)
H15 -0.250220 -0.427987 -0.852202 0.128*
C20 -0.2560 (8) -0.5221 (7) -0.7450 (4) 0.112 (3)
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H20A -0.324732 -0.499654 -0.714190 0.134*
H20B -0.177961 -0.495511 -0.718264 0.134*
C14 -0.3184 (9) -0.5645 (6) -0.2962 (6) 0.125 (3)
H14A -0.359184 -0.599215 -0.344277 0.188*
H14B -0.371631 -0.564208 -0.250450 0.188*
H14C -0.240692 -0.596251 -0.277442 0.188*
C5 -0.4124 (4) -0.4106 (6) -0.3617 (3) 0.0870 (17)
H5A -0.465304 -0.389883 -0.318347 0.104*
H5B -0.459957 -0.453035 -0.402401 0.104*
Cc2 -0.1814 (7) -0.3095 (5) -0.3005 (5) 0.104 (2)
H2A -0.218538 -0.247979 -0.285217 0.125*
H2B -0.091005 -0.305144 -0.289074 0.125*
C13 -0.0694 (6) -0.4809 (7) -0.3694 (4) 0.102 (2)
H13A -0.039779 -0.457744 -0.313353 0.154*
H13B -0.017590 -0.454890 -0.410488 0.154*
H13C -0.065833 -0.551143 -0.370320 0.154*
C16 -0.4159 (6) -0.5179 (6) -0.8678 (5) 0.112 (3)
H16A -0.470629 -0.491245 -0.827937 0.134*
H16B -0.440733 -0.492254 -0.924532 0.134*
C17 -0.2517 (4) -0.6350 (5) -0.7493 (3) 0.0714 (14)
C12 -0.2454 (6) -0.4955 (7) -0.4778 (4) 0.100 (2)
H12A -0.244858 -0.565402 -0.471663 0.150*
H12B -0.189421 -0.476839 -0.519081 0.150*
H12C -0.328718 -0.473845 -0.496687 0.150*
C28 -0.2551 (13) -0.7608 (6) -0.8660 (6) 0.167 (5)
H28A -0.231232 -0.763625 -0.923234 0.250*
H28B -0.328608 -0.800104 -0.862044 0.250*
H28C -0.187934 -0.785317 -0.826882 0.250*

Table A6. Atomic displacement parameters (A?) for (dvc_800_rt)

Ull U22 U33 U12 U13 U23
N1 0.073 (2) 0.114 (4) 0.060 (2) -0.015(3) |0.0167 (18) |-0.025 (2)
08 0.0608 (15) |0.115 (3) 0.0499 (14) |-0.0188 (16) |0.0093 (12) |-0.0268 (16)
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Cs8 0.064 (3) 0.162 (7) 0.066 (3) -0.036 (3) |-0.012 (2) |0.039 (3)
025 0.0676 (16) |0.095 (2) 0.0483 (14) |0.0004 (16) |-0.0028 (12) |0.0097 (15)
O11 0.0666 (17) |0.122 (3) 0.0520 (15) |-0.0148 (18) |0.0070 (13) |-0.0212 (18)
c11 0.0560 (19) |0.063 (2) 0.0522 (18) |0.0025 (18) |0.0132 (14) |-0.0006 (18)
022 0.0573 (15) |0.133 (3) 0.0459 (14) |0.0103 (17) |0.0086 (11) |0.0247 (18)
C18 0.092 (3) 0.052 (2) 0.0405 (17) |-0.003 (2) |0.0141 (17) |-0.0029 (16)
C9 0.067 (2) 0.080 (3) 0.050 (2) -0.014 (2) |0.0122 (17) |-0.014 (2)
C10 0.110 (4) 0.110 (5) 0.057 (2) -0.012 (4) |0.017 (2) 0.019 (3)
c23 0.063 (2) 0.077 (3) 0.0350 (15) |0.009 (2) 0.0046 (14) |-0.0028 (17)
C3 0.058 (2) 0.092 (3) 0.0522 (19) |-0.004 (2) |0.0089 (15) |-0.007 (2)
C4 0.074 (2) 0.058 (2) 0.066 (2) -0.0018 (19) |0.0182 (19) |0.0008 (19)
c27 0.055 (2) 0.223 (10) |0.101 (4) 0.013 (4) 0.028 (2) 0.037 (6)
C6 0.124 (5) 0.122 (6) 0.107 (5) 0.054 (5) 0.040 (4) 0.050 (4)
c7 0.056 (2) |0.071(3)  [0.0502 (18) [0.0040 (18) |0.0051 (15) |-0.0062 (19)
C1 0.112 (4) 0.070 (3) 0.084 (3) 0.002 (3) 0.039 (3) 0.019 (3)
N2 0.070 (2) 0.113 (3) 0.0469 (16) |0.002 (2) 0.0044 (15) |0.015 (2)
C15 0.138 (6) 0.058 (3) 0.137 (6) -0.012 (3) |0.078 (5) -0.007 (3)
C20 0.122 (5) 0.135 (6) 0.084 (4) -0.055 (4) |0.044 (3) -0.056 (4)
C14 0.175 (7) 0.072 (4) 0.140 (6) -0.024 (4) |0.073 (6) 0.000 (4)
C5 0.055 (2) 0.131 (5) 0.074 (3) 0.009 (3) 0.0030 (19) |-0.002 (3)
C2 0.110 (4) 0.096 (4) 0.113 (5) -0.041 (4) |0.048 (4) -0.037 (4)
C13 0.085 (3) 0.150 (7) 0.073 (3) 0.037 (4) 0.014 (3) 0.000 (3)
C16 0.082 (3) 0.126 (6) 0.134 (6) 0.045 (4) 0.040 (3) 0.061 (5)
C17 0.0474 (17) |0.125 (4) 0.0427 (17) |0.010 (2) 0.0100 (13) |0.012 (2)
C12 0.099 (4) 0.128 (6) 0.074 (3) -0.009 (4) |0.016 (3) -0.038 (4)
c28 0.332 (15) |0.061 (3) 0.129 (6) -0.001 (6) |0.134 (9) -0.002 (4)
Table A7. Geometric parameters (A, ©) for (dvc_800_rt)
N1—C9 1.335 (6) C6—H6A 0.9700
N1—H1A 0.8200 C6—H6B 0.9700
N1—H1B 0.72 (8) C7—C13 1.504 (7)
08—C9 1.344 (5) C7—C12 1.534 (7)
08—C3 1.469 (5) c7—C1 1.553 (8)

241




C8—C16 1.481 (12) Cl-—C2 1.503 (10)
C8—C18 1511 (8) Cl—H1 0.9800
C8—HBA 0.9700 N2—H2 0.8200
C8—H8B 0.9700 N2—H1D 0.96 (8)
025—C23 1.221 (5) C15—C20 1.521 (11)
011—C9 1.204 (5) C15-C16 1.553 (11)
Cl11-C15 1514 (7) C15—H15 0.9800
C11-C10 1.530 (6) C20—C17 1.544 (11)
c11—c27 1.534 (6) C20—H20A 0.9700
C11—C18 1.536 (6) C20—H20B 0.9700
022—C23 1.333(5) Cl4—H14A 0.9600
022—C17 1.453 (6) Cl4—H14B 0.9600
C18—C28 1.508 (9) Cl4—H14C 0.9600
C18—C17 1.513 (6) C5—H5A 0.9700
C10—H10A 0.9600 C5—H5B 0.9700
C10—H10B 0.9600 C2—H2A 0.9700
C10—H10C 0.9600 C2—H2B 0.9700
C23—N2 1.328 (6) C13—H13A 0.9600
C3—C4 1503 (7) C13—H13B 0.9600
C3—C2 1538 (9) C13—H13C 0.9600
C3—HS3 0.9800 C16—H16A 0.9700
C4—Cl4 1.509 (8) C16—H16B 0.9700
C4—C5 1.529 (7) C12—H12A 0.9600
C4—C7 1.537 (6) C12—H12B 0.9600
C27—H27A 0.9600 Cl2—H12C 0.9600
C27—H27B 0.9600 C28—H28A 0.9600
C27—H27C 0.9600 C28—H28B 0.9600
c6—Cl 1.480 (9) C28—H28C 0.9600
C6—C5 1.572 (10)

C9—N1—H1A 109.5 C6—C1—C7 104.1 (5)
C9—N1—H1B 125 (7) Cc2—C1—C7 1015 (5)
H1A—N1—H1B 124.4 C6—C1—H1 114.4
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C9—08—C3 117.1 (3) C2—ClH1 114.4
C16—C8—C18 105.2 (5) C7—Cl—H1 114.4
C16—C8—H8A 110.7 C23—N2—H2 109.5
C18—C8—HSA 110.7 C23—N2—H1D 117 (5)
C16—C8—HSB 110.7 H2—N2—H1D 132.4
C18C8 HSB 110.7 C11—C15C20 104.8 (6)
H8A—C8—H8B 108.8 C11—C15—C16 101.1 (6)
C15Cl11—C10 113.9 (5) C20—C15C16 105.9 (5)
C15—Cl11—C27 113.3 (6) C11—C15H15 1145
C10—C11—C27 106.3 (4) C20—C15—H15 1145
C15—Cl11—C18 92.7 (3) C16—C15—H15 1145
C10—C11—C18 115.3 (4) C15—C20—C17 101.9 (4)
C27—Cl11-C18 115.2 (5) C15-C20—H20A  |111.4
C23— 022 C17 117.3 3) C17—C20—H20A  |111.4
C28—C18—C8 113.8 (7) C15-C20—H20B  [111.4
C28—C18—C17 112.4 (6) C17—C20—H20B  |111.4
C8—Cl18—C17 107.7 (4) H20A—C20—H20B |109.3
C28—Cl18Cl11 118.1 (5) C4—Cl4—HI4A 1095
C8—Cl18C11 101.8 (4) C4—Cl14—H14B 109.5
C17—Cl18—C11 101.7 (4) H14A—Cl4—H14B |109.5
011 C9N1 125.5 (4) C4—Cl4—H14C 109.5
011—C9—08 123.3 (4) H14A—Cl4—H14C |109.5
N1—C9— 08 111.2 (4) H14B—C14—H14C |109.5
C11—C10—HI10A  |109.5 C4—C5—C6 101.1 (4)
C11—C10—H10B  |109.5 C4—C5—H5A 111.6
H10A—C10—H10B |109.5 C6—C5—H5A 111.6
C11—C10—H10C  |109.5 C4—C5—H5B 111.6
H10A—C10—H10C [109.5 C6—C5—H5B 1116
H10B—C10—H10C |109.5 H5A—C5—H5B 109.4
025 C23—N2 125.2 (4) Cl1—C2—C3 102.8 (5)
025—C23—022 123.9 (4) Cl1—C2—H2A 111.2
N2—C23—022 110.9 (3) C3—C2—H2A 111.2
08— C3—C4 110.4 (4) Cl—C2—H2B 111.2
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08—C3—C2 110.8 (5) C3—C2H2B 111.2
C4—C3—C2 103.8 (4) H2A—C2— H2B 109.1
08—C3—H3 110.6 C7—CI3—HI13A  |1095
C4—C3—H3 110.6 C7—C13—H13B 109.5
C2—C3—H3 110.6 H13A—C13—H13B |109.5
C3—C4Cl4 115.6 (5) C7—C13—H13C 109.5
C3—C4—C5 108.2 (5) H13A—C13—H13C [109.5
Cl4—C4—C5 111.3 (6) H13B—C13—H13C |109.5
C3—C4—C7 101.6 (4) C8—C16—C15 102.3 (4)
Cl4—C4—C7 116.0 (5) C8 Cl6—H16A  [111.3
C5—C4—C7 102.9 (4) C15—C16—H16A 1113
Cl11—C27—H27A  |109.5 C8—C16—H16B 111.3
Cl11-C27—H27B  |109.5 C15C16—H16B 1113
H27A—C27—H27B  |109.5 H16AC16—H16B |109.2
Cl11—C27—H27C  |109.5 022 C17-C18 110.6 (4)
H27A—C27—H27C  |109.5 022—C17—C20 112.5 (5)
H27B—C27—H27C |109.5 C18—C17—C20 103.2 (5)
C1—C6-—C5 104.1 (5) C7—Cl2—H12A 1095
C1—C6—H6A 110.9 C7—Cl12—H12B 109.5
C5—C6—H6A 110.9 H12A—C12—H12B |109.5
Cl—C6—H6B 110.9 C7—Cl12—H12C 109.5
C5—C6—H6B 110.9 H12A—C12— H12C |109.5
H6A—C6—H6B 109.0 H12B—C12—H12C |109.5
C13—C7—C12 105.8 (5) C18—C28—H28A 1095
C13—C7—C4 117.0 (4) C18—C28H28B 1095
Cl2—C7—C4 115.1 (4) H28AC28—H28B |109.5
C13C7-C1 113.8 (5) C18C28 H28C 1095
Cl2-C7—Cl 112.7 (5) H28A—C28—H28C  [109.5
C4—C7—C1 92.3 (4) H28B—C28—H28C |109.5
C6—C1—C2 106.7 (6)
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9 Appendix Il

Mo009

PROCESS OPTIMIZATION OF THE SYNTHESIS OF UAMC-00050, A
NOVEL uPA INHIBITOR

Davide Ceradini, Kirill Shubin

Aizkraukles Iela 21, Riga, Latvia

The a-aminophosphonate UAMC-00050, a newly developed trypsin-like serine protease inhibitor, has shown
promising results for the treatment of dry eye syndrome and ocular inflammation.! A laboratory scale synthetic
route was initially developed at University of Antwerp. Preparation of larger amounts of UAMC-00050, required
in the advanced steps of the project, proved to be difficult, due to the usage of environmentally unfriendly
solvents and hazardous reagents. A new process was developed with greener alternatives and less toxic reagents.
Every reaction was investigated in order to obtain the maximum yield, all the flash chromatography were
replaced with plug filtration and slurry purifications. The overall yield was increased from a 3% of the
discovered route to a 33% of the process development route.

References

1) Joossen, C., Badn, A., Moreno-Cinos, C. et al. A novel serine protease inhibitor as potential treatment for dry eye
syndrome and ocular inflammation. Sci Rep 10, 17268 (2020).
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0 ) Live Stream
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Ophthalmology Hospital, Paris

EUROPEAN NETWORK ON

DRY EYE DISEASE
DRUG DEVELOPMENT

Keynote speakers

Prof. Dr. Virginia CALDER, University College London
Prof. Dr. Margarita CALONGE, University of Valladolid
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IT-DED® OUTREACH SYMPOSIUM *@\
IT-DED=

MORNING December 2, 08.30 - 12.00 CET

CHAIRED BY PROF. DR. CHRISTOPHE BAUDOUIN

Fresident of the Eurapean Dry Eye Society - EuDES, Frofessor of Ophthalmalogy, chafrman
of department 3 of Qphthalmology in Quinze-Vingts Nationa! Qohthalmology Hospital

-

08.30 - 08.35 WELCOME NOTE
Dr. Serge PICAUD, Director of the Vision Insitute

08.35 - 08.50 INTRODUCTION TO IT-DED® NETWORK

Prof. Dr. Koen AUGUSTYNS, Coordinator of IT-DED?
Dean of the Faculty of Pharmaceutical, Biomedical and Veterinary
Sciences, Full Professor of Medicinal Chemistry, Universify of Amtwerp

#.00- 09.30 KEYNOTE LECTURE

Prof. Dr. Virginio CALDER, Lecturer in Ocular Immunology
Ophthalmelagy Institute, University College Londen
Mamber of the IT-DED? External Advisory Board

0%.30 - 10.00 COFFEE BREAK

10.00 - 12.00 DRUG DISCOVERY
Presentations of 20 minutes followed by 10 minutes of Q&A and comments

Chaired by Dr. Amalia ENRIQUEZ-DE-SALAMANCA, Applied Ophthalmalogy
Institute (IOBA), University of Valladolid,

10,00 - Albo RAMOS-LLORCA, University of Antwerp

Design, Synthesis and Biochemical evaluation of novel serine protease inhibitors

10.30 - Camilla SCARPELLINI, Universify of Anfwerp
Design, Synthesis and Biochemical evaluation of novel RIPK] inhibitars

.00 - Nikolaos KATSINAS, University of Valladolid

Valorisation af natural compounds ond their evaluation as therapeutic agents for
oeular surface inflammaotory diseases

.30 - Maha ABDALLAH, Instifute of Experimenfal Biclogy and
Technology - IBET

Extraction of hyolurenic acid and chondroitin sulphate from marine biomass and
their evaluction os bioactive palymers in ocular carrier formulation
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IT-DED® OUTREACH SYMPOSIUM *@'\
IT-DED=

AFTERNOON December 2, 13.00 - 17.45 CET

13.00-13.30 KEYNOTE LECTURE

Frof. Dr. Margarita CALONGE, Full professor in Ophthalmelogy
Head of Ocular Surfoce Group at the Instifufe for Applﬁed Dphfhafmabfa.rﬂgr
{IOBA), Universify of Valladolid and CIBER-BBN

13.30- 16.00 PRECLINICAL DRUG DEVELOPMENT

Fresentations of 20 minutes followed by 10 minutes of Q&A and comments
Chaired by Prof. Dr. Arto URTTI, University of Eastern Finland.

13.30 - Agnese COMPAGNONE, University of Antwerp
Implementation of in-vive models to identify petential candidates for DED
treatment

14.00 - Davide CERADINI, Latvian Insitute of Organic Synthesis
Upsealing of lead compounds from WP! and enantioselactive synthesis of the
serine protease inhibitar LAMC- 00050

14.30 - Luna KRSTIC, Universify of Valladalid
Development of new carriers ta improve the bioavailability of topic formulations fo
treaf soular surface inflammatery diseases

15.00- Anusha BALLA, University of Eastern Finland
Drug penetration fo ecular surface tissues

15.50 - Bao TRAN GNOC, University Hospifal Cologne
Diry eye therapy using cannabinoid ligands in o woter-free delivery platform

16.00 - 16.15 COFFEE BREAK

16.15 - 17.45 DEVELOPMENT OF CLINICAL DIAGNOSTIC TOOLS

Presentations of 20 minutes followed by 10 minutes of O&A and comments

Chaired by Dr, Annabelle REAUX-LE-GOQAZIGO, the Vision Insitute

16,15 Murat Akkurf, Sorbonne University
Development of new biomarkers for Dry Eye Disease

18.45 Adrién Guerrera-Moreno, Sorbonne University
The nociceptive pothway in dry eye disease and ocular surfoce pain models

17.15 Md Asif KHAN SETU, University Hospital Cologne
Development of novel diagnastic tools for dr-eye disease using opfical coherence
tomography (OCT) and confocal microscopy
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Chromatogram tier | example

10 Appendix IV

LC1_ACN

SAMPLE

INFORMATION

Date Processed:

#198-Ch-255-DVC-023 LC1 0.1%EA
Sample Set Name: 13032019 LC1 PO

Acg. Method Set: Iz_210_254_F1_100D_250C
Processing Method LC1_ACN_PO

Sample Name:

Sample Type: Unknown
Vial: 27

Injection #: 1

Injection Volume:  2.00 ul

Run Time: 30.0 Minutes
Date Acquired:

3M 372019 5:17:11 PM EET

3M4/2019 5:48:44 AM EET

Channel Name:

2488 ChA

Proc. Chnil. Descr: W2489 ChA 254nm

Acquired By:

System

Lux Cellulose-1 (1) (4.6x150 mm)
lz. 0.1% ethanolamine in ACN; F =1 mL/min; T=250C

.
2
0.4 3 f_g
o
]
030] l
3 ‘l
oL
0.2H ‘ |
0104 |
' L]
I \
M ]
oo MY
T
Mirutes
C~1mg/mL (ACN)
PeakMame | RT Area % Area | Heght | EP Plate Count | Resolution | Selectivity | Width @ 50% | K Prime
114 3034 | 3347345 | 4057 | 4537 4102 [+RAN] 0.6587
2|B 3300 | 2405t02 | 5043 | 346649 218 1.668 1203 (RS ] D.BE3

Reported by User: System
Report Method: LC1_ACN

Report Method ID6726

Page: 10f1
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Project Mame: Alliance-3_2019
Date Printed:

342019

9:19:35 AM Europe/Riga




Chromatogram tier 1l example

Empower2
soltware LC1 ACN
SAMPLE INFORMATION
Sample Mame: #195-Ch-255-DVCO23 LC1 MeCH
Sample Type: Unknown Sample SetMame: 13032019 LC1 PO
Vial: 27 Acg. Method Set: Iz_210_254_F1_100B_250C
Injection #: 1 Processing Method LC1_ACN_PO
Injection Volume:  2.00 ul Channel Mame: W2488 Cha
Run Time: 30.0 Minutes Proc. Chnl. Descr.:  W2488 ChA 254nm
Diate Acquired: 3M32019 31410 PM EET Acquired By: System
Date Processed: 3142019 6:49:45 AMEET

L Cellulose-1 (1) (4.6x150 mm)
lz. 100% ACN; F = 1 mU/min; T=250C

. 3

0.1 |

AU

0.1+ l I

|
|I [
0.0+

0.00 — —J, \

51 o Iﬁ.lI)I o I?.bﬂl o IB.I}I)I o IE.lI.ZIZII o I1'{}'.(}!]
Minutes

C~1mg/mL (ACHM)

Peak Mame | AT Area | % Area | Height | EP Plate Count | Resolufion | Selectvity | Width @ 50% | K Prime
1A 575 | 2724821 | 42.01 | 23880 2143 o132 D.ae4
2|8 3.084 | 3826008 | 57.00 | 183282 16827 1.145 1233 02240 1.189
Reported by User: System Project Name: Alliance-3_2019
Report Method: LC1_ACN Diate Printed:
Report Method IDE729 31142019
Page: 1 of 1

9:24:02 AM Europe/Riga
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Chromatogram tier 111 example

e IB_ACN
SAMFLE INFORMATION
Sample Name: DVC-045 1B ACN
Sample Type: Unknown Sample Set Mame: 18032019 1B PO
Vial: 30 Acqg. Method Set: 1z_210_254_F1_100B_250C
Injection #: 2 Processing Method  1B_ACN_PO
Injection Volume:  5.00 ul Channel Name: W2489 ChA
Run Time: 50.0 Minutes Proc. Chnl. Descr..  W2489 ChA 254nm
Date Acquired: 3182019 5:58:55 PM EET Acquired By: System
Date Processed:  3/19/2019 9:07:58 AM EET

lz. 100% ACN; F

Chiralpak IB (4.6x250 mm)

1 mL/min; T=250C

H
0.050-| b
0.040-

0.03H

AU

0.020H

0.0104 |

|
IIN
0,000~ -——rL——— — ———44-—5— -

C~1mg/mL (95%ACN+H20)

0.00 2'!'}0 4.!’}0 E.bD B.I)O ID!DD IE!DO 14!0] 'IE!UD IB!DD 20'.00 2200 2400 2600 25!03
Minutes

20.00

PeakName | RT Area | % Area | Height | EF Plate Count | Selectivity | Width @ 50% | K Prime
1 5185 533211 | 10.64 | 52330 6318 0154 051
2|A 14767 | 1076500 | 21.28 | 36448 5877 1530
3B 15184 | 3443357 | 6B.08 | 44500 1036 1658

Reported by User: System
Report Method: 1B_ACHN
Report Method ID6904
Page: 1of 1

Project Mame:  Alliance-3_2019
Date Printed:

3M9/2019

9:08:54 AM Europe/Riga
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Chromatogram tier IV example

2

software

IC_ACN_01%PA

E INFORMATION

SAMPL
Sample Name: DVC-023 IC 60%ACN+0.1%PA
Sample Type: Unknown

Wial: 27

Injection #: 1

Injection Volume:  5.00 ul

Run Time: 30.0 Minutes

Date Acquired 3/M9/2019 58:29:52 PMEET

Date Processed: 372002019 8:47:41 AMEET

Sample Set Name:

Acg. Method Set:

Processing Method

Channel Name:

Proc. Chnl. Descr.:

Acquired By:

18032019 IC PO
1z_210_254_F1_4DA_BOB_250C
IC_ACN_D1%PA

W2489 Cha

W2489 ChA 254nm

System

Chiralpak IC (4.6x250 mm)
lz. 60% ACN + 0.1% H3PO4; F = 1 mU/min; T=250C

0.9

0.3

0.7

0.6

AU

0.40

0.304

0.2

$

C~img/mL (ACN)

EI.:MJI ' IZ.EIDI ' I-i.bDI ' IE.EIEII ' ISb:lI ' ‘IDID(I)

12!D0 14!D0
M

nutes

16!DD 18!00 ZEI!DD 22!00 2400 }M00 2800 3000

RT Aea

% Area

EP Plate Count

Resclution

Width @ 50%

K Prime

1[3.571| 478850

272

82716

0.108

ez

r

5.403 | 17002583

ar2e

538542

1782

5404

B.086

0.306

0,635

Repored by User. System
Report Method: IC_ACN_D1%PA
Report Method ID7048

Page: 1of1
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Project Mame:  Alliance-3_2019
Diate Printed:

3/20/2019

8:48:57 AM Europe/Riga
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