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Phosphine Oxides, Phosphonates, Phosphinates, Polarity, Solubility, Metabolic Stability, 

Permeability.
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ABSTRACT

Phosphine oxides and related phosphorus-containing functional groups such as 

phosphonates and phosphinates are established structural motifs that are, still, 

underrepresented in today’s drug discovery projects, and only few examples can be found 

amongst approved drugs. In this account, the physicochemical and in vitro properties of 

phosphine oxides and related phosphorus-containing functional groups are reported and 

compared to more commonly used structural motifs in drug discovery. Furthermore, the 

impact on the physicochemical properties of a real drug scaffold is exemplified by a series 

of phosphorus-containing analogs of imatinib. We demonstrate that phosphine oxides are 

highly polar functional groups leading to high solubility and metabolic stability, however, 

occasionally at the cost of reduced permeability. We conclude that phosphine oxides and 

related phosphorus-containing functional groups are valuable polar structural elements and 

that they deserve to be considered as routine part of every medicinal chemist’s toolbox.

1. INTRODUCTION
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Organophosphorus compounds have been investigated for applications in agricultural,1 

veterinary,2 and medicinal3 applications for decades, and a considerable number of 

phosphorus-containing drugs have achieved commercial success.4,5 The majority of 

these approved phosphorus-containing pharmaceuticals contain a phosphate, a 

phosphoramide or a phosphonate group, while phosphines, phosphinates and phosphine 

oxides are rare. Among the successful examples of organophosphorus drug research are 

the phosphorodiamidate based anti-cancer drugs cyclophosphamide (1) and ifosfamide 

(2),6 as well as the phosphonamidate and phosphonate containing reverse transcriptase 

inhibitors tenofovir alafenamide7 (3) and adefovir dipivoxil8 (4) to fight infectious diseases 

like HIV and hepatitis B, respectively (Figure 1). Several so-called bisphosphonates 

containing a phosphonic acid motif such as etidronate (5) are used for the treatment of 

osteoporosis,9 and the natural product fosfomycin (6) is a broad spectrum antibiotic.10 The 

ACE inhibitor fosinopril (7) is so far the only approved phosphinate based drug on the 

market and used for the treatment of hypertension.11

A major obstacle associated with the use of acidic phosphorus-containing functional 

groups such as phosphates, phosphonates and phosphinates in drug discovery is their 
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occurrence as charged species at physiological pH, which often leads to low cell permeability and 

poor oral bioavailability.12,13 In most orally administered phosphate-containing drugs the 

phosphate constitutes a solubility-enhancing prodrug14 and is not part of the pharmacophore of the 

active principle itself, as for example in case of antiretroviral protease inhibitor fosamprenavir 

(8),15 SYK inhibitor fostamatinib (9)16 and fospropofol (10),17 a widely used anesthetic (Figure 1). 

Similarly, many of the drugs containing a phosphonate or phosphinate are employed as prodrugs 

as exemplified e.g. by the phosphonate and phosphinate esters in adefovir dipivoxil (4) and 

fosinopril (7), respectively, or the phosphonamidate in tenofovir alafenamide (3). Also Gilead’s 

remdesivir (11),18  a phase III antiviral drug originally developed for the treatment of ebola virus 

that is currently tested in clinical trials for efficacy against Covid-19,19 constitutes a 

phosphoramidate prodrug.
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Figure 1: Selected examples of phosphorus-containing drugs.

In light of all the difficulties associated with the use of charged phosphorus-containing 

functionalities it is surprising that their uncharged counterparts, namely phosphine oxides but also 

O-substituted phosphonates and phosphinates, have been largely neglected in medicinal chemistry. 

Some recent examples for the application of phosphine oxides in medicinal chemistry are shown 

in Figure 2, including C-C chemokine receptor 2 (CCR2) antagonist 12,20 progesterone receptor 
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(PR) antagonist 13,21 potassium voltage-gated channel subfamily A member 5 (Kv1.5) inhibitor 

14,22 epithelial sodium channel (ENaC) inhibitor 15,23 methionine aminopeptidase 2 (MetAP2) 

inhibitor 16,24 human calpain I inhibitor 17,25 and histone deacetylase 1 (HDAC1) inhibitor 18.26 
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Figure 2: Recent examples for the application of phosphine oxides in medicinal chemistry.

It has been only recently that ridaforolimus (19), a dimethylphosphinic ester containing inhibitor 

of mammalian target of rapamycin (mTOR), progressed into Phase III clinical studies for the 

treatment of sarcoma,27 and that the anaplastic lymphoma kinase (ALK) inhibitor brigatinib (20) 

became the very first drug containing a phosphine oxide motif that was approved by the U.S. FDA 

for the treatment of patients with metastatic non-small cell lung cancer (NSCLC) (Figure  3).28
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Figure 3: Ridaforolimus (19) and brigatinib (20) as examples for investigational or 

approved drugs with a non-charged phosphorus-containing functional group. 

The reasons for the rare appearance of phosphine oxides in drug discovery are not obvious, since 

they are chemically stable and their synthesis is well precedented. Additionally, they offer the 

unique feature of a very strong H-bond acceptor attached to a tetrahedral center with three potential 

vectors for derivatization.29 Surprisingly, only few reports on the physicochemical properties and 

in vitro parameters of phosphine oxides and related phosphorus-containing functional groups are 

available today. 26,28a,30

With the aim to provide a better understanding of phosphorus-containing functional groups from 

a medicinal chemist’s perspective, we herein describe the design and synthesis of a larger set of 

phosphorus-containing tool compounds. In addition, we report selected physicochemical and in 

vitro parameters and rank the phosphorus-containing functional groups among related 

bioisosteres.31 Furthermore, the effects of phosphorus-containing functional groups on the 

properties of analogs of the approved tyrosine kinase inhibitor imatinib (36) are presented.32
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2. RESULTS AND DISCUSSION

 2.1 Design of tool compounds 21-35 and drug-like analogs 37-45 derived from imatinib. 

In order to measure the unbiased effect of the envisaged phosphorus-containing 

functional groups (Figure 4a), a 4-(trifluoromethyl)phenyl group was chosen as chemically 

robust and simple platform. Initially, acyclic phosphine oxides 21a-c with increasingly 

sized aliphatic residues as well as cyclic phosphine oxides 22a-g comprising different ring 

sizes and heteroatoms were designed. In addition, a variety of phospinates 23a-b and 

phosphonates 24a-25d was outlined and rounded off by cyclic phosphonamidates 26a-b 

and cyclic phosphonamides 27a-c. Pyridines 28a-c were designed to measure the effects 

of the attached phosphorus-containing functional groups on their basicity. This set of 

phosphorus-containing tool compounds was then complemented by the corresponding 

bioisosteric structural motifs (Figure 4b),31 comprising carboxylic acid and esters 29a-c, 

carboxamides 30a-d, sulfonamides 31a-c, sulfoxide 32 and sulfone 33, but also 

sulfoximines 34a-c and sulfonimidamides 35a-c.33
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Figure 4: Design of a) tool compounds bearing phosphorus-containing functional groups 

and b) bioisosteric functional groups.

Finally, the effects of phosphorus-containing functional groups were explored in the 

context of a drug-like substrate. As small molecule kinase inhibitors with their usually flat 
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and polyaromatic core structures often lack aqueous solubility and bioavailability, they 

were considered to be an ideal showcase. To this end, tyrosine kinase inhibitor imatinib 

(36)32 was selected as a reference and imatinib analogs 37a-45c including phosphorus-

containing or classical functional groups were designed (Figure 5).
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Figure 5: Design of imatinib analogs containing phosphorus-, sulfur- and carbon-based 

functional groups.

2.2 Chemistry. General synthesis of aryldialkylphosphine oxides and related 

arylphosphinates and -phosphonates. The synthesis of aryl-phosphorus compounds is 

well-precedented and still a thriving field of research.34 Symmetric tertiary 
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aryldialkylphosphine oxides I can be synthesized in numerous ways, most conveniently 

starting from corresponding phosphorus(V) H-phosphine oxide precursors via transition 

metal catalyzed cross coupling methodologies (Scheme 1, A).35 Alternatively, nucleophilic 

arylation of dialkylphosphinoyl chlorides36 (Scheme 1, B) and double nucleophilic addition 

of organometallic species to arylphosphoryl dichlorides37 and arylphosphonic acid 

esters38 (Scheme 1, C) have been described. In addition, P(III)-precursors like 

dialkylphosphinyl chlorides39 and aryldichlorophosphines are reported to react with 

C-nucleophiles40 (Scheme 1, D and E), and arylphosphines can be alkylated using alkyl 

halides41 (Scheme 1, F). However, when P(III) intermediates are employed, a subsequent 

oxidation of the intermediate tertiary phosphines to the phosphine oxides I is required.

Scheme 1: Synthetic pathways for the construction of aryldialkylphosphine oxides I.
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Similar to the preparation of phosphine oxides, a large number of methods exists for 

the synthesis of aryl phosphinates42 and aryl phosphonates.43 Acyclic dialkyl 

arylphosphonates II are accessed by the Arbuzov reaction between trialkylphosphites and 

aryl halides (Scheme 2, A). While electron-poor aryl halides can undergo direct SNAr-type 

reaction with trialkylphosphites at elevated temperatures,44 their electron-rich congeners 

require either radical initiators45 or Ni-,46 Pd-,47 Cu-,48 or photoredox-catalysis.49 The Pd-

catalyzed cross coupling of H-phosphonates and aryl halides was pioneered by Hirao and 

co-workers,50 and is still inspiration to modern synthetic methodologies utilizing poorly 

activated aryl pseudohalides,51 -amides and -esters (Scheme 2, B).52 In addition, 
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H-phosphonates are capable to react with nucleophiles like arylboronic acids,53 -

sulfinates,54 -silanes,55 and C(aryl)-H bonds under oxidative coupling conditions.56 

C(aryl)-P bond construction via nucleophilic addition of aryl Grignard reagents to acyclic 

dialkyl chlorophosphates is well precedented (Scheme 2, C).57

In contrast, the synthesis of cyclic alkyl arylphosphonates III by the reaction of a 

nucleophilic aryl-metal species with a corresponding cyclic chlorophosphate is rather 

challenging (Scheme 2, D).58 However, cyclic alkyl arylphosphonates III,59 -amidates IV,60 

and -amides V61 are readily accessible by the reaction of arylphosphonyl dichlorides with 

diols, aminoalcohols, and diamines (Scheme 2, E).
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Scheme 2: Synthetic pathways for the construction of a) aryldialkylphosphonates II and 

b) cyclic arylphosphonates III, -amidates IV, and -amides V.
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Synthesis of acyclic and cyclic tertiary phosphine oxides 21 and 22. Our synthetic efforts 

aimed at the installation of the arene-phosphorus bond as the final step of every reaction 

sequence allowing an easy and modular exchange of aromatic moieties. The synthesis 

of tertiary acyclic phosphine oxides 21 was achieved through Pd-catalyzed coupling of 

4-(trifluoromethyl)phenyl iodide with secondary phosphine oxides to deliver the desired 

products 21a-c in 44-93% yield (Scheme 3a).35c
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Scheme 3: Synthesis of a) acyclic, b) cyclic, and c) cyclic nitrogen-containing phosphine 

oxides.
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NH4H2PO2

HMDS
[ ]n or

NR

P
O

F3C
OZBr

Br

PEtO

O

b) Synthesis of cyclic phosphine oxides 22a-d

i) RNH2

ii) LAH
P
O

NR
H

PHO

O

Z
46a (Z = CH2)
46b (Z = [CH2]2)
46c (Z = [CH2]3)
46d (Z = CH2O CH2)

47a (R = Bn)
47b (R = Me)
47c (R = i-Pr)

c) Synthesis of cyclic N-containing phosphine oxides 22e-22g

Cyclic tertiary phosphine oxides are usually more challenging to synthesize. In view of 

the designed compounds 22a-g, two distinct synthetic approaches were envisioned 

(Scheme 3b and 3c). The first route relies on the addition of aryl Grignard reagents to 
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phosphinoyl chlorides derived from cyclic phosphinic acids (Scheme 3b).62 In our case, 

the barely functionalized phosphinic acids 46a-d62b-c were most conveniently accessed by 

a robust double-Arbuzov reaction of alkyldihalides with ammonium phosphinate and 

hexamethyldisilazane (HMDS). Activation of the phosphinic acids using oxalyl chloride 

gave the corresponding phosphinoyl chlorides which upon treatment with 4-

(trifluoromethyl)phenylmagnesium halide63 furnished cyclic aryl phosphine oxides 22a-d 

in 20-35% yield (over 2 steps).

The second route provides nitrogen-containing cyclic phosphine oxides via 

Pd-mediated cross coupling of cyclic secondary phosphine oxides with aryl halides 

(Scheme 3c). Precursors for phosphine oxides 22e-g were assembled by double-Michael 

addition of primary amines to ethyl divinylphosphinate.64,65 Reduction of the 

corresponding cyclic ethyl phosphinates (structure not shown) using lithium aluminium 

hydride (LAH) afforded cyclic secondary phosphine oxides 47a-c,65b which smoothly 

reacted in Pd-mediated cross coupling reactions with 4-(trifluoromethyl)phenyl iodide to 

give cyclic phosphine oxides 48 (and 22e after subsequent hydrogenation), 22f and 22g 

in good yields (47-81%).
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Synthesis of arylphosphinates 23 and acyclic arylphosphonates 24. Phosphinates can 

be synthesized by palladium-mediated cross coupling, occasionally accompanied by 

undesired transesterification events or base-promoted dealkylation.42c,66 The reaction of 

ethyl methylphosphinate with 4-(trifluoromethyl)phenyl iodide directly delivered the 

phosphinic acid 23a in 42% yield when a mixture of DMF and ethylene glycol was used 

as solvent, while similar conditions using toluene as solvent furnished ethyl phosphinate 

23b in 37% yield (Scheme 4a).

Dimethyl phosphonate 24d was prepared by an Cu-catalyzed oxidative coupling of 

4-(trifluoromethyl)phenylboronic acid and dimethyl phosphite in 35% yield (Scheme 4b).53 

Dialkyl phosphonates 24e and 24f were obtained through Pd-mediated cross coupling 

with 4-(trifluoromethyl)phenyl halides in 90% and 74% yield, respectively.67,42c However, 

when dimethyl phosphite was employed, the partially dealkylated methoxyphosphinic 

acid 24b was obtained in 69% yield.68 Diethyl phosphonate 24e was selectively converted 

to the ethoxyphosphinic acid 24c in 75% yield using aqueous NaOH, or to phosphonic 

acid 24a in 85% yield upon treatment with trimethylsilyl bromide (Scheme 4c).69

Page 19 of 108

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

Scheme 4: Synthesis of a) phosphinates 23 and  b) phosphonates 24, and c) selective 

hydrolysis of diethyl phosphonate 24e.

4-(CF3)PhI (1.0 equiv.)
Pd(OAc)2 (2 mol%)

Xantphos (2.2 mol%)

DIPEA
DMF/ethylene glycol (9:1)

115 °C

P
OH

O
Me

23a, 42%

F3C

Br
+

H
P

OR

O
OR

Pd(OAc)2 (2 mol%)
dppf (4 mol%)

KOAc (10 mol%)
DIPEA, THF, reflux

P
OR2

O
OR1

F3C
24b (R1 = Me, R2 = H), 69%
24e (R1 = R2 = Et), 90%

P
OEt

O
OEt

F3C

4M NaOH

EtOH, rt

TMSBr

DCM, rt

24e

P
OEt

O
OH

F3C

24c, 75%

P
OH

O
OH

F3C

24a, 85%

F3C

B
+

H
P

OMe

O
OMe

Cu2O (5 mol%)
1,10-phen (10 mol%)

DIPEA, MeCN
air, rt

P
OMe

O
OMe

F3C

OH

OH

24d, 35%

a) Synthesis of phosphinates

b) Synthesis of phosphonates

c) Phosphonate hydrolysis

4-(CF3)PhI (1.0 equiv.)
Xantphos Pd G3

(10 mol%)

DIPEA
Toluene, 100 °C

P
OEt

O
Me

F3C

23b, 37%

H
P

OEt

O
Me

F3C

F3C

I
+

H
P

Oi-Pr

O
Oi-Pr

Pd(OAc)2 (2 mol%)
dppf (2.2 mol%)

DIPEA
DMF/DME (9:1)

reflux

P
Oi-Pr

O
Oi-Pr

F3C
24f, 74%

R = Me, Et

Synthesis of cyclic phosphonates 25, phosphonamidates 26, and phosphonamides 27. 

For the synthesis of cyclic phosphonates 25a-d, phosphonamidates 26a-b and 

phosphonamides 27a-c, arylphosphonic acid 24a was converted into the corresponding 
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phosphonic acid dichloride 49 by treatment with oxalyl chloride, and the crude product 

was directly reacted with the selected diols, aminoalcohols, or diamines (Scheme 5). The 

attempted synthesis of arylphosphonic acid ethylene ester 25a38,70 however was sluggish 

and resulted in the isolation of hydrolyzed compound 24g (20%) as the sole product.71 In 

contrast, the dioxaphosphinane-2-ones 25b and 25c were obtained in good yields of 49% 

and 81%, respectively. Dioxazaphosphocan-2-one 50 was isolated in 49% yield and 

subsequent cleavage of the Boc protecting group (HCl/dioxane) afforded compound 25d 

as a hydrochloride salt in quantitative yield. In the same manner, arylphosphonamidates 

26a-b and arylphosphonamides 27a-c were prepared in 68-95% yield and 22-86%, 

respectively.

Scheme 5: Synthesis of cyclic phosphonates 25, cyclic phosphonamidates 26 and -

amides 27.
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P
OH

O
OH

F3C

24a

(COCl)2
DMF (cat.)

DCM, reflux

P
Cl

O
Cl

F3C

49

THF
0 °C - rt

P
O

F3C

25b, 49%

O

O

P
O

F3C
50 (R = Boc), 49%
25d  HCl (R = H)

O NR

O

P
O

F3C

25c, 81%

O

O

HCl
(quant.)

P
O

F3C

26a (R = H), 95%
26b (R = Me), 68%

O

R
N

P
O

F3C

27a, 86%

P
O

F3C

27b (R = H), 22%
27c (R = Me), 71%

RN

R
N

N

N

P
O

O
OH

F3C

24g, 20%

OH

25 (X = Y = O)
26 (X = O, Y = NR)
27 (X = Y = NR)

P
Y

O
X

F3C

XH

YH

P
O

F3C
O

O

25a (not observed)

Synthesis of pyridine derivatives 28a-c. Pyridine derivatives 28a-c were synthesized by 

Pd-catalyzed coupling of 4-bromopyridine hydrochloride with diethylphosphine oxide, 

ethyl methylphosphinate or diethyl phosphite in moderate to excellent yields of up to 87% 

(Scheme 6).
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Scheme 6: Synthesis of pyridines bearing phosphorus-containing functional groups.

HN

Br

Pd(OAc)2 (2 mol%)
Xantphos (2.2 mol%)

ethyl methylphosphinate (1.2 equiv.)
DIPEA (2.3 equiv.) P

OEt

O
Me

N

Pd2(dba)3 (10 mol%)
Xantphos (20 mol%)

diethylphosphine oxide (1 equiv.)
DIPEA (2.2 equiv.) P

Et

O
Et

N

28a, 43%

28b, 87%

Pd(OAc)2 (2 mol%)
dppf (4 mol%)

diethyl phosphite (1.2 equiv.)
DIPEA (2.3 equiv.) P

OEt

O
OEt

N

28c, 73%

Cl

1,4-dioxane, 80 °C, 2 d

toluene/DME (4:1), 80 °C, 2 d

THF, 70 °C, 24 h

Synthesis of imatinib analogs 37-45. The imatinib analogs 37-45 were synthesized 

starting from a commercially available aniline building block 51,72 which was coupled 

(HATU) with the corresponding benzoic acids bearing the desired functional group (FG) 

in para position (Scheme 7). For carboxylate 37b and carboxamides 38a-c the coupling 

reactions proceeded smoothly with yields of up to 94% (Scheme 7a). However, mixed 

results were obtained for derivatives with sulfur containing functional groups (Scheme 

7b). Sulfoxide 39 and sulfone 4073 were obtained in 92% and 91% yield, respectively, 

whereas sulfoximines 41a-b and sulfonamides 42a-c were isolated in lower yields of 20-
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69% (conditions not optimized). Phosphine oxide analog 4374 was isolated in 91% yield 

after HATU coupling (Scheme 7c). The low yielding synthesis of ethyl phosphinate 44a 

and phosphinic acid derivate 44b is the result of an unselective hydrolysis of ethyl 

4-[ethoxy(methyl)phosphoryl]benzoate and was not optimized.75 Diethyl phosphonate 

45a was obtained in a good yield of 83%, and subsequently converted under standard 

conditions to the ethoxyphosphinic acid 45b and phosphonic acid 45c in 62% and 38% 

yield, respectively.

Scheme 7: Synthesis of imatinib analogs bearing a) carbon-, b) sulfur-, or c) phosphorus-

based functional groups.
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OR
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38c (R1 = R2 = Me), 94%
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S
Me
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O
S

Me

40, 91%

OO
S

Me

41a (R = H), 20%
41b (R = Me), 20%

NRO
S

NR1R2

42a (R1 = R2 = H), 69%
42b (R1 = H, R2 = Me), 55%
42c (R1 = R2 = Me), 23%

OO

P
Me
Me

O

43, 91%

P
OR
Me

O

44a (R = Et), 6%
44b (R = H), 17%

P
OR1
OR2

O

45a (R1 = R2 = Et), 83%
45b (R1 = H, R2 = Et)
45c (R1 = R2 = H)
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O

OH

HATU, Et3N

DMF

LiOH (80%)

a) Carbon-based functional groups

b) Sulfur-based functional groups

c) Phosphorus-based functional groups

NaOH (62%) TMSBr
(38%)

N

N

N NH

H2N

Me + N

N

N NH

HN

O

FG

Me

51 36-45

2.3 Physicochemical and in vitro properties of tool compounds 21-35. For all synthesized 

phosphorus-containing compounds the relevant physicochemical and in vitro pharmacokinetic 

parameters such as lipophilicity (logD), dissociation constants (pKa/pKb, where appropriate), 

aqueous solubility (HPLC and shake flask assay),76 stability in human liver microsomes and 

Caco-2 permeability were measured (Table 1). The same set of data was also determined for the 

collection of compounds containing more classical functional groups (Table 2).
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Table 1: Physicochemical and in vitro parameters of phosphorus-containing tool 

compounds 21-28.a

logD
Stability in 

human liver 
microsomes

Aqueous solubility 
(pH 6.8) [µg/mL]

Caco-2
permeability

Chemical 
stability: 

decomposition 
after 7 days [%]Compound Structure

pH
2

pH
11

pKa or pKb

T1/2 
[min] %QH

HPLC 
assay

Shake 
flask assay

PAB
[10−6 cm/s]

Efflux 
ratio

pH
<1

pH
>10

21a R1 P
O

Me
Me

1.5 1.1 n.d. >130 <23 >52 >30,000 82 0.5 <10 <10

21b R1 P
O

Et
Et

2.3 2.0 n.d. >130 <23 >60 22,500 88 0.7 <10 <10

21c R1 P
O

i-Pr
i-Pr

3.1 2.8 n.d. >130 <23 >61 22,200 110 0.5 <10 <10

22a
R1 P

O
1.8 1.6 n.d. >130 <23 >53 24,500 78 0.8 <10 <10

22b R1 P
O

2.0 1.7 n.d. >130 <23 >59 24,500 69 0.7 <10 <10

22c R1 P
O

2.4 2.0 n.d. >130 <23 >66 7,700 49 1.1 <10 <10

22d R1 P
O

O
1.4 1.1 n.d. >130 <23 >65 >30,000 65 0.7 <10 <10

22e R1 P
O

NH
0.0 0.5 pKb 6.9 >130 <23 >61 28,000 13 1.1 <10 <10

22f R1 P
O

NMe
0.0 0.9 pKb 6.3 >130 <23 >66 >30,000 52 0.7 <10 <10

22g R1 P
O

Ni-Pr
0.2 2.0 pKb 7.0 >130 <23 >68 23,000 84 0.5 <10 <10

23a R1 P
O

Me
OH

1.3 −1.3 pKa 2.0 >130 <23 >49 >8,900b# <5 - <10 <10

23b
R1 P

O
Me

OEt
2.5 2.3 n.d. >130 <23 n.v. n.d. 69 1.0 n.d. n.d.

24a
R1 P

O
OH

OH
0.6 <−1.6 pKa1 <2.0

 pKa2 6.8 n.v. n.v. >54 17,800b* n.v. - <10 <10

24b R1 P
O

OH
OMe

1.3 n.v. n.v. >130 <23 >60 27,300b§ n.v. - <10 <10

24c R1 P
O

OH
OEt

1.9 −0.8 n.v. >130 <23 >64 28,000b$ 10 <0.1 <10 <10

24d R1 P
O

OMe
OMe

2.5 2.2 n.d. >130 <23 50 10,100 85 0.5 <10 <10
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logD
Stability in 

human liver 
microsomes

Aqueous solubility 
(pH 6.8) [µg/mL]

Caco-2
permeability

Chemical 
stability: 

decomposition 
after 7 days [%]Compound Structure

pH
2

pH
11

pKa or pKb

T1/2 
[min] %QH

HPLC 
assay

Shake 
flask assay

PAB
[10−6 cm/s]

Efflux 
ratio

pH
<1

pH
>10

24e R1 P
O

OEt
OEt

3.4 3.2 n.d. >130 <23 >61 1,300 95 0.6 <10 <10

24f R1 P
O

Oi-Pr
Oi-Pr

4.3 4.2 n.d. >130 <23 29 400 84 0.5 <10 <10

24g R1 P
O

OH
O

OH

n.v. n.v. n.d. n.v. n.v. >63 >28,500b$ n.v. - <10 <10

25b R1 P
O

O

O
2.1 1.5 n.d. >130 <23 >66 8,800 95 0.4 <10 >90c

25c R1 P
O

O

O

Me
Me 3.1 2.6 n.d. >130 <23 >67 2,800 73 0.6 <10 >90c

25d R1 P
O

O NH

O
0.5 1.5 pKb 6.0 >130 <23 66 >10,000 63 0.7 <10 70d

26a R1 P
O

O

H
N

2.0 1.3 n.v. >130 <23 >60 n.v. 57 0.7 >90c >90c

26b R1 P
O

O

Me
N

2.5 1.9 n.d. >130 <23 53 7,500 64 0.5 >90c <10

27a R1 P
O

MeN

Me
N n.v. 2.0 n.d. n.v. n.v. >64 >30,000 n.v. - >90c <10

27b R1 P
O

HN

H
N

n.v. 1.1 n.v. >130 <23 >61 12,300 42 0.7 >90c <10

27c R1 P
O

MeN

Me
N

3.0 2.7 n.d. >130 <23 >68 11,100 81 0.5 >90c <10

28a R2 P
O

Et
Et

<−1.8 −1.0 pKb <2 >130 <23 >46 11,600 19 0.6 n.d. n.d.

28b R2 P
O

Me
OEt

−1.1 −0.7 pKb <2 >130 <23 >45 >30,000 54 0.6 n.d. n.d.

28c
R2 P

O
OEt

OEt
0.0 0.2 pKb <2 >130 <23 >50 29,500 66 0.7 n.d. n.d.

aR1 = 4-(CF3)-phenyl; R2 = 4-pyridyl; n.d.: not determined; n.v.: no valid data; color-
coding: green: desirable, yellow: acceptable, red: undesirable. bBuffer capacity exceeded: 
sample measured at #pH 5.9, *pH 2.3, §pH 2.0 and $pH 2.1. cResult after one day. d20% 
decomposition observed under neutral conditions.
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Table 2: Physicochemical and in vitro parameters of bioisosteric tool compounds 29-35.a

logD Stability in human 
liver microsomes

Aqueous solubility 
(pH 6.8) [µg/mL]

Caco-2
permeabilityCompound Structure

pH 2 pH 11
pKa or pKb

T1/2 [min] %QH
HPLC 
assay

Shake flask 
assay

PAB
[10−6 cm/s]

Efflux 
ratio

29a
R1

O

OH
n.v. n.v. pKa 3.5 >130 <23 >48 >10,000 15 1.3

29b
R1

O

OMe
n.v. n.v. n.d. n.v. n.v. <1 20 n.v. -

29c
R1

O

Ot-Bu
n.v. n.v. n.d. n.v. n.v. 7 20 n.v. -

30a
R1

O

NH2
1.5 n.v. n.d. n.v. n.v. >44 300 68 1.0

30b
R1

O

NHMe
1.9 1.6 n.d. >130 <23 >51 200 56 0.9

30c
R1

O

NMe2
2.3 2.1 n.d. >130 <23 >54 700 83 0.6

30d
R1

O

NHt-Bu
3.8 3.7 n.d. >130 <23 14 10 56 0.7

31a
R1 S

NH2

O O
n.v. n.v. pKa 9.4 >130 <23 >48 800 83 0.6

31b
R1 S

NHMe

O O
n.v. n.v. pKa 10.7 >130 <23 >49 900 36 0.9

31c
R1 S

NMe2

O O
3.4 n.v. n.d. n.v. n.v. 47 90 n.v. -

32
R1 S

O

Me
1.7 1.4 n.d. n.v. n.v. >46 11,100 n.v. -

33
R1 S

Me

O O
n.v. n.v. n.d. n.v. n.v. >47 300 n.v. -

34a
R1 S

Me

O NH
0.8 0.9 pKb 2.5 >130 <23 >50 9,100 88 0.7

34b
R1 S

Me

O NMe
0.7 1.7 n.d. >130 <23 >54 2,400 67 1.0

34c R1 S
O N

0.1 1.8 pKb 3.8 >130 <23 >59 4,700 84 0.7

35a
R1 S

NHMe

O NH
0.8 1.0 pKb 2.4 47 45 >54 6,900 70 0.9

35b
R1 S

NHMe

O NMe
0.7 1.8 n.d. >130 <23 >57 1,200 81 0.5

35c
R1 S

NMe2

O NMe
2.2 2.9 n.d. >130 <23 49 1,200 70 0.8

aR1 = 4-(CF3)-phenyl; n.d.: not determined; n.v.: no valid data; color-coding: green: 
desirable, yellow: acceptable, red: undesirable.
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Lipophilicity (logD). Amongst the phosphorus-containing compounds that are not ionized at 

physiological pH, phosphine oxides such as 21a and 22a are the most polar ones, exhibiting a 

polarity comparable to sulfoxide 32, sulfoximine 34a and sulfonimidamide 35a (Figure 6).77 As 

expected, the lipophilicity of phosphine oxides can be fine-tuned by the size of the aliphatic 

residues (21b-c, 22b-c) and polarity can be increased by introduction of additional heteroatoms 

like in ether 22d or amines that are considerably protonated at physiological pH, such as 22e-g. 

Dialkyl phosphonates 24d-f are about one log unit more lipophilic than their phosphine oxide 

congeners 21a-c, while the cyclic phosphonate 25b is more polar than the corresponding 

phosphine oxide of identical ring size 22c. In comparison to the cyclic phosphine oxide 22c (logD 

2.0 at pH 11), the corresponding phosphonamidate 26a and phosphonamide 27b are more polar 

with logD values of 1.3 and 1.1, respectively, while the methylated analogs 26b, 27a and 27c show 

comparable or higher lipophilicity with logD values of 1.9 - 2.7. The phosphinic and phosphonic 

acid derivatives 23a and 24a are predominantly ionized at physiological pH and represent the most 

polar phosphorus-containing functional groups covered by this study as indicated by their low 

logD values at pH 2 (1.3 and 0.6) and at pH 11 (–1.3 and <–1.6), respectively.
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Figure 6: Graphical depiction of logD values of phosphorus-containing compounds and 

bioisosteres at pH 11.77

Dissociation constants (pKa/pKb). Tertiary phosphine oxides are not expected to be 

protonated/deprotonated at physiological pH values and were therefore not tested.78 Derivatives 

containing amine functionalities such as phosphine oxides 22e-g and phosphonate 25d exhibit pKb 

values ranging from 6.0 to 7.0, reflecting an attenuated basicity in the range between morpholine 

(pKb 8.5) and thiomorpholine-1,1-dioxide (pKb 5.4).79 Pyridine derivatives 28a-c bearing in 

4-position a phosphine oxide (28a), a phosphinate (28b) or a phosphonate (28c) did not exhibit 

pKa/pKb values between 2-12. This indicates an electron-withdrawing effect of the phosphorus-

containing functional groups comparable to sulfones, in line with the basicity of 4-methylsulfonyl-

pyridine (pKb <2).80 Phosphinic acid 23a and phosphonic acid 24a were found to be considerably 
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more acidic than benzoic acid (two log units) with pKa values of 2.0 (23a) and <2.0 (24a),81 

respectively, while the second dissociation of phosphonic acid 24a was detected at pKa 6.8.82 

Aqueous solubility. Only limited conclusions can be drawn from the solubility data measured 

in the high-throughput HPLC assay, as most of the compounds are soluble beyond the upper 

detection limit of the assay (≈250 µM). The majority of the compounds measured in the shake 

flask solubility assay show very high aqueous solubility >10 mg/mL with up to >30 mg/mL for 

the most soluble compounds, such as phosphine oxides 21a, 22d, 22f and phosphonamide 27a. 

Only the most lipophilic derivatives, namely the dialkyl phosphonates 24e and 24f with logD 

values of 3.4 and 4.3, respectively, show more attenuated solubilities of 1.3 and 0.4 mg/mL, 

respectively. The phosphorus-containing compounds investigated in this study are considerably 

more soluble than most of the more commonly used functional groups represented by the 

bioisosteric tool compounds, such as esters 29b-c, carboxamides 30a-c, sulfonamides 31a-c and 

sulfone 33, which all have solubilities  <1 mg/mL. Only the carboxylic acid 29a, the sulfoxide 32, 

the sulfoximines 34a-c and the sulfonimidamides 35a-c show comparably high solubilities 

between 1-10 mg/mL.

Metabolic stability. All phosphorus-containing compounds tested were found to be stable in 

human liver microsomes beyond the scope of the assay (t1/2 > 130 min), notably also the 

comparatively lipophilic diethyl and diisopropyl phosphonates 24e and 24f with logD values of 

3.4 and 4.3, respectively. This consistent dataset allows to conclude that none of these phosphorus-

containing functional groups is an intrinsic metabolic weak spot.
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Permeability. As expected for compounds of comparatively low molecular weight, most 

phosphorus-containing compounds show (very) high Caco-2 permeability, even those that are very 

polar (cyclic and acyclic phosphine oxides 21 and 22) and/or contain an ionizable group 

(ethoxyphosphinic acid 24c).

Chemical Stability. To assess the chemical stability of the functional groups, we studied their 

degradation in methanolic solution after addition of aqueous HCl (pH<1) and NH3 (pH>10), 

respectively, for seven days (MeOH/H2O: 15/1, for details see the supporting information). All 

tested phosphine oxides 21-22, phosphinic and phosphonic acid 23a and 24a, alkoxyphosphinic 

acids 24b-c and 24g as well as acyclic dialkylphosphonates 24d-f were found to be stable under 

both, acidic and basic conditions. Interestingly, cyclic phosphonates 25b-d were less stable than 

their acyclic congeners 24d-f and decomposed under basic conditions.83 The cyclic NH-

phosphonamidate 26a decomposed quickly under both acidic and basic conditions, while the 

methylated analog 26b is stable at pH 11. In contrast to the cyclic phosphonates 25b-d, their aza-

analogs, namely the cyclic phosphonamides 27a-c were stable under basic conditions but 

decomposed under acidic conditions.

2.4 Physicochemical and in vitro properties of imatinib 36 and imatinib analogs 37-45. 

Having evaluated the properties of phosphorus-containing functional groups in small tool 

compounds based on a 4-CF3-phenyl core, we sought to investigate their effect on the 

Page 32 of 108

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



33

physicochemical properties of more drug-like molecules. To that end, we replaced the 

methylpiperazine motif in imatinib (36) with different functional groups (cf. Figure 5 and 

Scheme 7) and measured the physicochemical properties of these imatinib analogs 

(Table 3). In comparison to imatinib (36) and its analogs containing more classical 

functional groups like carboxylic acid 37a, and ester 37b, carboxamides 38, sulfoxide 39, 

sulfone 40, sulfoximines 41 and sulfonamides 42, the phosphorus-containing analogs 43-

45 cover a larger and more polar range of polarity as can be seen from their logD values 

at different pH (Table 3, Figure 7).

Figure 7: Graphical depiction of logD values of imatinib analogs at pH 11.
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Table 3: Physicochemical and in vitro parameters of imatinib (36) and imatinib analogs 

37-45.a,85

N

N

N NH

HN

O

Me

Ar =

logD
(HPLC assay)

Stability in 
human liver 
microsomes

Aqueous solubility 
(pH 6.8) [µg/mL]

Caco-2
permeability

human
PPBCompound85 Structure

pH 2 pH 11 T1/2 
[min] %QH

HPLC 
assay

Shake flask 
assay

PAB
[10−6 cm/s]

Efflux 
ratio [%]

36 Ar N
NMe −0.1 2.4 38 50 >122 2 20 1.6 96.9

37a
OHAr

O
0.8 −0.1 >130 <23 >135 n.v. 0.1 54 94.9

37b
OEtAr

O
1.9 3.5 <5 >88 <1 n.d. n.v. - n.d.

38a
NH2Ar

O
0.4 1.5 117 25 <1 n.d. 3 8.1 n.d.

38b
NHMeAr

O
0.5 1.7 >130 <23 <1 n.d. 8 4.9 n.d.

38c
NMe2Ar

O
0.7 2.0 67 37 <1 n.d. 19 2.2 n.d.

39 S
MeAr

O
0.4 1.7 97 29 <1 n.d. 7 5.3 n.d.

40 S
MeAr

OO
0.8 2.2 78 33 <1 n.d. 18 1.1 n.d.

41a S
MeAr

NHO
0.2 1.5 >130 <23 1 n.d. <5 - 85.4

41b S
MeAr

NMeO
0.2 1.8 26 60 <1 n.d. 17 2.4 n.d.

42a S
NH2Ar

OO
0.5 1.3 45 46 <1 n.d. <2 - n.d.

42b S
NHMeAr

OO
0.9 2.2 6 87 <1 n.d. 7 4.9 n.d.

42c S
NMe2Ar

OO
1.4 2.8 <5 >89 <1 n.d. 42 0.5 n.d.

43 P
MeAr
Me

O
0.4 1.5 >130 <23 77 20 0.1 16 83.7

44a P
OEtAr
Me

O
0.9 2.2 48 45 51 n.v. 5 9.9 n.v.
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logD
(HPLC assay)

Stability in 
human liver 
microsomes

Aqueous solubility 
(pH 6.8) [µg/mL]

Caco-2
permeability

human
PPBCompound85 Structure

pH 2 pH 11 T1/2 
[min] %QH

HPLC 
assay

Shake flask 
assay

PAB
[10−6 cm/s]

Efflux 
ratio [%]

44b P
OHAr
Me

O
0.6 −0.6 >130 <23 >115 >10,000 <0.1 - 88.1

45a P
OEtAr
OEt

O
1.5 2.8 17 70 1 < 1 18 1.6 98.1

45b P
OHAr
OEt

O
1.0 −0.6 >130 <23 >122 1,100 <0.1 - 95.4

45c P
OHAr
OH

O
0.4 −1.0 >130 <23 >115 700 <0.3 - 97.9

an.d.: not determined; n.v.: no valid data; color-coding: green: desirable, yellow: 
acceptable, red: undesirable.

It is not surprising that the increased polarity of the phosphorus-containing analogs 

leads to improved metabolic stability, i.e. increased half-life in human liver microsomes. 

In comparison to the N-methylpiperazine motif of imatinib (t1/2 = 26 min), the more polar 

phosphorus-containing analogs like phosphine oxide 43, phosphinic acid 44b, ethoxy 

phosphinic acid 45b and the phosphonic acid 45c clearly show improved metabolic 

stability (t1/2 >130 min). More lipophilic variants such as ethyl phosphinate 44a and 

diethylphosphonate 45a show microsomal stability comparable to that of imatinib. A 

marked improvement of metabolic stability can also be seen for for carboxylic acid 37a, 

methylamide 38b and sulfoximine 41a. 
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Kinase inhibitors tend to exhibit poor solubility and the methylpiperazine moiety of 

imatinib (36) was incorporated to improve both solubility and oral bioavailability.32,84 The 

aqueous solubility of imatinib and its analogs was first determined by an HPLC-based 

high-throughput assay starting from DMSO stock solution.85 However, as the solubility of 

imatinib (36) (>122 µg/mL) and several analogs was beyond the scope of this assay, we 

decided to analyze and compare the data from a shake-flask assay, which uses solid 

material and is not restricted by an upper limit for quantification of high solubilities. In the 

shake flask assay, imatinib (36) showed poor solubility of only 2 µg/mL, however, this 

strong discrepancy in comparison to the HPLC assay is likely due to the high crystallinity 

of the applied material. Amongst the classical functional groups tested only carboxylic 

acid 37a led to a similarly high solubility (HPLC assay), but at the cost of very poor Caco-2 

permeability. All other compounds with more classical functional groups (37b, 38-42) 

showed very poor solubility.

Amongst the uncharged phosphorus-containing analogs, lipophilic diethyl phosphonate 

45a showed poor solubility while phosphine oxide 43 and ethyl phosphinate 44a were 

moderately more soluble. In striking contrast, phosphinic acid 44b, ethoxyphosphinic acid 
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45b and phosphonic acid 45c (i.e. those phosphorus-containing analogs that are ionized at 

physiological pH), exhibited a very high solubility up to >10 mg/mL.

Some of the highly polar phosphorus-containing analogs still show moderate or even 

high Caco-2 permeability, such as ethyl phosphinate 44a and diethyl phosphonate 45a. 

Notably, the former represents an optimal compromise of polarity and acceptable 

microsomal stability, solubility and permeability.

In comparison to methylpiperazine imatinib (36) and its carboxylic acid analog 37a, 

which both show high binding to human plasma protein (hPPB) of 96.9% and 94.9%, the 

corresponding phosphine oxide 43 and sulfoximine 41a have a reduced hPPB of 83.7% 

and 85.4%, respectively. Interestingly, phosphinic acid 44b exhibits a comparatively low 

hPPB of 88.1%, while diethyl phosphonate 45a, ethoxyphosphinic acid 45b and 

phosphonic acid 45c show a high hPPB between 95.4% and 98.1%.

Although it was beyond the scope of this study on the properties of phosphorus-

containing functional groups, all imatinib analogs 37-45 were tested towards their 

inhibition of PDGFRβ, ABL1, LCK and KIT and found to show no or significantly reduced 

activity (see Table S2 in the supporting information for details).
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3. CONCLUSION

 In conclusion, a series of phosphorus-containing tool compounds comprising 

phosphine oxides, phosphonates, phosphinates, phosphonamidates and 

phosphonamides were synthesized and their physicochemical properties (logD, 

dissociation constant, aqueous solubility, chemical stability) and behavior in selected in 

vitro assays (microsomal stability, Caco-2 permeability) were explored. The impact of 

these functional groups on the scaffold of a real drug molecule was further evaluated in 

a series of phosphorus-containing analogs of imatinib.

As a rule of thumb for the lipophilicity of uncharged phosphorus-containing functional 

groups, phosphine oxides exhibit the highest polarity in a comparable range to sulfoxides 

and sulfoximines. They are more polar than dialkyl phosphonates and classical functional 

groups such as amides or sulfonamides. Phosphinic and phosphonic acids, which were 

found to be significantly more acidic than benzoic acid (two log units), are predominantly 

ionized at physiological pH and represent the most polar functional groups within this 

study.86
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Reflecting their high polarity, phosphine oxides and the other phosphorus-containing 

functional groups exhibited very high aqueous solubility and were found to be stable in 

human liver microsomes without revealing a metabolically weak spot. As expected for 

compounds of comparable low molecular weight, high permeability was found even for 

the most polar and some ionized phosphorus-containing tool compounds.

Phosphine oxides, acyclic dialkyl phosphonates as well as phosphinic and phosphonic 

acids were found to be stable under both acidic and basic conditions, while cyclic 

phosphonates, phosphonamidates and phosphonamides showed reduced stability under 

either acidic or basic conditions.

Our analysis of the phosphorus-containing analogs of imatinib showed that also on a 

real drug scaffold the high polarity of the tested phosphorus-containing functional groups 

can lead to improved metabolic stability and aqueous solubility. However, this comes at 

the cost of reduced permeability, and only ethyl phosphinate 44a represents a 

compromise between cell permeability and polarity.

In summary, the results from our study demonstrate that phosphine oxides and related 

phosphorus-containing functional groups are valuable polar structural elements without 

Page 39 of 108

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



40

principal flaws, at least as long as a reduced permeability is acceptable. They deserve to 

be considered as a routine part of every medicinal chemist’s toolbox and to be employed 

in medicinal chemistry just like other more commonly used functional groups.

4. EXPERIMENTAL SECTION

General Information. All commercially available chemicals were used as received from 

their commercial supplier. Anhydrous solvents were either purchased or prepared 

according to standard procedures87 and stored over molecular sieves under argon. 

Unless stated otherwise, all reactions were carried out using Schlenk technique under 

argon atmosphere. Flash column chromatography was performed on Biotage® SNAP 

KP-Sil cartridges (50 μm silica particle) using a Biotage Isolera Four system. Thin layer 

chromatography was performed with TLC Silica gel 60 F254 glass plates and products 

were visualized by either UV detection (254 nm) or a basic aqueous solution of potassium 

permanganate. Nuclear magnetic resonance (NMR) spectra were recorded at room 

temperature on a Bruker Avance 400 or Bruker Avance 600 spectrometer with 
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tetramethylsilane as an internal reference. Chemical shifts δ are reported in parts per 

million (ppm). 1H NMR spectra were referenced to the residual partially non-deuterated 

solvent signal of CHCl3 (δ = 7.27 ppm) or DMSO (δ = 2.50 ppm). 13C NMR spectra were 

referenced to the deuterated solvent signal of CDCl3 (δ = 77.00 ppm) or DMSO-d6 (δ = 

39.51 ppm). 19F NMR and 31P NMR spectra are referenced according to the unified 

chemical shift scale as recommended by the IUPAC.88 Collection of 13C, 19F and 31P NMR 

data was done with complete 1H decoupling. Coupling constants J are reported in Hz, 

and splitting patterns are described as br = broad, s = singlet, d = doublet, t = triplet, q = 

quartet and m = multiplet. Infrared spectra were recorded on a Thermo Nicolet iS10 FT-

IR Spectrometer using attenuated total reflectance (ATR) technique. Wave numbers of 

absorptions are reported in cm–1. Low resolution mass spectra were recorded on a Waters 

ZQ or Waters Acquity QDa, and high-resolution mass spectra were recorded on a Thermo 

Scientific LTQ Orbitrap XL or Waters Synapt G2-Si spectrometer using electrospray 

ionization in positive ion mode (ESI+). Unless specified otherwise, the purity of all final 

compounds was determined to be ≥95% by 1H NMR.
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Dimethyl(4-(trifluormethyl)phenyl)phosphine oxide (21a). A solution of Pd2(dba)3 

(45.8 mg, 50.0 μmol, 2.5 mol%) and Xantphos (57.9 mg, 100 μmol, 5.0 mol%) in 1,4-

dioxane (1.00 mL) is stirred at rt for 5 min and then added to a solution of 4-

(trifluoromethyl)phenyl iodide  (544 mg, 2.00 mmol, 1.0 equiv.), dimethylphosphine oxide 

(208 mg, 2.40 mmol, 1.2 equiv.) and Et3N (335 μL, 2.40 mmol, 1.2 equiv.) in 1,4-dioxane 

(4.00 mL). The reaction mixture is stirred at rt for 6 h. The reaction mixture is diluted with 

saturated aqueous NaHCO3 (40 mL) and the aqueous phase is extracted with DCM 

(3 x 25 mL). The combined organic phases are dried over MgSO4 and concentrated. The 

residue is purified by flash chromatography on silica gel (gradient of MeOH in DCM; 2% 

– 20% MeOH) to give 276 mg (62%) of the title compound as a white solid. 1H NMR 

(DMSO-d6, 400 MHz): δ = 7.97 – 8.05 (m, 2H), 7.86 – 7.92 (m, 2H), 1.70 (d, J = 13.5 Hz, 

6H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 141.0 (br d, J = 91 Hz), 131.0 – 131.9 (m), 

130.7 (d, J = 10 Hz), 124.8 – 125.4 (m), 123.8 (q, J = 273 Hz), 17.5 (d, J = 71 Hz) ppm. 

19F NMR (DMSO-d6, 565 MHz): δ = −61.57 ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 

32.42 ppm. IR (ATR): 2976, 2906, 1400, 1325, 1298, 1177, 1165, 1134, 1103, 1061, 942, 
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826, 721 cm-1. HRMS (ESI+) calculated for C9H11F3OP [M+H]+ m/z 223.0494, found 

223.0499.

Diethyl(4-(trifluormethyl)phenyl)phosphine oxide (21b). A solution of Pd2(dba)3 

(45.8 mg, 50.0 μmol, 2.5 mol%) and Xantphos (57.9 mg, 100 μmol, 5.0 mol%) in 1,4-

dioxane (1.00 mL) is stirred at rt for 5 min and then added to a solution of 4-

(trifluoromethyl)phenyl iodide  (544 mg, 2.00 mmol, 1.0 equiv.), diethylphosphine oxide 

(255 mg, 2.40 mmol, 1.2 equiv.) and Et3N (335 μL, 2.40 mmol, 1.2 equiv.) in 1,4-dioxane 

(4.00 mL). The reaction mixture is stirred at rt for 20 h. The reaction mixture is diluted with 

saturated aqueous NaHCO3 (40 mL), and the aqueous phase is extracted with DCM 

(3 x 25 mL). The combined organic phases are dried over MgSO4 and concentrated. The 

residue is purified by flash chromatography on silica gel (gradient of MeOH in DCM; 2% 

– 20% MeOH) to give 465 mg (93%) of the title compound as a brown solid. 1H NMR 

(DMSO-d6, 400 MHz): δ = 7.92 – 8.00 (m, 2H), 7.86 – 7.92 (m, 2H), 1.86 – 2.09 (m, 4H), 

0.93 (dt, J = 16.9, 7.7 Hz, 6H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 137.9 (br d, 

J = 85 Hz), 131.6 (d, J = 9 Hz), 130.8 – 131.8 (m), 124.9 – 125.3 (m), 123.8 (q, 

J = 272 Hz), 21.3 (d, J = 69 Hz), 5.2 (d, J = 6 Hz) ppm. 19F NMR (DMSO-d6, 565 MHz) δ 
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= −61.6 ppm. 31P NMR (DMSO-d6, 162 MHz) δ = 42.1 ppm. IR (ATR): 2972, 2943, 1400, 

1326, 1315, 1167, 1100, 1060, 840, 774, 706 cm-1. HRMS (ESI+) calculated for 

C11H15F3OP [M+H]+ m/z 251.0807, found 251.0810.

Diisopropyl(4-(trifluormethyl)phenyl)phosphine oxide (21c). A solution of Pd2(dba)3 

(45.8 mg, 50.0 μmol, 2.5 mol%) and Xantphos (57.9 mg, 100 μmol, 5.0 mol%) in 1,4-

dioxane (1.00 mL) is stirred at rt for 5 min and then added to a solution of 4-

(trifluoromethyl)phenyl iodide  (544 mg, 2.00 mmol, 1.0 equiv.), diisopropylphosphine 

oxide (322 mg, 2.40 mmol, 1.2 equiv.) and Et3N (335 μL, 2.40 mmol, 1.2 equiv.) in 1,4-

dioxane (7.00 mL). The reaction mixture is stirred at rt for 2 d. The reaction mixture is 

filtered over a plug of celite, and the filter cake is washed with EtOAc (60 mL). The 

combined organic filtrates are washed with saturated aqueous NaHCO3 (40 mL) and 

brine (40 mL), dried over MgSO4 and concentrated. The residue is repeatedly purified by 

flash chromatography on silica gel (gradient of MeOH in DCM; 2% – 20% MeOH, and 

gradient of MeOH in EtOAc; 2% – 20% MeOH) to give 247 mg (44%) of the title compound 

as a colorless solid. 1H NMR (DMSO-d6, 400 MHz): δ = 7.87 – 7.96 (m, 4H), 2.34 – 2.48 

(m, 2H), 1.07 (dd, J = 14.9, 7.1 Hz, 6H), 0.90 (dd, J = 15.9, 7.1 Hz, 6H) ppm. 13C NMR 
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(DMSO-d6, 101 MHz): δ = 135.5 (d, J = 79 Hz), 132.3 (d, J = 8 Hz), 130.7 – 131.9 (m), 

124.7 – 125.1 (m), 123.8 (q, J = 273 Hz), 24.3 (d, J = 67 Hz), 15.8 (d, J = 2 Hz), 14.7 (d, 

J = 3 Hz) ppm. 19F NMR (DMSO-d6, 565 MHz): δ = −61.5 ppm. 31P NMR (DMSO-d6, 162 

MHz): δ = 49.7 ppm. IR (ATR): 2959, 2925, 2870, 1330, 1322, 1175, 1156, 1122, 1102, 

1062, 1017, 839, 713, 690 cm-1. HRMS (ESI+) calculated for C13H19F3OP [M+H]+ m/z 

279.1120, found 279.1123.

1-[4-(Trifluoromethyl)phenyl]-1λ5-phosphetan-1-one (22a). Oxalyl chloride (609 µL, 

7.20 mmol, 3.0 equiv.) is added dropwise at 0 °C to a solution of 1-hydroxy-1λ5-

phosphetan-1-one (46a)62b,c (255 mg, 2.40 mmol, 1.0 equiv.) in anhydrous DCM 

(12.0 mL). The ice-bath is removed, and the reaction mixture is stirred at rt for 1 h. The 

reaction mixture is concentrated to dryness, and the residue is dissolved in THF 

(12.0 mL). The solution is cooled to 0 °C, before a freshly prepared solution of 

4-trifluoromethylphenylmagnesium bromide63 (0.5 M in THF; 5.04 mL, 2.52 mmol, 

1.05 equiv.) is added dropwise. The reaction mixture is allowed to warm to rt overnight 

and treated with saturated aqueous NH4Cl (40 mL). The aqueous phase is extracted with 

EtOAc (3 x 75 mL), and the combined organic phases are dried over Na2SO4 and 
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concentrated. The residue is repeatedly purified by preparative RP-HPLC (Waters 

SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) and flash chromatography on 

silica gel (gradient of MeOH in DCM; 0% – 5% MeOH) to give 112 mg (20%) of the title 

compound as a colorless solid. Rf (DCM:MeOH, 10:1) = 0.77. 1H NMR (DMSO-d6, 400 

MHz): δ = 8.06 – 8.13 (m, 2H), 7.90 – 7.95 (m, 2H), 2.70 – 2.85 (m, 4H), 1.97 – 2.22 (m, 

1H), 1.49 – 1.65 (m, 1H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 138.9 (d, J = 71 Hz), 

131.0 – 132.2 (m), 130.6 (d, J = 11 Hz), 125.3 – 125.9 (m), 123.8 (q, J = 272 Hz), 34.7 (d, 

J = 55 Hz), 8.3 (d, J = 22 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 38.4 ppm. IR 

(ATR): 1395, 1321, 1221, 1120, 1108, 1059, 931, 906, 848, 754, 713 cm-1. HRMS (ESI+) 

calculated for C10H11F3OP [M+H]+ m/z 235.0494, found 235.0493.

1-[4-(Trifluoromethyl)phenyl]-1λ5-phospholan-1-one (22b). Oxalyl chloride (508 µL, 

6.00 mmol, 3.0 equiv.) is added dropwise at 0 °C to a solution of 1-hydroxy-1λ5-

phospholan-1-one (46b)62b,c  (240 mg, 2.00 mmol, 1.0 equiv.) in anhydrous DCM 

(10.0 mL). The ice-bath is removed, and the reaction mixture is allowed to stir at rt for 1 h. 

The reaction mixture is concentrated to dryness, and the residue is dissolved in THF 

(10.0 mL). The solution is cooled to 0 °C, before a freshly prepared solution of 
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4-trifluoromethylphenylmagnesium halide63 (0.5 M in THF; 4.20 mL, 2.10 mmol, 

1.05 equiv.) is added dropwise. The reaction mixture is allowed to warm to rt overnight 

and treated with saturated aqueous NH4Cl (20 mL). The aqueous phase is extracted with 

EtOAc (3 x 30 mL), and the combined organic phases are dried over Na2SO4 and 

concentrated. The residue is repeatedly purified by preparative RP-HPLC (Waters 

SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) and flash chromatography on 

silica gel (gradient of MeOH in DCM; 2% – 5%) to give 172 mg (35%) of the title compound 

as a colorless solid. Rf (DCM:MeOH, 10:1) = 0.80. 1H NMR (DMSO-d6, 400 MHz): δ = 

7.95 – 8.02 (m, 2H), 7.87 – 7.91 (m, 2H), 1.97 – 2.11 (m, 4H), 1.81 – 1.97 (m, 4H) ppm. 

13C NMR (DMSO-d6, 101 MHz) δ = 140.1 (br d, J = 83 Hz), 131.3 – 131.6 (m), 131.0 (d, 

J = 10 Hz), 124.9 – 125.5 (m), 123.8 (q, J = 273 Hz), 28.8 (d, J = 68 Hz), 24.5 (d, 

J = 8 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 57.7 ppm. IR (ATR): 2966, 1322, 

1177, 1163, 1125, 1104, 1060, 1010, 842, 718, 707 cm-1. HRMS (ESI+) calculated for 

C11H13F3OP [M+H]+ m/z 249.0651, found 249.0650.

1-[4-(Trifluoromethyl)phenyl]-1λ5-phosphinan-1-one (22c). Oxalyl chloride (169 µL, 

2.00 mmol, 2.0 equiv.) is added dropwise at 0 °C to a solution of 1-hydroxy-1λ5-
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phosphinan-1-one (46c)62c (134 mg, 1.00 mmol, 1.0 equiv.) in anhydrous DCM (5.00 mL). 

The ice-bath is removed, and the reaction mixture is allowed to stir at rt for 1 h. The 

reaction mixture is concentrated to dryness, and the residue is dissolved in THF 

(5.00 mL). The solution is cooled to 0 °C, before a freshly prepared solution of 

4-trifluoromethylphenylmagnesium halide63 (1.0 M in THF; 1.20 mL, 1.20 mmol, 

1.2 equiv.) is added dropwise. The reaction mixture is allowed to warm to rt overnight and 

treated with of saturated aqueous NH4Cl (20 mL). The aqueous phase is extracted with 

EtOAc (3 x 30 mL), and the combined organic phases are dried over Na2SO4 and 

concentrated. The residue is repeatedly purified by preparative RP-HPLC (Waters 

SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) and flash chromatography on 

silica gel (gradient of MeOH in DCM; 0% – 7% MeOH) to give 82.5 mg (32%) of the title 

compound as a colorless solid. Rf (DCM:MeOH, 10:1) = 0.55. 1H NMR (CDCl3, 400 MHz): 

δ = 7.86 – 7.94 (m, 2H), 7.73 – 7.78 (m, 2H), 1.78 – 2.23 (m, 9H), 1.45 – 1.57 (m, 1H) 

ppm. 13C NMR (CDCl3, 101 MHz) δ = 137.7 (br d, J = 91 Hz), 133.6 (br d, J = 35 Hz), 

130.6 (d, J = 9 Hz), 125.2 – 125.7 (m), 123.5 (q, J = 273 Hz), 28.3 (d, J = 65 Hz), 26.6 (d, 

J = 7 Hz), 21.9 (d, J = 6 Hz) ppm. 31P NMR (CDCl3, 162 MHz): δ = 32.0 ppm. IR (ATR): 
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2934, 1324, 1168, 1157, 1126, 1061, 1017, 937, 850, 813, 804, 713, 691, 681 cm-1. 

HRMS (ESI+) calculated for C12H15F3OP [M+H]+ m/z 263.0807, found 263.0811.

4-[4-(Trifluoromethyl)phenyl]-1,4λ5-oxaphosphinan-4-one (22d). Oxalyl chloride 

(169 µL, 2.00 mmol, 2.0 equiv.) is added dropwise at 0 °C to a solution of 4-hydroxy-

1,4λ5-oxaphosphinan-4-one (46d)62b (136 mg, 1.00 mmol, 1.0 equiv.) in anhydrous DCM 

(5.00 mL). The ice-bath is removed, and the reaction mixture is allowed to stir at rt for 1 h. 

The reaction mixture is concentrated to dryness, and the residue is dissolved in THF 

(5.00 mL). The solution is cooled to 0 °C, before a freshly prepared solution of 

4-trifluoromethylphenylmagnesium halide63 (0.5 M in THF; 2.00 mL, 1.00 mmol, 1 equiv.) 

is added dropwise. The reaction mixture is allowed to warm to rt overnight and treated 

with saturated aqueous NH4Cl (40 mL). The aqueous phase is extracted with EtOAc 

(3 x 20 mL) and the combined organic phases are dried over Na2SO4 and concentrated. 

The residue is repeatedly purified by flash chromatography on silica gel (gradient of 

MeOH in DCM; 0% – 5% MeOH) and preparative RP-HPLC (Waters XBridgeTM C18, 

gradient of acetonitrile in water, 0.1% TFA) to give 64.1 mg (24%) of the title compound 

as a colorless solid. 1H NMR (CDCl3, 400 MHz): δ = 7.89 – 7.96 (m, 2H), 7.77 – 7.82 (m, 
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2H), 4.10 – 4.27 (m, 4H), 2.22 – 2.33 (m, 2H), 2.01 – 2.13 (m, 2H) ppm. 13C NMR (CDCl3, 

101 MHz) δ = 136.5 (br d, J = 95 Hz), 133.2 – 134.6 (m), 130.8 (d, J = 9 Hz), 125.6 – 

126.0 (m), 123.4 (q, J = 273 Hz), 64.6 (d, J = 8 Hz), 29.6 (d, J = 65 Hz) ppm. 31P NMR 

(CDCl3, 162 MHz): δ = 25.1 ppm. IR (ATR): 2861, 1329, 1318, 1199, 1166, 1159, 1156, 

1126, 1104, 1085, 1062, 1017, 809, 720 cm-1. HRMS (ESI+) calculated for C11H13F3O2P 

[M+H]+ m/z 265.0600, found 265.0605.

4-[4-(Trifluoromethyl)phenyl]-1,4λ5-azaphosphinan-4-one (22e). A suspension of 1-

benzyl-4-[4-(trifluoromethyl)phenyl]-1,4λ5-azaphosphinan-4-one (48) (282 mg, 

0.800 mmol, 1.0 equiv.) and Pd/C (10% Pd; 16.8 mg, 2.0 mol %) in EtOH (4.00 mL) is 

stirred under an atmosphere of H2 (60 psi) at 50 °C for 24 h. The reaction mixture is 

filtered, and the filtrate is concentrated. The residue is purified by preparative RP-HPLC 

(Waters XBridgeTM Phenyl, gradient of acetonitrile in water, 0.1% NH4OH) to give 136 mg 

(65%) of the title compound as a colorless solid. 1H NMR (CDCl3, 400 MHz): δ = 7.88 – 

7.95 (m, 2H), 7.75 – 7.79 (m, 2H), 3.36 – 3.47 (m, 2H), 3.18 – 3.32 (m, 2H), 2.00 – 2.18 

(m, 4H) ppm. 13C NMR (CDCl3, 101 MHz) δ = 137.2 (br d, J = 93 Hz), 133.4 – 134.5 (m), 

130.7 (d, J = 10 Hz), 125.4 – 125.9 (m), 123.5 (q, J = 273 Hz), 42.8 (d, J = 7 Hz), 29.9 (d, 
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J = 65 Hz) ppm. 31P NMR (CDCl3, 162 MHz): δ = 28.7 ppm. IR (ATR): 3274, 1399, 1323, 

1156, 1140, 1104, 1060, 1013, 947, 808, 717 cm-1. HRMS (ESI+) calculated for 

C11H14F3NOP [M+H]+ m/z 264.0760, found 264.0765.

1-Methyl-4-[4-(trifluoromethyl)phenyl]-1,4λ5-azaphosphinan-4-one (22f). 4-(Trifluoro-

methyl)phenyl iodide  (272 mg, 1.00 mmol, 1.0 equiv.) is added to a solution of Pd2(dba)3 

(11.4 mg, 12.5 μmol, 2.5 mol%), Xantphos (14.5 mg, 25.0 μmol, 5.0 mol%), and 

1-methyl-1,4λ5-azaphosphinan-4-one (47b) (9.9 mg, 600 μmol, 1.2 equiv.) in DIPEA 

(128 μL, 750 μmol, 1.5 equiv.) and DMF (2.00 mL). The reaction mixture is sealed in a 

microwave vial and heated at 80 °C for 3 d. The reaction mixture is filtered and directly 

purified by preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 

0.1% NH4OH) to give 78.0 mg (56%) of the title compound as light-yellow oil. 1H NMR 

(DMSO-d6, 400 MHz): δ = 8.00 – 8.09 (m, 2H), 7.87 – 7.93 (m, 2H), 2.65 – 2.83 (m, 4H), 

2.23 – 2.34 (m, 5H), 1.89 – 2.02 (m, 2H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 138.1 

(br d, J = 91 Hz), 131.4 – 132.2 (m), 131.3 (d, J = 10 Hz), 125.2 – 125.8 (m), 123.7 (q, 

J = 272 Hz), 51.0 (d, J = 7 Hz), 45.7, 27.1 (d, J = 66 Hz) ppm. 31P NMR (DMSO-d6, 162 

MHz): δ = 26.1 ppm. IR (ATR): 2790, 1322, 1254, 1170, 1156, 1128, 1105, 1062, 1013, 
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922, 812, 721, 605 cm-1. HRMS (ESI+) calculated for C12H16F3NOP [M+H]+ m/z 278.0916, 

found 278.0922.

1-Isopropyl-4-[4-(trifluoromethyl)phenyl]-1,4λ5-azaphosphinan-4-one (22g). 

4-(Trifluoromethyl)phenyl iodide  (272 mg, 1.00 mmol, 1.0 equiv.) is added to a solution 

of Pd2(dba)3 (11.4 mg, 12.5 μmol, 2.5 mol%), Xantphos (14.5 mg, 25.0 μmol, 5.0 mol%), 

and 1-isopropyl-1,4λ5-azaphosphinan-4-one (47c) (79.9 mg, 600 μmol, 1.2 equiv.) in 

DIPEA (128 μL, 750 μmol, 1.5 equiv.) and DMF (2.00 mL). The reaction mixture is sealed 

in a microwave vial and heated at 80 °C for 3 d. The reaction mixture is filtered and directly 

purified by preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 

0.1% NH4OH) to give 72.0 mg (47%) of the title compound as a colorless solid. 1H NMR 

(DMSO-d6, 400 MHz): δ = 7.99 – 8.08 (m, 2H), 7.87 – 7.92 (m, 2H), 2.75 – 2.95 (m, 5H), 

2.15 – 2.27 (m, 2H), 1.87 – 2.00 (m, 2H), 0.98 (d, J = 6.6 Hz, 6H) ppm. 13C NMR (DMSO-

d6, 101 MHz) δ = 138.3 (br d, J = 90 Hz), 131.4 – 131.8 (m), 131.3 (d, J = 9 Hz), 125.2 – 

125.6 (m), 123.7 (q, J = 273 Hz), 54.3, 44.5 (d, J = 7 Hz), 28.2 (d, J = 66 Hz), 17.9 ppm. 

31P NMR (DMSO-d6, 162 MHz): δ = 28.3 ppm. IR (ATR): 2968, 2814, 1330, 1318, 1257, 
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1205, 1160, 1127, 1104, 1062, 1015, 922, 816, 720, 699 cm-1. HRMS (ESI+) calculated 

for C14H20F3NOP [M+H]+ m/z 306.1229, found 306.1234.

Methyl(4-(trifluoromethyl)phenyl)phosphinic acid (23a). 4-(Trifluoromethyl)phenyl 

iodide  (136 mg, 500 µmol, 1.0 equiv.), ethyl methylphosphinate (64.8 mg, 600 µmol, 

1.2 equiv.) and DIPEA (111 µL, 650 µmol, 1.3 equiv.) is added to a solution of Pd(OAc)2 

(2.25 mg, 10.0 µmol, 2.0 mol%) and Xantphos (6.36 mg, 11.0 µmol, 2.2 mol%) in DMF 

(1.80 mL) and DME (200 µL). The reaction mixture is sealed in a microwave vial and 

heated at 115 °C overnight. The reaction mixture is acidified with TFA and purified by 

preparative RP-HPLC (Waters XBridgeTM Phenyl, gradient of acetonitrile in water, 0.1% 

TFA) to give 47.0 mg (42%) of the title compound as a colorless solid. 1H NMR (DMSO-

d6, 400 MHz): δ = 7.95 (br dd, J = 11.0, 8.3 Hz, 2H), 7.82 – 7.90 (m, 2H), 1.56 (d, 

J = 14.6 Hz, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 140.3 (br d, J = 124 Hz), 131.5 

(br d, J = 3 Hz), 131.2 (br d, J = 11 Hz), 125.0 - 125.2 (m), 123.8 (q, J = 273 Hz), 16.5 (d, 

J = 100 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 32.7 ppm. IR (ATR): 2156, 1688, 

1399, 1322, 1306, 1161, 1123, 1104, 1061, 1021, 968, 885, 836, 763 cm-1. HRMS (ESI+) 

calculated for C8H9F3O2P [M+H]+ m/z 225.0287, found 225.0293.
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Ethyl methyl[4‐(trifluoromethyl)phenyl]phosphinate (23b). A mixture of 4-(trifluoro-

methyl)phenyl iodide   (272 mg, 1.0 mmol, 1.0 equiv.), ethyl methylphosphinate (216 mg, 

2.0 mmol, 2.0 equiv.), N,N-diisopropylamine (226 µL, 1.3 mmol, 1.3 equiv.) and 

XantphosPd G3 (95 mg, 0.10 mmol, 10 mol%) in toluene (4 mL) is stirred at 100 °C for 

2 h. The mixture is allowed to cool to rt, and Palladium scavenger SiliaMetS-DMT 

(Dimercaptotriazine, R79030B) (200 mg) is added, and stirring is continued for 15 min. 

The reaction mixture is filtered, and the filtrate is concentrated under reduced pressure. 

The residue is repeatedly purified by preparative RP-HPLC (Waters XBridgeTM C18, 

gradient of acetonitrile in water, 0.15% NH4OH) and flash chromatography on silica gel 

(gradient of EtOAc in cyclohexane: 10% – 90% EtOAc) to give 95 mg (37%) of the title 

compound as colorless oil. 1H NMR (DMSO-d6, 400 MHz): δ = 7.99 (dd, J = 11.4, 8.3 Hz, 

2H), 7.91 (dd, J =8.3, 2.2 Hz, 2H), 3.96 (ddq, J = 10.2, 8.1, 7.1 Hz, 1 H), 3.79 (ddq, J = 

10.2, 8.1, 7.1 Hz, 2 H), 1.71 (d, J = 14.7 Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H) ppm. 13C NMR 

(DMSO-d6, 101 MHz) δ = 137.1 (d, J = 123.5 Hz), 131.8 (d, J = 10.3 Hz), 131.7-132.0 

(m), 125.3 (dq, J = 12.3, 3.7 Hz), 123.7 (br. q, J = 272.3 Hz), 60.2 (d, J = 6.0 Hz), 16.2 (d, 

J = 6.0 Hz), 14.7 (d, J = 101.1 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 39.8 ppm.
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[4-(Trifluoromethyl)phenyl]phosphonic acid (24a). Bromotrimethylsilane (7.16 mL, 

54.2 mmol, 3.0 equiv.) is added slowly at 0 °C to a solution of diethyl [4-(trifluoro-

methyl)phenyl]phosphonate (24e) (5.10 g, 18.1 mmol, 1.0 equiv.) in MeCN (100 mL), and 

the reaction mixture is allowed to warm to rt overnight. Water (50 mL) is added, and the 

mixture is concentrated to dryness. The residue is purified by preparative RP-HPLC 

(Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 3.49 g (85%) 

of the title compound as a colorless solid. The spectral data is in accordance with literature 

reports.82

Methoxy[4‐(trifluoromethyl)phenyl]phosphinic acid (24b). According to a procedure 

reported in the literature,67 4-bromobenzotrifluoride (280 µL, 2.00 mmol, 1.0 equiv.) and 

dimethyl phosphite (222 µL, 2.40 mmol, 1.2 equiv.) is added to a suspension of Pd(OAc)2 

(8.98 mg, 40.0 μmol, 2 mol%), dppf (44.4 mg, 80.0 μmol 4 mol%), KOAc (19.6 mg, 

200 µmol, 10 mol%) and DIPEA (453 µL, 2.60 mmol, 1.3 equiv.) in THF (10.0 mL). The 

reaction mixture is sealed in a microwave vial and heated at 75 °C overnight. The reaction 

mixture is filtered over a plug of celite and concentrated. The residue is purified by 

preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 0.1% TFA) 
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to give 330 mg (69%) of the title compound as a light-yellow oil. 1H NMR (DMSO-d6, 400 

MHz): δ = 7.84 – 7.92 (m, 4H), 3.55 ppm (s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ 

= 135.6 (br d, J = 181 Hz), 131.9 (d, J = 10 Hz), 130.8 – 131.8 (m), 125.2 (br dd, J = 14, 

4 Hz), 123.9 (q, J = 273 Hz), 51.9 (d, J = 5 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 

13.7 ppm. IR (ATR): 1400, 1321, 1167, 1124, 1106, 1061, 1040, 1017, 981, 837, 807, 

774, 705 cm-1. HRMS (ESI+) calculated for C8H9F3O3P [M+H]+ m/z 241.0236, found 

241.0234.

Ethoxy[4‐(trifluoromethyl)phenyl]phosphinic acid (24c). Aqueous NaOH (4 M, 2.5 mL, 

10.0 mmol, 20.0 equiv.) is added to a solution of diethyl 

[4-(trifluoromethyl)phenyl]phosphonate (24e, 141 mg, 500 µmol, 1.0 equiv.) in EtOH 

(2.50 mL), and the reaction mixture is stirred at rt for 5 d. Aqueous HCl (1 M, 20 mL) is 

added, and the aqueous phase is extracted with DCM (4 x 15 mL). The combined organic 

phases are dried over MgSO4 and concentrated. The residue is purified by RP-HPLC 

(Waters XBridgeTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 95.0 mg (75%) 

of the title compound as a colorless solid. 1H NMR (DMSO-d6, 400 MHz): δ = 7.83 – 7.94 

(m, 4H), 3.91 (dq, J = 8.1, 7.1 Hz, 2H), 1.18 (t, J = 7.0 Hz, 3H) ppm. 13C NMR (DMSO-d6, 
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101 MHz) δ = 136.3 (br d, J = 181 Hz), 131.8 (d, J = 10 Hz), 131.2 – 131.7 (m), 124.9 – 

125.5 (m), 121.1 (q, J = 273 Hz), 61.0 (d, J = 5 Hz), 16.2 (d, J = 6 Hz) ppm. 31P NMR 

(DMSO-d6, 162 MHz): δ = 12.3 ppm. IR (ATR): 2501, 2228, 1399, 1320, 1216, 1162, 

1125, 1107, 1063, 1040, 1007, 967, 836, 805, 708 cm-1. HRMS (ESI+) calculated for 

C9H11F3O3P [M+H]+ m/z 255.0392, found 255.0390.

Dimethyl [4-(trifluoromethyl)phenyl]phosphonate (24d). The reaction was performed 

following a literature report.53 Copper(I) oxide (14.3 mg, 100 μmol, 5.0 mol%) and 

1,10-phenanthroline (36.0 mg, 200 μmol, 10 mol%) is added to a solution of 4-(trifluoro-

methyl)phenylboronic acid (380 mg, 2.00 mmol, 1.0 equiv.), dimethyl phosphite 

(242 mg, 2.20 mmol, 1.1 equiv.) and DIPEA (511 μL, 3.00 mmol, 1.5 equiv.) in MeCN 

(5.00 mL), and the reaction mixture is stirred open to air for 3 d. The reaction mixture is 

diluted with saturated aqueous NaHCO3 (50 mL) and EtOAc (40 mL). The organic phase 

is dried over MgSO4 and concentrated. The residue is purified by flash chromatography 

on silica gel (gradient of EtOAc in cyclohexane; 10% – 50% EtOAc) to give 180 mg (35%) 

of the title compound as a colorless oil. The spectral data is in accordance with literature 

reports.45 
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Diethyl [4-(trifluoromethyl)phenyl]phosphonate (24e). The reaction was performed 

using an adopted literature report.67 4-Bromobenzotrifluoride (4.50 mL, 20.0 mmol, 

1.0 equiv.) and diethyl phosphite (3.31 mL, 24.0 mmol, 1.2 equiv.) is added to a 

suspension of Pd(OAc)2 (89.8 mg, 400 μmol, 2.0 mol%), dppf (444 mg, 800 μmol 

4.0 mol%), KOAc (196 mg, 2.00 mmol, 10 mol%) and DIPEA (4.42 mL, 3.00 mmol, 

1.3 equiv.) in THF (100 mL), and the reaction mixture is refluxed overnight. The mixture 

is filtered over a plug of celite and concentrated. The residue is dissolved in water 

(100 mL) and brine (100 mL), and the aqueous phase is extracted with EtOAc 

(3 x 100 mL). The combined organic phases are dried over Na2SO4 and concentrated. 

The residue is purified by preparative RP-HPLC (Waters SunFireTM C18, gradient of 

acetonitrile in water, 0.1% TFA) to give 5.10 g (90%) of the title compound as colorless 

oil. The spectral data is in accordance with literature reports.53 

Diisopropyl [4-(trifluoromethyl)phenyl]phosphonate (24f). The reaction was performed 

using an adopted literature report.42c Pd(OAc)2 (4.49 mg, 20.0 μmol, 2.0 mol%) and dppf 

(12.2 mg, 22.0 μmol 2.2 mol%) is added to a solution of 4-(trifluoromethyl)phenyl iodide  

(147 μL, 1.0 mmol, 1.0 equiv.), diisopropyl phosphite (199 mg, 1.20 mmol, 1.2 equiv.) 
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and DIPEA (226 μL, 1.30 mmol, 1.3 equiv.) in DMF (9.00 mL) and DME (1.00 mL). The 

reaction mixture is sealed in a microwave vial and heated at 115 °C overnight. The 

reaction mixture is diluted with EtOAc (30 mL) and the organic phase is extracted with 

water (2 x 20 mL) and brine (20 mL), dried over Na2SO4 and concentrated. The residue 

is purified by flash chromatography on silica gel (gradient of EtOAc in cyclohexane; 0% – 

3% EtOAc) to give 230 mg (74%) of the title compound as a yellow oil. The spectral data 

is in accordance with literature reports.42c 

2-Hydroxyethoxy(4-(trifluoromethyl)phenyl)phosphinic acid (24g). A solution of 

[4-(trifluoromethyl)phenyl]phosphonic dichloride (49)  (263 mg, 1.00 mmol, 1.0 equiv.) in 

THF (3.00 mL) is added dropwise at 0 °C to a solution of ethylene glycol (55.9 μL, 

1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 2.0 equiv.) in THF (20.0 mL), and 

the reaction mixture is allowed to warm to rt overnight. The reaction mixture is filtered 

over a plug of celite, and the filter cake is rinsed with EtOAc (20 mL). The combined 

filtrates are concentrated and purified by flash chromatography on silica gel (gradient of 

MeOH in DCM; 0% – 15% MeOH) to give 51.0 mg (20%) of the title compound as 

colorless oil. Rf (DCM:MeOH, 20:1) = 0.10. 1H NMR (DMSO-d6, 400 MHz): δ = 7.88 – 
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7.96 (m, 2H), 7.81 – 7.88 (m, 2H), 3.83 (dt, J = 7.5, 5.2 Hz, 2H), 3.52 (t, J = 5.2 Hz, 

2H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 136.0 (br d, J = 182 Hz), 131.9 (d, 

J = 10 Hz), 131.2 – 131.8 (m), 124.8 – 125.4 (m), 123.8 (q, J = 273 Hz), 66.6 (d, J = 6 Hz), 

60.3 (d, J = 7 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 12.8 ppm. IR (ATR): 3284, 

1653, 1400, 1322, 1168, 1125, 1062, 1017, 987, 951, 837, 706 cm-1. HRMS (ESI+) 

calculated for C9H11F3O4P [M+H]+ m/z 271.0342, found 271.0343.

2-[4-(Trifluoromethyl)phenyl]-1,3,2λ5-dioxaphosphinan-2-one (25b). A solution of 

[4-(trifluoromethyl)phenyl]phosphonic dichloride (49) (263 mg, 1.00 mmol, 1.0 equiv.) in 

THF (3.00 mL) is added dropwise at 0 °C to a solution of 1,3-propandiol (79.9 mg, 

1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 2.0 equiv.) in THF (20.0 mL), and 

the reaction mixture is allowed to warm to rt overnight. The reaction mixture is filtered 

over a plug of celite and the filter cake is rinsed with EtOAc (20 mL). The combined 

filtrates are concentrated and repeatedly purified by flash chromatography on silica gel 

(gradient of MeOH in DCM; 0% – 5% MeOH and gradient of EtOAc in cyclohexane; 50% 

– 100% EtOAc) to give 130 mg (49%) of the title compound as colorless oil. Rf 

(DCM:MeOH, 20:1) = 0.45. 1H NMR (DMSO-d6, 400 MHz): δ = 7.90 – 7.98 (m, 4H), 4.45 
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– 4.56 (m, 2H), 4.21 – 4.31 (m, 2H), 2.09 – 2.21 (m, 1H), 1.88 – 1.98 (m, 1H) ppm. 13C 

NMR (DMSO-d6, 101 MHz) δ = 133.6, 132.0 (d, J = 11 Hz), 131.5 – 132.9 (m), 125.5 – 

126.2 (m), 123.6 (q, J = 273 Hz), 68.1 (d, J = 6 Hz), 25.8 (d, J = 8 Hz) ppm. 31P NMR 

(DMSO-d6, 162 MHz): δ = 9.5 ppm. IR (ATR): 2901, 1400, 1321, 1125, 1049, 1018, 932, 

875, 808, 754, 708, 698 cm-1. HRMS (ESI+) calculated for C10H11F3O3P [M+H]+ m/z 

267.0392, found 267.0392.

5,5-Dimethyl-2-[4-(trifluoromethyl)phenyl]-1,3,2λ5-dioxaphosphinan-2-one (25c). A 

solution of [4-(trifluoromethyl)phenyl]phosphonic dichloride (49) (263 mg, 1.00 mmol, 

1.0 equiv.) in THF (3.00 mL) is added dropwise to a solution of 2,2-dimethyl-1,3-

propandiol (109 mg, 1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 2.0 equiv.) in 

THF (20.0 mL) at 0 °C, and the reaction mixture is allowed to warm to rt overnight. The 

reaction mixture is filtered over a plug of celite and the filter cake is rinsed with EtOAc 

(20 mL). The combined filtrates are concentrated, and the residue is purified by flash 

chromatography on silica gel (gradient of MeOH in DCM; 0% – 5% MeOH) to give 238 mg 

(81%) of the title compound as a colorless solid. Rf (DCM:MeOH, 20:1) = 0.25. 1H NMR 

(DMSO-d6, 400 MHz): δ = 7.91 – 7.99 (m, 4H), 4.15 (dd, J = 15.5, 11.2 Hz, 2H), 3.98 (dd, 
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J = 11.2, 7.7 Hz, 2H), 1.15 (s, 3H), 0.92 (s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 

132.2 – 132.8 (m), 131.9 (d, J = 11 Hz), 132.0 (br d, J = 182 Hz), 125.5 – 126.2 (m), 123.6 

(q, J = 273 Hz), 76.3 (d, J = 6 Hz), 32.1 (d, J = 6 Hz), 21.0, 20.0 ppm. 31P NMR (DMSO-

d6, 162 MHz): δ = 9.4 ppm. IR (ATR): 2977, 1472, 1397, 1325, 1241, 1163, 1121, 1053, 

1001, 961, 910, 826, 815, 710, 630 cm-1. HRMS (ESI+) calculated for C12H15F3O3P [M+H]+ 

m/z 295.0705, found 295.0707.

2-[4-(Trifluoromethyl)phenyl]-1,3,6,2λ5-dioxazaphosphocan-2-one hydrochloride (25d). 

Tert-butyl 2-oxo-2-[4-(trifluoromethyl)phenyl]-1,3,6,2λ5-dioxazaphosphocan-6-

carboxylate (50) (39.5 mg, 100 μmol, 1 equiv.) is dissolved in anhydrous HCl (4 M in 

1,4-dioxane; 0.200 mL), and the reaction mixture is stirred at rt for 1 h. The solution is 

concentrated to give 33.0 mg (quant.) of the title compound as a colorless solid. 1H NMR 

(DMSO-d6, 400 MHz): δ = 9.73 (br s, 2H), 8.01 – 8.08 (m, 2H), 7.95 – 8.01 (m, 2H), 4.45 

– 4.55 (m, 2H), 4.29 – 4.42 (m, 2H), 3.38 – 3.52 (m, 4H) ppm. 13C NMR (DMSO-d6, 101 

MHz) δ = 132.5 – 133.1 (m), 132.0 (d, J = 10 Hz), 131.2 (br d, J = 189 Hz), 125.4 – 126.0 

(m), 123.5 (q, J = 273 Hz), 62.8 (br d, J = 7 Hz), 46.3 ppm. 31P NMR (DMSO-d6, 162 

MHz): δ = 14.7 ppm. IR (ATR): 2807, 1575, 1399, 1323, 1267, 1046, 1107, 1063, 1033, 
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990, 923, 840, 817, 737, 703 cm-1. HRMS (ESI+) calculated for C11H14F3NO3P [M+H]+ m/z 

296.0658, found 296.0659.

2-[4-(Trifluoromethyl)phenyl]-1,3,2λ5-oxazaphosphinan-2-one (26a). A solution of 

[4-(trifluoromethyl)phenyl]phosphonic dichloride (49) (263 mg, 1.00 mmol, 1.0 equiv.) in 

THF (3.00 mL) is added dropwise to a solution of 3-amino-1-propanol (78.9 mg, 

1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 2.0 equiv.) in THF (20.0 mL) at 

0 °C, and the reaction mixture is allowed to warm to rt overnight. The reaction mixture is 

filtered through a plug of celite and the filter cake is rinsed with EtOAc (20 mL). The 

combined filtrates are concentrated and purified by flash chromatography on silica gel 

(gradient of MeOH in DCM; 0% – 5% MeOH) to give 251 mg (95%) of the title compound 

as colorless oil. Rf (DCM:MeOH, 20:1) = 0.31. 1H NMR (DMSO-d6, 400 MHz): δ = 7.84 – 

7.93 (m, 4H), 5.53 – 5.62 (m, 1H), 4.27 – 4.39 (m, 1H), 3.97 (dddd, J = 11.3, 10.2, 6.4, 

2.8 Hz, 1H), 3.16 – 3.28 (m, 1H), 2.97 – 3.07 (m, 1H), 1.85 – 1.97 (m, 1H), 1.59 – 1.69 

(m, 1H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 137.6 (br d, J = 162 Hz), 131.5 (d, 

J = 10 Hz), 130.6 – 131.8 (m), 125.2 – 125.6 (m), 123.8 (q, J = 273 Hz), 67.9 (d, J = 7 Hz), 

40.3 (d, J = 2 Hz), 25.7 (d, J = 8 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 14.2 ppm. 
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IR (ATR): 3226, 1322, 1233, 1167, 1123, 1106, 1062, 1045, 1019, 982, 945, 871, 834, 

789, 758 cm-1. HRMS (ESI+) calculated for C10H12F3NO2P [M+H]+ m/z 266.0552, found 

266.0551.

3-Methyl-2-[4-(trifluoromethyl)phenyl]-1,3,2λ5-oxazaphosphinan-2-one (26b). A 

solution of [4-(trifluoromethyl)phenyl]phosphonic dichloride (49) (263 mg, 1.00 mmol, 

1.0 equiv.) in THF (3.00 mL) is added dropwise to a solution of 3-methylamino-1-propanol 

(93.6 mg, 1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 2.0 equiv.) in THF 

(20.0 mL) at 0 °C, and the reaction mixture is allowed to warm to rt overnight. The reaction 

mixture is filtered over a plug of celite, and the filter cake is rinsed with EtOAc (20 mL). 

The combined filtrates are concentrated and purified by flash chromatography on silica 

gel (gradient of MeOH in DCM+0.1% Et3N; 0% – 5% MeOH) to give 189 mg (68%) of the 

title compound as a colorless oil. Rf (DCM+0.1% Et3N:MeOH, 20:1) = 0.48. 1H NMR 

(DMSO-d6, 400 MHz): δ = 7.84 – 7.92 (m, 4H), 4.28 – 4.38 (m, 1H), 4.12 – 4.22 (m, 1H), 

3.14 – 3.26 (m, 2H), 2.58 (d, J = 9.9 Hz, 3H), 1.99 – 2.11 (m, 1H), 1.88 – 1.99 (m, 1H) ppm. 

13C NMR (DMSO-d6, 101 MHz) δ = 136.5 (br d, J = 168 Hz), 132.0 (d, J = 10 Hz), 130.9 

– 131.8 (m), 125.2 – 125.7 (m), 123.8 (q, J = 273 Hz), 67.3 (d, J = 7 Hz), 48.7, 35.1 (d, 
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J = 4 Hz), 25.5 (d, J = 5 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 14.9 ppm. IR 

(ATR): 2900, 1322, 1233, 1166, 1122, 1105, 1061, 1043, 1017, 975, 926, 875, 837, 793, 

783 cm-1. HRMS (ESI+) calculated for C11H14F3NO2P [M+H]+ m/z 280.0709, found 

280.0718.

1,3-Dimethyl-2-[4-(trifluoromethyl)phenyl]-1,3,2λ5-diazaphospholan-2-one (27a). A 

solution of [4-(trifluoromethyl)phenyl]phosphonic dichloride (49) (263 mg, 1.00 mmol, 

1.0 equiv.) in THF (3.00 mL) is added dropwise to a solution of N,N’-

dimethylethylenediamine (113 μL, 1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 

2.0 equiv.) in THF (20.0 mL) at 0 °C, and the reaction mixture is allowed to warm to rt 

overnight. The reaction mixture is filtered over a plug of celite, and the filter cake is rinsed 

with EtOAc (20 mL). The combined filtrates are concentrated and purified by flash 

chromatography on silica gel (gradient of MeOH in DCM; 0% – 5% MeOH) to give 238 mg 

(86%) of the title compound as a colorless oil. Rf (DCM:MeOH, 20:1) = 0.39. 1H NMR 

(DMSO-d6, 400 MHz): δ = 7.79 – 7.87 (m, 4H), 3.26 – 3.30 (m, 2H), 3.18 – 3.25 (m, 2H), 

2.38 (d, J = 9.9 Hz, 6H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 136.9 (br d, J = 151 Hz), 

132.8 (d, J = 10 Hz), 130.9 – 131.6 (m), 124.8 – 125.5 (m), 124.4 (q, J = 273 Hz), 47.6 (d, 
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J = 9 Hz), 31.0 (d, J = 6 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 26.0 ppm.IR (ATR): 

1397, 1321, 1266, 1212, 1158, 1119, 1103, 1061, 1035, 1016, 941, 837, 727, 719 cm-1. 

HRMS (ESI+) calculated for C11H15F3N2OP [M+H]+ m/z 279.0869, found 279.0874.

2-[4-(Trifluoromethyl)phenyl]-1,3,2λ5-diazaphosphinan-2-one (27b). A solution of 

[4-(trifluoromethyl)phenyl]phosphonic dichloride (49) (263 mg, 1.00 mmol, 1.0 equiv.) in 

THF (3.00 mL) is added dropwise to a solution of 1,3-propanediamine (77.8 mg, 

1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 2.0 equiv.) in THF (20.0 mL) at 

0 °C, and the reaction mixture is allowed to warm to rt overnight. The reaction mixture is 

filtered over a plug of celite, and the filter cake is rinsed with EtOAc (20 mL). The 

combined filtrates are concentrated and purified by flash chromatography on silica gel 

(gradient of MeOH in DCM+0.1% Et3N; 0% – 10% MeOH) to give 58.0 mg (22%) of the 

title compound as a colorless solid. Rf (DCM+0.1% Et3N:MeOH, 20:1) = 0.27. 1H NMR 

(DMSO-d6, 400 MHz): δ = 7.87 – 7.95 (m, 2H), 7.79 – 7.84 (m, 2H), 4.84 – 4.92 (m, 2H), 

3.08 – 3.22 (m, 2H), 2.83 – 2.93 (m, 2H), 1.64 – 1.77 (m, 1H), 1.47 – 1.57 (m, 1H) ppm. 

13C NMR (DMSO-d6, 101 MHz) δ = 141.7 (br d, J = 143 Hz), 131.2 (d, J = 10 Hz), 129.4 

– 130.8 (m), 124.5 – 125.2 (m), 124.0 (q, J = 272 Hz), 41.2 (d, J = 3 Hz), 26.2 (d, 
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J = 6 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 13.5 ppm. IR (ATR): 3181, 1395, 

1314, 1185, 1159, 1113, 1100, 1058, 1016, 998, 960, 868, 828, 797, 701 cm-1. HRMS 

(ESI+) calculated for C10H13F3N2OP [M+H2O+H]+ m/z 283.0818, found 283.0818.

1,3-Dimethyl-2-[4-(trifluoromethyl)phenyl]-1,3,2λ5-diazaphosphinan-2-one (27c). A 

solution of [4-(trifluoromethyl)phenyl]phosphonic dichloride (49) (263 mg, 1.00 mmol, 

1.0 equiv.) in THF (3.00 mL) is added dropwise to a solution of N,N’-dimethyl-1,3-

propanediamine (107 mg, 1.05 mmol, 1.05 equiv.) and Et3N (278 μL, 2.00 mmol, 

2.0 equiv.) in THF (20.0 mL) at 0 °C, and the reaction mixture is allowed to warm to rt 

overnight. The reaction mixture is filtered over a plug of celite, and the filter cake is rinsed 

with EtOAc (20 mL). The combined filtrates are concentrated and purified by flash 

chromatography on silica gel (gradient of MeOH in DCM; 0% – 5% MeOH) to give 207 mg 

(71%) of the title compound as a colorless oil. Rf (DCM+0.1% Et3N:MeOH, 20:1) = 0.30. 

1H NMR (DMSO-d6, 400 MHz): δ = 7.79 – 7.88 (m, 4H), 3.05 – 3.21 (m, 4H), 2.39 (d, 

J = 10.0 Hz, 6H), 1.97 – 2.09 (m, 1H), 1.83 – 1.93 (m, 1H) ppm. 13C NMR (DMSO-d6, 101 

MHz) δ = 138.1 (br d, J = 146 Hz), 132.2 (d, J = 9 Hz), 130.0 – 131.4 (m), 124.8 – 125.3 

(m), 123.9 (q, J = 272 Hz), 49.8, 34.5 (d, J = 4 Hz), 25.0 (d, J = 3 Hz) ppm. 31P NMR 
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(DMSO-d6, 162 MHz): δ = 16.1 ppm. IR (ATR): 2932, 1322, 1260, 1164, 1121, 1103, 

1059, 1017, 979, 874, 747, 711, 658 cm-1. HRMS (ESI+) calculated for C12H17F3N2OP 

[M+H]+ m/z 293.1025, found 293.1025.

4-(Diethylphosphoryl)pyridine (28a). A solution of Pd2(dba)3 (45.7 mg, 50.0 μmol, 

5 mol%) and Xantphos (57.9 mg, 100 μmol, 10 mol%) in 1,4-dioxane (2.00 mL) is stirred 

at rt for 10 min and then added to a solution of 4-bromopyridine hydrochloride (194 mg, 

1.00 mmol, 1.0 equiv.), diethylphosphine oxide (106 mg, 1.00 mmol, 1.0 equiv.) and 

DIPEA (383 μL, 2.20 mmol, 2.2 equiv.) in 1,4-dioxane (4.00 mL). The reaction mixture is 

heated at 80 °C for 2 days, allowed to cool to room temperature and diluted with saturated 

aqueous NaHCO3 solution. The mixture is extracted with dichloromethane (4 x 20 mL), 

and the combined organic layers are dried over Na2SO4, filtered and concentrated under 

reduced pressure. The residue is purified by flash chromatography on silica gel (gradient 

of MeOH in DCM; 0% – 10% MeOH) to give 79.0 mg (43%) of the title compound as a 

colorless solid. 1H NMR (DMSO-d6, 400 MHz): δ = 8.72 – 8.77 (m, 2H), 7.66 – 7.72 (m, 

2H), 1.85 – 2.08 (m, 4H), 0.95 (t, J = 7.7 Hz, 3H), 0.91 (t, J = 7.7 Hz, 3H) ppm. MS (ESI+) 

[M+H]+ m/z 184.19.
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Ethyl methyl(pyridin-4-yl)phosphinate (28b). Pd(OAc)2 (4.49 mg, 20.0 µmol, 2.0 mol%) 

and Xantphos (12.7 mg, 22.0 µmol, 2.2 mol%) is added to a solution of 4-bromopyridine 

hydrochloride (194 mg, 1.00 mmol, 1.0 equiv.), ethyl methylphosphinate (130 mg, 

1.20 mmol, 1.2 equiv.) and DIPEA (401 µL, 1.30 mmol, 2.3 equiv.) in toluene (1.60 mL) 

and DME (400 µL). The reaction mixture is sealed in a microwave vial and heated at 

80 °C for 2 d. The reaction mixture is diluted with saturated aqueous NaHCO3 (30 mL) 

and extracted with DCM (4 x 20 mL). The combined organic phases are dried over 

Na2SO4 and concentrated. The residue is purified by flash chromatography on silica gel 

(gradient of MeOH in DCM; 0% – 10% MeOH) to give 161 mg (87%) of the title compound 

as a yellow oil. 1H NMR (DMSO-d6, 400 MHz): δ = 8.76 – 8.80 (m, 2H), 7.66 – 7.73 (m, 

2H), 3.97 (ddq, J = 10.3, 8.2, 7.0 Hz, 1H), 3.81 (ddq, J = 10.3, 8.2, 7.0 Hz, 1H), 1.71 (d, 

J = 14.8 Hz, 3H), 1.20 (t, J = 7.0 Hz, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 150.0 

(d, J = 10 Hz), 140.9 (d, J = 120 Hz), 124.6 (d, J = 9 Hz), 60.5 (d, J = 6 Hz), 16.2 (d, 

J = 6 Hz), 14.4 (d, J = 101 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 39.2 ppm. IR 

(ATR): 3445, 2985, 1401, 1219, 1205, 1132, 1026, 956, 834, 785, 756 cm-1. HRMS (ESI+) 

calculated for C8H13NO2P [M+H]+ m/z 186.0678, found 186.0684.
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Diethyl (pyridin-4-yl)phosphonate (28c). The reaction was performed according to a 

literature report.67 To a suspension of Pd(OAc)2 (17.9 mg, 80.0 μmol, 2.0 mol%), dppf 

(88.7 mg, 160 μmol 4.0 mol%), KOAc (39.3 mg, 400 µmol, 10 mol%) and DIPEA 

(1.60 mL, 9.20 mmol, 2.3 equiv.) in THF (20.0 mL) is added 4-bromopyridine 

hydrochloride (778 mg, 4.00 mmol, 1.0 equiv.) and diethyl phosphite (618 µL, 4.80 mmol, 

1.2 equiv.). The reaction mixture is sealed in a microwave vial and heated at 70 °C for 

24 h. The reaction mixture is filtered through a plug of celite, and the filtrate is 

concentrated. The residue is purified by preparative RP-HPLC (Waters SunFireTM C18, 

gradient of acetonitrile in water, 0.1% TFA), and the appropriate fractions are combined 

and diluted with saturated aqueous NaHCO3 (100 mL). The aqueous phase is extracted 

with EtOAc (3 x 75 mL), and the combined organic phases are dried over Na2SO4 and 

concentrated to give 629 mg (73%) of the title compound as light-yellow oil. The spectral 

data is in accordance with the literature.67

4-((4-Methyl-3-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)phenyl)carbamoyl)benzoic acid 

trifluoroacetate salt (37a·TFA). LiOH (59.9 mg, 2.00 mmol, 10.0 equiv.) is added to a 

solution of ethyl 4-((4-methyl-3-((4-(pyridin-3-yl)pyrimidin-2-
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yl)amino)phenyl)carbamoyl)benzoate trifluoroacetate salt (37b·TFA, 90.7 mg, 200 μmol, 

1.0 equiv.) in a solvent mixture of THF/MeOH/H2O (v:v:v, 2:1:1; 4 mL), and the reaction 

mixture is stirred at rt overnight. Aqueous HCl (1M, 5 mL) is added, and the mixture is 

concentrated. The residue is dissolved in DMF, filtered and purified by preparative RP-

HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 84.0 mg 

(80%) of the title compound as a yellow solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.36 

(s, 1H), 9.32 – 9.37 (m, 1H), 9.03 (s, 1H), 8.77 (dd, J = 5.0, 1.6 Hz, 1H), 8.67 (ddd, J = 8.2, 

1.8, 1.8 Hz, 1H), 8.55 (d, J = 5.1 Hz, 1H), 8.13 (d, J = 2.0 Hz, 1H), 8.03 – 8.09 (m, 4H), 

7.66 – 7.72 (m, 1H), 7.45 – 7.50 (m, 2H), 7.23 (d, J = 8.5 Hz, 1H), 2.24 (s, 3H) ppm. 13C 

NMR (DMSO-d6, 101 MHz) δ = 166.7, 164.6, 161.0, 160.8, 159.6, 149.4, 146.4, 138.8, 

137.7, 136.9, 136.6, 133.2, 133.0, 130.1, 129.2, 127.8, 124.6, 117.2, 116.8, 107.7, 

17.6 ppm. IR (ATR): 1674, 1575, 1530, 1423, 1406, 1300, 1286, 1199, 1183, 1125, 796, 

719, 674, 654 cm-1. HRMS (ESI+) calculated for C24H20N5O3 [M+H]+ m/z 426.1561, found 

426.1558.

Ethyl 4-((4-methyl-3-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)phenyl)carbamoyl)benzoate 

trifluoroacetate salt (37b·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is added to a 
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solution of ethyl terephthalate (194 mg, 1.00 mmol, 1.0 equiv.) and DIPEA (518 μL, 

3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the reaction mixture is stirred at rt for 

10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine (51) 

(277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction mixture is heated at 50 °C for 

1 h. The reaction mixture is acidified using TFA and directly purified by preparative RP-

HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 509 mg 

(90%) of the title compound as a yellow solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.39 

(s, 1H), 9.34 (d, J = 2.1 Hz, 1H), 9.03 (s, 1H), 8.77 (dd, J = 5.0, 1.6 Hz, 1H), 8.66 (ddd, 

J = 8.1, 1.8, 1.8 Hz, 1H), 8.55 (d, J = 5.1 Hz, 1H), 8.12 (d, J = 2.0 Hz, 1H), 8.08 (s, 4H), 

7.69 (dd, J = 8.0, 5.0 Hz, 1H), 7.45 – 7.50 (m, 2H), 7.23 (d, J = 8.4 Hz, 1H), 4.36 (q, 

J = 7.1 Hz, 2H), 2.24 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) 

δ = 165.2, 164.5, 161.0, 160.8, 159.6, 149.4, 146.4, 139.1, 137.7, 136.8, 136.5, 132.9, 

132.2, 130.1, 129.1, 128.0, 127.8, 124.6, 117.2, 116.8, 107.6, 61.1, 17.6, 14.1 ppm.

IR (ATR): 1696, 1669, 1581, 1527, 1452, 1404, 1280, 1175, 1130, 1112, 832, 803, 794, 

721, 672 cm-1. HRMS (ESI+) calculated for C26H24N5O3 [M+H]+ m/z 454.1874, found 

454.1873.
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N1-(4-Methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)benzene-1,4-

dicarboxamide trifluoroacetate salt (38a·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is 

added to a solution of terephthalic acid monoamide (165 mg, 1.00 mmol, 1.0 equiv.) and 

DIPEA (518 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the reaction mixture is 

stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-

diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction mixture is heated 

at 50 °C for 1 h. The reaction mixture is acidified using TFA and directly purified by 

preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 0.1% TFA) 

to give 462 mg (86%) of the title compound as a yellow solid. 1H NMR (DMSO-d6, 400 

MHz): δ = 10.30 (s, 1H), 9.35 (dd, J = 2.2, 0.6 Hz, 1H), 9.04 (s, 1H), 8.79 (dd, J = 5.0, 

1.6 Hz, 1H), 8.70 (ddd, J = 8.2, 1.8, 1.8 Hz, 1H), 8.56 (d, J = 5.2 Hz, 1H), 8.13 (d, 

J = 2.0 Hz, 1H), 8.10 (br s, 1H), 7.97 – 8.05 (m, 4H), 7.71 (br dd, J = 8.0, 5.1 Hz, 1H), 

7.44 – 7.54 (m, 3H), 7.23 (d, J = 8.5 Hz, 1H), 2.24 (s, 3H) ppm. 13C NMR (DMSO-d6, 101 

MHz) δ = 167.1, 164.7, 161.0, 160.7, 159.6, 149.1, 146.1, 137.6, 137.3, 137.0, 136.7, 

133.1, 130.1, 127.7, 127.5, 127.4, 124.7, 117.2, 116.8, 107.7, 17.6 ppm. IR (ATR): 3312, 
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1664, 1578, 1532, 1404, 1198, 1126, 801, 721, 670 cm-1. HRMS (ESI+) calculated for 

C24H21N6O2 [M+H]+ m/z 425.1741, found 425.1726.

N1-Methyl-N4-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)benzene-1,4-

dicarboxamide trifluoroacetate salt (38b·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is 

added to a solution of N-methyl terephthalic acid monoamide (179 mg, 1.00 mmol, 

1.0 equiv.) and DIPEA (518 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the 

reaction mixture is stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-

yl)benzene-1,3-diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction 

mixture is heated at 50 °C for 1 h. The reaction mixture is acidified using TFA and directly 

purified by preparative RP-HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 

0.1% TFA) to give 450 mg (81%) of the title compound as an orange solid. 1H NMR 

(DMSO-d6, 400 MHz): δ = 10.31 (s, 1H), 9.38 (d, J = 1.8 Hz, 1H), 9.07 (s, 1H), 8.82 (dd, 

J = 5.1, 1.4 Hz, 1H), 8.77 (ddd, J = 8.1, 1.8, 1.8 Hz, 1H), 8.57 (d, J = 5.1 Hz, 2H), 8.14 (d, 

J = 2.0 Hz, 1H), 8.00 – 8.06 (m, 2H), 7.93 – 7.99 (m, 2H), 7.77 (dd, J = 8.0, 5.1 Hz, 1H), 

7.50 (d, J = 5.1 Hz, 1H), 7.47 (dd, J = 8.3, 2.2 Hz, 1H), 7.23 (d, J = 8.5 Hz, 1H), 2.81 (d, 

J = 4.4 Hz, 3H), 2.24 (s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 165.9, 164.7, 161.0, 
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160.4, 159.6, 148.4, 145.5, 137.7, 137.6, 137.1, 137.0, 136.9, 130.1, 127.7, 127.6, 127.0, 

125.1, 117.2, 116.9, 107.7, 26.3, 17.6 ppm. IR (ATR): 3321, 1630, 1576, 1530, 1198, 

1185, 1135, 807, 720, 704, 671 cm-1. HRMS (ESI+) calculated for C25H23N6O2 [M+H]+ m/z 

439.1877, found 439.1876.

N1,N1-Dimethyl-N4-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)benzene-

1,4-dicarboxamide trifluoroacetate salt (38c·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) 

is added to a solution of N,N-dimethyl terephthalic acid monoamide (193 mg, 1.00 mmol, 

1.0 equiv.) and DIPEA (518 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the 

reaction mixture is stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-

yl)benzene-1,3-diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction 

mixture is heated at 50 °C for 1 h. The reaction mixture is acidified using TFA and directly 

purified by preparative RP-HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 

0.1% TFA) to give 530 mg (94%) of the title compound as a yellow solid. 1H NMR (DMSO-

d6, 400 MHz): δ = 10.28 (s, 1H), 9.36 (d, J = 1.6 Hz, 1H), 9.05 (s, 1H), 8.79 (dd, J = 5.0, 

1.5 Hz, 1H), 8.72 (ddd, J = 8.1, 1.7, 1.7 Hz, 1H), 8.56 (d, J = 5.1 Hz, 1H), 8.13 (d, 

J = 2.1 Hz, 1H), 8.01 (d, J = 8.4 Hz, 2H), 7.73 (dd, J = 8.0, 5.1 Hz, 1H), 7.51 – 7.57 (m, 
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2H), 7.44 – 7.51 (m, 2H), 7.22 (d, J = 8.5 Hz, 1H), 3.01 (br s, 3H), 2.91 (br s, 3H), 2.23 (s, 

3H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 169.4, 164.8, 161.0, 160.6, 159.6, 149.0, 

146.0, 139.3, 137.6, 137.1, 137.0, 135.6, 133.2, 130.1, 127.7, 127.6, 126.8, 124.8, 117.2, 

116.8, 107.7, 34.7, 29.4, 17.6 ppm. IR (ATR): 1606, 1578, 1532, 1453, 1406, 1180, 1129, 

837, 799, 720, 672 cm-1. HRMS (ESI+) calculated for C26H25N6O2 [M+H]+ m/z 453.2034, 

found 453.2034.

4-Methanesulfinyl-N-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)-

benzamide trifluoroacetate salt (39·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is added 

to a solution of 4-methanesulfinylbenzoic acid (184 mg, 1.00 mmol, 1.0 equiv.) and 

DIPEA (518 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the reaction mixture is 

stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-

diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction mixture is heated 

at 50 °C for 1 h. The reaction mixture is acidified using TFA and purified by preparative 

RP-HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 

512 mg (92%) of the title compound as an orange solid. 1H NMR (DMSO-d6, 400 MHz): 

δ = 10.35 (s, 1H), 9.36 (d, J = 1.6 Hz, 1H), 9.05 (s, 1H), 8.80 (dd, J = 5.0, 1.5 Hz, 1H), 
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8.71 – 8.76 (m, 1H), 8.57 (d, J = 5.1 Hz, 1H), 8.10 – 8.16 (m, 3H), 7.81 – 7.86 (m, 2H), 

7.75 (dd, J = 8.0, 5.0 Hz, 1H), 7.45 – 7.51 (m, 2H), 7.23 (d, J = 8.5 Hz, 1H), 2.80 (s, 3H), 

2.24 (s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 164.6, 161.0, 160.6, 159.6, 149.7, 

148.8, 145.8, 137.6, 137.3, 137.1, 136.9, 133.2, 130.1, 128.4, 127.8, 124.9, 123.6, 117.2, 

116.8, 107.7, 43.1, 17.6 ppm. IR (ATR): 1667, 1603, 1575, 1530, 1451, 1405, 1185, 1133, 

843, 798, 720 cm-1. HRMS (ESI+) calculated for C24H22N5O2S [M+H]+ m/z 444.1489, 

found 444.1490.

4-Methanesulfonyl-N-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)-

benzamide trifluoroacetate salt (40·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is added 

to a solution of 4-methanesulfonylbenzoic acid (200 mg, 1.00 mmol, 1.0 equiv.) and 

DIPEA (518 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the reaction mixture is 

stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-

diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction mixture is heated 

at 50 °C for 1 h. The reaction mixture is acidified using TFA and purified by preparative 

RP-HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 

522 mg (91%) of the title compound as an orange solid.73 1H NMR (DMSO-d6, 400 MHz): 

Page 77 of 108

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



78

δ = 10.45 (s, 1H), 9.36 (d, J = 1.6 Hz, 1H), 9.05 (s, 1H), 8.79 (dd, J = 5.0, 1.5 Hz, 1H), 

8.71 (ddd, J = 8.1, 1.8, 1.8 Hz, 1H), 8.57 (d, J = 5.1 Hz, 1H), 8.12 – 8.23 (m, 3H), 8.03 – 

8.11 (m, 2H), 7.73 (dd, J = 8.0, 5.0 Hz, 1H), 7.44 – 7.52 (m, 2H), 7.24 (d, J = 8.4 Hz, 1H), 

3.29 (s, 3H), 2.24 (s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 164.1, 161.0, 160.6, 

159.6, 149.0, 146.0, 143.0, 139.5, 137.7, 137.0, 136.7, 133.1, 130.2, 128.6, 127.9, 127.0, 

124.8, 117.1, 116.8, 107.7, 43.3, 17.6 ppm. IR (ATR): 1668, 1575, 1529, 1452, 1295, 

1184, 1150, 799, 784, 720 cm-1. HRMS (ESI+) calculated for C24H22N5O3S [M+H]+ m/z 

460.1438, found 460.1432.

4-[Imino(methyl)oxo-λ6-sulfanyl]-N-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}-

phenyl)benzamide (41a). Step 1: Synthesis of 4-[imino(methyl)oxo-λ6-sulfanyl]benzoic 

acid. LiOH (239 mg, 10.0 mmol, 10.0 equiv.) is added to a solution of methyl 4-

[imino(methyl)oxo-λ6-sulfanyl]benzoate89 (213 mg, 1.00 mmol, 1.0 equiv.) 

in THF/MeOH/H2O (v:v:v, 2:1:1; 4.00 mL), and the reaction mixture is stirred at rt 

overnight. Aqueous HCl (1M, 35 mL) is added, and the aqueous phase is extracted with 

EtOAc (10 x 30 mL). The combined organic phases are dried over Na2SO4 and 

concentrated. The residue is purified by RP-HPLC (Waters XBridgeTM-C18, gradient of 
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acetonitrile in water, 0.1% TFA) to give 299 mg of a crude reaction product which is used 

directly in the next reaction step.

Step 2: Synthesis of 4-[imino(methyl)oxo-λ6-sulfanyl]-N-(4-methyl-3-{[4-(pyridin-3-

yl)pyrimidin-2-yl]amino}phenyl)benzamide (41a). HATU (576 mg, 1.50 mmol, 1.5 equiv.) 

is added to a solution of the crude 4-[imino(methyl)oxo-λ6-sulfanyl]benzoic acid (Step 1, 

assumption: 1.00 mmol), 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-

diamine (51) (333 mg, 1.20 mmol, 1.2 equiv.) and DIPEA (518 μL, 3.00 mmol, 3.0 equiv.) 

in DMF (5.00 mL), and the reaction mixture is stirred at rt overnight. The reaction mixture 

is acidified using TFA and repeatedly purified by preparative RP-HPLC (Waters 

XBridgeTM C18, gradient of acetonitrile in water, 0.1% TFA; Waters XBridgeTM C18, 

gradient of methanol in water, 0.1% NH4OH) to give 90.0 mg (20%) of the title compound 

as light-yellow solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.39 (s, 1H), 9.28 (dd, J = 2.2, 

0.7 Hz, 1H), 8.97 (s, 1H), 8.68 (dd, J = 4.8, 1.6 Hz, 1H), 8.52 (d, J = 5.2 Hz, 1H), 8.48 

(ddd, J = 8.2, 1.9, 1.8 Hz, 1H), 8.09 – 8.15 (m, 3H), 8.04 – 8.09 (m, 2H), 7.52 (ddd, J = 8.0, 

4.8, 0.8 Hz, 1H), 7.49 (dd, J = 8.2, 2.2 Hz, 1H), 7.43 (d, J = 5.2 Hz, 1H), 7.23 (d, 

J = 8.5 Hz, 1H), 4.37 (s, 1H), 3.12 (d, J = 0.6 Hz, 3H), 2.23 (s, 3H) ppm. 13C NMR (DMSO-
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d6, 151 MHz) δ = 164.3, 161.6, 161.1, 159.4, 151.3, 148.1, 146.6, 138.5, 137.8, 136.8, 

134.4, 132.2, 130.1, 128.2, 127.9, 127.2, 123.7, 117.1, 116.7, 107.5, 45.5, 17.6 ppm. IR 

(ATR): 3230, 2987, 1668, 1585, 1559, 1524, 1415, 996, 813, 755, 708, 688, 650 cm-1. 

HRMS (ESI+) calculated for C24H23N6O2S [M+H]+ m/z 459.1598, found 459.1593.

4-[Methyl(methylimino)oxo-λ6-sulfanyl]-N-(4-methyl-3-{[4-(pyridine-3-yl)pyrimidin-2-yl]-

amino}phenyl)benzamide (41b). Step 1: Synthesis of 4-[methyl(methylimino)oxo-λ6-

sulfanyl]benzoic acid. A solution of methyl 4-[imino(methyl)oxo-λ6-sulfanyl]benzoate89 

(213 mg, 1.00 mmol, 1.0 equiv.) in aqueous formaldehyde solution (37%; 2.00 mL) and 

formic acid (8.00 mL) is refluxed for 36 h. The reaction mixture is cooled to rt and carefully 

treated with saturated aqueous NaHCO3 (40 mL) and solid NaHCO3. The basic aqueous 

phase is extracted with EtOAc (3 x 20 mL), and the combined organic phases are dried 

over MgSO4 and concentrated. The residue is purified by RP-HPLC (Waters XBridgeTM 

C18, gradient of acetonitrile in water, 0.1% NH4OH) to give 135 mg (~60%, ~70% purity) 

of a crude reaction product which is directly dissolved in aqueous HCl (4 M; 2.00 mL) and 

heated at 80 °C overnight. The reaction mixture is concentrated, and the residue is used 

in the next step without further purification.
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Step 2: Synthesis of 4-[methyl(methylimino)oxo-λ6-sulfanyl]-N-(4-methyl-3-{[4-

(pyridine-3-yl)pyrimidin-2-yl]amino}phenyl)benzamide (41b). HATU (346 mg, 900 μmol, 

1.5 equiv.) is added to a solution of crude 4-[methyl(methylimino)oxo-λ6-sulfanyl]benzoic 

acid (Step 1, approx. 600 μmol, 1.0 equiv.), 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-

yl)benzene-1,3-diamine (51) (200 mg, 720 μmol, 1.2 equiv.) and DIPEA (311 μL, 

1.80 mmol, 3.0 equiv.) in DMF (3.00 mL), and the reaction mixture is stirred at rt for 2 h. 

The reaction mixture is acidified using TFA and repeatedly purified by preparative RP-

HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA; Waters 

XBridgeTM Phenyl, gradient of methanol in water, 0.1% NH4OH) to give 57.0 mg (20%) of 

the title compound as light-yellow solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.42 (s, 1H), 

9.28 (dd, J = 2.3, 0.8 Hz, 1H), 8.97 (s, 1H), 8.69 (dd, J = 4.8, 1.6 Hz, 1H), 8.52 (d, 

J = 5.1 Hz, 1H), 8.48 (ddd, J = 8.2, 1.8, 1.8 Hz, 1H), 8.12 – 8.17 (m, 2H), 8.10 (d, 

J = 2.0 Hz, 1H), 7.93 – 8.00 (m, 2H), 7.53 (ddd, J = 8.0, 4.8, 0.8 Hz, 1H), 7.49 (dd, J = 8.2, 

2.2 Hz, 1H), 7.43 (d, J = 5.2 Hz, 1H), 7.23 (d, J = 8.5 Hz, 1H), 3.18 (s, 3H), 2.49 (s, 3H), 

2.24 (s, 3H) ppm.  13C NMR (DMSO-d6, 151 MHz): δ = 164.4, 161.6, 161.1, 159.4, 151.3, 

148.2, 141.7, 138.9, 137.8, 136.8, 134.4, 132.2, 130.1, 128.6, 128.3, 127.9, 123.7, 117.1, 
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116.7, 107.5, 43.4, 29.1, 17.6 ppm. IR (ATR): 3414, 1674, 1578, 1518, 1479, 1423, 1395, 

1239, 1146, 847, 799, 746, 702 cm-1. HRMS (ESI+) calculated for C25H25N6O2S [M+H]+ 

m/z 473.1760, found 473.1750.

N-(4-Methyl-3-{[4-(pyridine-3-yl)pyrimidin-2-yl]amino}phenyl)-4-sulfamoylbenzamide 

trifluoroacetate salt (42a·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is added to a 

solution of 4-sulfamoylbenzoic acid (201 mg, 1.00 mmol, 1.0 equiv.) and DIPEA (518 μL, 

3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the reaction mixture is stirred at rt for 

10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine (51) 

(277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction mixture is heated at 50 °C 

overnight. The reaction mixture is acidified using TFA and purified by preparative RP-

HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 395 mg 

(69%) of the title compound as a yellow solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.37 

(s, 1H), 9.31 (dd, J = 2.2, 0.7 Hz, 1H), 9.00 (s, 1H), 8.73 (dd, J = 4.9, 1.6 Hz, 1H), 8.57 

(ddd, J = 8.1, 1.9, 1.9 Hz, 1H), 8.53 (d, J = 5.1 Hz, 1H), 8.08 – 8.13 (m, 3H), 7.93 – 7.97 

(m, 2H), 7.60 (br dd, J = 8.0, 4.8 Hz, 1H), 7.44 – 7.54 (m, 4H), 7.23 (d, J = 8.5 Hz, 1H), 

2.24 (s, 3H) ppm. 13C NMR (DMSO-d6, 151 MHz): δ = 164.3, 161.0, 161.0, 159.5, 149.8, 
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146.7, 146.4, 137.9, 137.7, 136.8, 136.2, 132.8, 130.1, 128.3, 127.8, 125.6, 124.4, 117.1, 

116.8, 107.6, 17.6 ppm. IR (ATR): 3335, 1647, 1578, 1531, 1416, 1404, 1289, 1165, 

1157, 797, 610 cm-1. HRMS (ESI+) calculated for C23H21N6O3 [M+H]+ m/z 461.1390, found 

461.1380.

N-(4-Methyl-3-{[4-(pyridine-3-yl)pyrimidin-2-yl]amino}phenyl)-4-(methylsulfamoyl)-

benzamide trifluoroacetate salt (42b·TFA). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is 

added to a solution of 4-methylsulfamoylbenzoic acid (215 mg, 1.00 mmol, 1.0 equiv.) 

and DIPEA (518 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the reaction mixture 

is stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-

diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction mixture is heated 

at 50 °C overnight. The reaction mixture is acidified using TFA and purified by preparative 

RP-HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 

325 mg (55%) of the title compound as a yellow solid. 1H NMR (DMSO-d6, 400 MHz): δ 

= 10.41 (s, 1H), 9.33 (dd, J = 2.2, 0.6 Hz, 1H), 9.03 (s, 1H), 8.75 (dd, J = 4.9, 1.5 Hz, 1H), 

8.63 (ddd, J = 8.0, 1.9, 1.9 Hz, 1H), 8.55 (d, J = 5.2 Hz, 1H), 8.10 – 8.16 (m, 3H), 7.88 – 

7.94 (m, 2H), 7.66 (dd, J = 8.0, 4.9 Hz, 1H), 7.57 – 7.63 (m, 1H), 7.44 – 7.49 (m, 2H), 7.23 
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(d, J = 8.5 Hz, 1H), 2.45 (d, J = 4.9 Hz, 3H), 2.24 (s, 3H) ppm. 13C NMR (DMSO-d6, 151 

MHz): δ = 164.3, 161.0, 160.7, 159.6, 149.1, 146.1, 141.7, 138.5, 137.7, 136.9, 136.8, 

133.1, 130.1, 128.5, 127.9, 126.7, 124.7, 117.1, 116.8, 107.7, 28.6, 17.6 ppm. IR (ATR): 

1671, 1575, 1531, 1451, 1199, 1161, 1133, 798, 721, 603 cm-1. HRMS (ESI+) calculated 

for C24H23N6O3S [M+H]+ m/z 475.1547, found 475.1541.

4-(Dimethylsulfamoyl)-N-(4-methyl-3-{[4-(pyridine-3-yl)pyrimidin-2-yl]amino}phenyl)-

benzamide (42c). HATU (384 mg, 1.00 mmol, 1.0 equiv.) is added to a solution of 

4-dimethylsulfamoylbenzoic acid (229 mg, 1.00 mmol, 1.0 equiv.) and DIPEA (518 μL, 

3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the reaction mixture is stirred at rt for 

10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine (51) 

(277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction mixture is heated at 50 °C 

overnight. The reaction mixture is acidified using TFA and repeatedly purified by 

preparative RP-HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA; 

Waters XBridgeTM C18, gradient of acetonitrile in water, 0.1% NH4OH) to give 111 mg 

(23%) of the title compound as a colorless solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.45 

(s, 1H), 9.27 (dd, J = 2.3, 0.8 Hz, 1H), 8.97 (s, 1H), 8.68 (dd, J = 4.7, 1.6 Hz, 1H), 8.51 
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(d, J = 5.2 Hz, 1H), 8.45 – 8.50 (m, 1H), 8.14 – 8.19 (m, 2H), 8.09 (d, J = 2.0 Hz, 1H), 

7.86 – 7.92 (m, 2H), 7.53 (ddd, J = 8.0, 4.8, 0.8 Hz, 1H), 7.48 (dd, J = 8.2, 2.2 Hz, 1H), 

7.43 (d, J = 5.2 Hz, 1H), 7.23 (d, J = 8.6 Hz, 1H), 2.65 (s, 6H), 2.23 (s, 3H) ppm. 13C NMR 

(DMSO-d6, 101 MHz) δ = 164.1, 161.6, 161.1, 159.4, 151.3, 148.1, 139.0, 137.8, 137.2, 

136.7, 134.4, 132.2, 130.1, 128.6, 128.0, 127.5, 123.7, 117.2, 116.7, 107.5, 37.5, 

17.6 ppm. IR (ATR): 1670, 1583, 1527, 1412, 1335, 1312, 1163, 1154, 753, 736, 704, 

601 cm-1. HRMS (ESI+) calculated for C25H25N6O3S [M+H]+ m/z 489.1703, found 

489.1692.

4-(Dimethylphosphoryl)-N-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)-

benzamide trifluoroacetate salt (43·TFA).74 HATU (384 mg, 1.00 mmol, 1.0 equiv.) is 

added to a solution of 4-(dimethylphosphoryl)benzoic acid90 (164 mg, 830 μmol, 

1.0 equiv.) and DIPEA (428 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and the 

reaction mixture is stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-

yl)benzene-1,3-diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction 

mixture is heated at 50 °C for 1 h. The reaction mixture is acidified using TFA and purified 

by preparative RP-HPLC (Waters SunFireTM C18, gradient of acetonitrile in water, 0.1% 
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TFA) to give 522 mg (91%) of the title compound as an orange solid. 1H NMR (DMSO-d6, 

400 MHz): δ = 10.33 (s, 1H), 9.38 – 9.42 (m, 1H), 9.09 (s, 1H), 8.80 – 8.88 (m, 2H), 8.59 

(d, J = 5.1 Hz, 1H), 8.15 (d, J = 2.1 Hz, 1H), 8.04 – 8.09 (m, 2H), 7.89 – 7.96 (m, 2H), 

7.80 – 7.85 (m, 1H), 7.51 (d, J = 5.1 Hz, 1H), 7.47 (dd, J = 8.2, 2.2 Hz, 1H), 7.23 (d, 

J = 8.5 Hz, 1H), 2.24 (s, 3H), 1.70 (d, J = 13.4 Hz, 6H) ppm. 13C NMR (DMSO-d6, 101 

MHz) δ = 164.8, 160.9, 160.2, 159.7, 147.8, 145.0, 139.2 (d, J = 93 Hz), 138.4, 137.5, 

136.9, 133.6, 130.1, 129.8 (d, J = 10 Hz), 127.8, 127.6 (d, J = 12 Hz), 125.3, 117.2, 

116.9, 107.8, 17.6, 17.6 (d, J = 71 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 

32.8 ppm. IR (ATR): 1662, 1576, 1528, 1189, 1139, 937, 836, 799, 752, 721, 706, 671 

cm-1. HRMS (ESI+) calculated for C25H25N5O2P [M+H]+ m/z 458.1740, found 458.1738.

4-(Dimethylphosphoryl)-N-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)-

benzamide (43). Concentrated aqueous NH4OH (2 drops) is added to a solution of 

4-(dimethylphosphoryl)-N-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)-

benzamide trifluoroacetate salt (43·TFA, 100 mg) in EtOH (5 mL), and the mixture is 

purified by preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 

0.1% NH4OH) to give 64 mg (80%) of a colorless solid. 1H NMR (DMSO-d6, 400 MHz): δ 

Page 86 of 108

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



87

= 10.33 (s, 1H) 9.28 (d, J = 2.2 Hz, 1H), 8.97 (s, 1H), 8.69 (dd, J = 4.8, 1.5 Hz, 1H), 8.52 

(d, J = 5.1 Hz, 1H), 8.48 (ddd, J = 8.0, 2.2, 1.5 Hz, 1H), 8.11 (d, J = 2.2 Hz, 1H), 8.04 - 

8.09 (m, 2H), 7.89 - 7.96 (m, 2H), 7.52 (ddd, J = 8.0, 4.8, 0.7 Hz, 1H), 7.50 (dd, J = 8.2, 

2.2 Hz, 1H), 7.43 (d, J = 5.1 Hz, 1H), 7.23 (dd, J = 8.2, 0.5 Hz, 1H), 2.24 (s, 3H), 1.70 (d, 

J = 13.4 Hz, 6H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 164.8, 161.6, 161.1, 159.4, 

151.3, 148.1, 139.2 (d, J = 93 Hz), 137.8, 137.5 (d, J = 2 Hz), 136.9, 134.4, 132.2, 130.0, 

129.8 (d, J = 10 Hz), 127.8, 127.5 (d, J = 12 Hz), 123.7, 117.1, 116.7, 107.5, 17.6, 17.6 

(d, J = 70 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 32.4 ppm.

Ethyl methyl({4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl})phosphinate trifluoroacetate salt (44a·TFA) and methyl({4-[(4-methyl-3-{[4-

(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]phenyl})phosphinic acid trifluoro-

acetate salt (44b·TFA). Step 1: Synthesis of methyl 

4-[ethoxy(methyl)phosphoryl]benzoate.26 Ethyl methylphosphinate (259 mg, 2.4 mmol, 

1.2 equiv.), methyl 4-bromobenzoate (430 mg, 2.00 mmol, 1.0 equiv.) and DIPEA 

(453 µL, 650 µmol, 1.3 equiv.) is added to a solution of Pd(OAc)2 (8.98 mg, 40.0 µmol, 

2.0 mol%) and Xantphos (25.5 mg, 44.0 µmol, 2.2 mol%) in DMF (3.06 mL) and DME 
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(400 µL), and the mixture is sealed in a microwave vial and heated at 110 °C for 5 h. The 

reaction mixture is acidified with TFA and purified by preparative RP-HPLC (Waters 

SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 392 mg (81%) of the 

title compound as colorless oil. 1H NMR (DMSO-d6, 400 MHz): δ = 8.05-8.11 (m, 2H), 

7.86 – 7.94 (m, 2H), 3.89 – 4.00 (m, 1H), 3.91 (s, 3H) 3.72 – 3.84 (m, 1H), 1.69 (d, 

J = 14.6 Hz, 3H), 1.18 (t, J = 7.0 Hz, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 165.6, 

137.3 (d, J = 123 Hz), 132.6 (d, J = 3 Hz), 131.3 (d, J = 10 Hz), 129.1 (d, J = 12 Hz), 60.2 

(d, J = 6 Hz), 52.4, 16.2 (d, J = 6 Hz), 14.8 (d, J = 101 Hz) ppm. 31P NMR (DMSO-d6, 162 

MHz): δ = 40.3 ppm. IR (ATR): 2988, 1724, 1276, 1193, 1158, 1102, 1030, 1018, 957, 

884, 789, 761, 749, 696 cm-1. HRMS (ESI+) calculated for C11H16O4P [M+H]+ m/z 

243.0781, found 243.0775.

Step 2: Synthesis of ethyl methyl({4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}-

phenyl)-carbamoyl]phenyl})phosphinate trifluoroacetate salt (44a·TFA) and methyl({4-[(4-

methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]phenyl})phosphinic 

acid trifluoroacetate salt (44b·TFA). LiOH (365 mg, 15.2 mmol, 10.0 equiv.) is added to a 

mixture of methyl 4-[ethoxy(methyl)phosphoryl]benzoate (369 mg, 1.52 mmol, 1.0 equiv.) 
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and THF/MeOH/H2O (v:v:v, 2:1:1; 20.0 mL), and the reaction mixture is stirred at rt for 

30 min. Aqueous HCl (1 M, 25 mL) and brine (20 mL) is added, and the aqueous phase 

is extracted with EtOAc (10 x 25 mL). The combined organic layers are dried over MgSO4 

and concentrated under reduced pressure. The residue is dissolved in DMF (7.00 mL), 

and the mixture is treated with DIPEA (682 μL, 3.95 mmol, 3.0 equiv.). HATU (1.52 g, 

3.95 mmol, 3.0 equiv.) is added in three equal portions (1.0 equiv. each) over a period of 

30 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine (51) 

(365 mg, 1.32 mmol, 1.0 equiv.) is added, and the reaction mixture is heated at 50 °C for 

1 h. The reaction mixture is acidified using TFA and repeatedly purified by preparative 

RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 0.1% TFA; Waters 

SunFireTM C18, gradient of acetonitrile in water, 0.1% TFA) to give 47.0 mg (6%) of the 

ethyl phosphinate 44a·TFA and 130 mg (17%) of the corresponding phosphinic acid 

44b·TFA both as yellow-orange solids.

Ethyl methyl({4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl})phosphinate trifluoroacetate salt (44a·TFA). 1H NMR (DMSO-d6, 400 MHz): δ = 

10.36 (s, 1H), 9.35 (d, J = 1.6 Hz, 1H), 9.04 (s, 1H), 8.78 (dd, J = 5.0, 1.6 Hz, 1H), 8.68 
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(ddd, J = 8.1, 1.9, 1.8 Hz, 1H), 8.56 (d, J = 5.2 Hz, 1H), 8.13 (d, J = 2.0 Hz, 1H), 8.04 – 

8.10 (m, 2H), 7.86 – 7.94 (m, 2H), 7.70 (dd, J = 7.9, 5.2 Hz, 1H), 7.45 – 7.50 (m, 2H), 7.23 

(d, J = 8.5 Hz, 1H), 3.89 – 4.02 (m, 1H), 3.73 – 3.85 (m, 1H), 2.24 (s, 3H), 1.70 (d, 

J = 14.6 Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 164.7, 

161.0, 160.7, 159.6, 149.3, 146.3, 138.3, 137.7, 136.9, 136.7, 135.3 (d, J = 123 Hz), 

133.0, 130.9 (d, J = 11 Hz), 130.1, 127.8 (br s), 127.7 (br d, J = 12 Hz), 124.7, 117.2, 

116.8, 107.7, 60.1 (d, J = 6 Hz), 17.6, 16.3 (d, J = 6 Hz), 14.9 (d, J = 101 Hz) ppm. 31P 

NMR (DMSO-d6, 162 MHz): δ = 40.5 ppm. IR (ATR): 3273, 3090, 1667, 1573, 1530, 1452, 

1198, 1576, 1530, 1452, 1198, 1131, 1034, 797 cm-1. HRMS (ESI+) calculated for 

C26H27N5O3P [M+H]+ m/z 488.1846, found 488.1832.

Methyl({4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl})phosphinic acid trifluoroacetate salt (44b·TFA). 1H NMR (DMSO-d6, 400 MHz): δ 

= 10.32 (s, 1H), 9.32 – 9.39 (m, 1H), 9.05 (s, 1H), 8.79 (dd, J = 5.1, 1.5 Hz, 1H), 8.71 

(ddd, J = 8.1, 1.8, 1.8 Hz, 1H), 8.56 (d, J = 5.2 Hz, 1H), 8.11 – 8.16 (m, 1H), 8.02 – 8.07 

(m, 2H), 7.83 – 7.91 (m, 2H), 7.72 (dd, J = 7.9, 5.3 Hz, 1H), 7.45 – 7.51 (m, 2H), 7.23 (d, 

J = 8.5 Hz, 1H), 2.24 (s, 3H), 1.56 (d, J = 14.6 Hz, 3H) ppm. 13C NMR (DMSO-d6, 101 
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MHz) δ = 164.8, 161.0, 160.6, 159.6, 149.0, 146.0, 138.6 (d, J = 125 Hz), 137.6, 137.5 

(d, J = 2 Hz), 137.1, 136.9, 133.2, 130.3 (d, J = 10 Hz), 130.1, 127.8, 127.5 (d, J = 12 Hz), 

124.8, 117.2, 116.8, 107.7, 17.6, 16.7 (d, J = 99 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): 

δ = 33.8 ppm. IR (ATR): 1665, 1602, 1575, 1528, 1451, 1182, 1132, 962, 877, 797, 719, 

671, 608 cm-1. HRMS (ESI+) calculated for C24H23N5O3P [M+H]+ m/z 460.1533, found 

460.1523.

Methyl({4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl})phosphinic acid (44b). Aqueous NaOH (0.1 M, 0.140 mmol, 1 equiv.) is added to 

a solution of methyl({4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-

yl]amino}phenyl)carbamoyl]phenyl})phosphinic acid trifluoroacetate salt (44b·TFA, 80.0 

mg, 0.140 mmol, 1 equiv.) in minimal amounts of EtOH, and the neutralized sample is 

purified by flash chromatography on silica gel (gradient of MeOH in DCM; 10% – 50% 

MeOH, then isocratic DCM:MeOH:H2O, 1:1:0.1). Appropriate fractions are collected and 

concentrated. The residue is triturated with MTBE to give a quantitative yield of the title 

compound as light-yellow solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.30 (s, 1H), 9.26 

(d, J = 1.9 Hz, 1H), 8.94 (s, 1H), 8.67 (dd, J = 4.8, 1.4 Hz, 1H), 8.50 (d, J = 5.1 Hz, 1H), 
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8.47 (dt, J = 8.0, 1.9 Hz, 1H), 8.11 (d, J = 1.3 Hz, 1H), 7.94 (br d, J = 6.8 Hz, 2H), 7.82 

(br t, J = 8.0 Hz, 2H), 7.49 - 7.53 (m, 1H), 7.49 - 7.52 (m, 1H), 7.41 (d, J = 5.1 Hz, 1H), 

7.18 (d, J = 8.5 Hz, 1H), 2.22 (s, 3H), 1.22 (br d, J = 13.4 Hz, 3H) ppm. 13C NMR (DMSO-

d6, 101 MHz) δ = 165.3, 161.6, 161.1, 159.4, 151.3, 148.1, 137.7, 137.1, 135.6, 134.4, 

132.2, 130.3 (d, J = 8 Hz), 129.9, 127.6, 126.8 (d, J = 10 Hz), 123.7, 117.2, 116.8, 107.4, 

18.9 (br d, J = 101 Hz), 17.6 ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 21.8 ppm.

Diethyl {4-[(4-Methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl}phosphonate trifluoroacetate salt (45a·TFA). HATU (384 mg, 1.00 mmol, 

1.0 equiv.) is added to a solution of diethyl (4-carboxyphenyl)phosphonate (258 mg, 

1.00 mmol, 1.0 equiv.) and DIPEA (519 μL, 3.00 mmol, 3.0 equiv.) in DMF (5.00 mL), and 

the reaction mixture is stirred at rt for 10 min. Then 6-methyl-N1-(4-(pyridin-3-yl)pyrimidin-

2-yl)benzene-1,3-diamine (51) (277 mg, 1.00 mmol, 1.0 equiv.) is added, and the reaction 

mixture is heated at 50 °C overnight. The reaction mixture is acidified using TFA and 

purified by preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 

0.1% TFA) to give 522 mg (83%) of the title compound as a yellow solid. 1H NMR (DMSO-

d6, 400 MHz): δ = 10.37 (s, 1H), 9.33 (dd, J = 2.3, 0.8 Hz, 1H), 9.02 (s, 1H), 8.76 (dd, 
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J = 5.0, 1.6 Hz, 1H), 8.64 (ddd, J = 8.2, 1.8, 1.8 Hz, 1H), 8.55 (d, J = 5.2 Hz, 1H), 8.12 (d, 

J = 2.0 Hz, 1H), 8.05 – 8.10 (m, 2H), 7.82 – 7.90 (m, 2H), 7.67 (ddd, J = 8.0, 4.9, 0.7 Hz, 

1H), 7.44 – 7.49 (m, 2H), 7.23 (d, J = 8.6 Hz, 1H), 4.00 – 4.11 (m, 4H), 2.24 (s, 3H), 1.25 

(t, J = 7.1 Hz, 6H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 164.6, 161.0, 160.9, 159.5, 

149.7, 146.6, 138.6 (d, J = 3 Hz), 137.3 (d, J = 86 Hz), 136.3, 132.9, 132.3, 131.3 (d, 

J = 10 Hz), 130.5, 130.1, 127.8 (br s), 127.8 (br d, J = 15 Hz), 124.5, 117.1, 116.8, 107.6, 

61.9 (d, J = 5 Hz), 17.6, 16.1 (d, J = 6 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 

16.7 ppm. IR (ATR): 3293, 1575, 1529, 1453, 1243, 1178, 1134, 1046, 1019, 967, 959, 

798, 720 cm-1. HRMS (ESI+) calculated for C27H29N5O3P [M+H]+ m/z 518.1952, found 

518.1956.

Diethyl {4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl}phosphonate (45a). Concentrated aqueous NH4OH solution (2 drops) is added to 

a solution of diethyl {4-[(4-Methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-

yl]amino}phenyl)carbamoyl]phenyl}phosphonate trifluoroacetate salt (45a·TFA, 100 mg) 

in EtOH (5 mL), and the mixture is purified by preparative RP-HPLC (Waters XBridgeTM 

C18, gradient of acetonitrile in water, 0.1% NH4OH) to give 62 mg (76%) of a colorless 
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solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.38 (s, 1H), 9.29 (d, J = 1.8 Hz, 1H), 8.97 (s, 

1H), 8.69 (dd, J = 4.8, 1.6 Hz, 1H), 8.52 (d, J = 5.2 Hz, 1H), 8.48 (ddd, J = 8.0, 2.3, 

1.7 Hz, 1H), 8.12 (d, J = 2.2 Hz, 1H), 8.06 - 8.11 (m, 2H), 7.83 - 7.91 (m, 2H), 7.53 (ddd, 

J = 8.0, 4.8, 0.8 Hz, 1H), 7.50 (dd, J = 8.5, 2.2 Hz, 1H), 7.43 (d, J = 5.2 Hz, 1H), 7.23 (d, 

J = 8.5 Hz, 1H), 4.08 (ddq, J = 10.3, 8.2, 7.1 Hz, 2H), 4.04 (ddq, J = 10.3, 8.4, 7.1 Hz, 

2H), 2.25 (s, 3H), 1.26 (t, J = 7.1 Hz, 6H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 164.6, 

161.6, 161.1, 159.4, 151.3, 148.1, 138.6 (d, J = 3 Hz), 137.8, 136.8, 134.4, 132.2, 131.3 

(d, J = 10 Hz), 131.4 (d, J = 185 Hz), 130.1, 127.9, 127.8 (d, J = 15 Hz), 123.7, 117.1, 

116.7, 107.5, 61.9 (d, J = 5 Hz), 17.6, 16.1 (d, J = 6 Hz) ppm. 31P NMR (DMSO-d6, 162 

MHz): δ = 16.7 ppm.

Ethoxy{4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl}phosphinic acid trifluoroacetate salt (45b·TFA). A solution of diethyl {4-[(4-methyl-

3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]phenyl}phosphonate 

trifluoroacetate salt (45a·TFA) (47.4 mg, 75.1 µmol, 1.0 equiv.) in MeOH (2.00 mL) and 

aqueous NaOH (4 M; 1.04 mL) is stirred at rt for 48 h. The reaction mixture is 

concentrated, and the residue is dissolved in DMF. The solution is acidified with TFA and 
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purified by preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 

0.1% TFA) to give 28.0 mg (62%) of the title compound as a yellow-orange solid. 1H NMR 

(DMSO-d6, 400 MHz): δ = 10.32 (s, 1H), 9.30 (d, J = 1.6 Hz, 1H), 8.99 (s, 1H), 8.72 (dd, 

J = 4.8, 1.5 Hz, 1H), 8.56 (ddd, J = 8.1, 1.8, 1.8 Hz, 1H), 8.53 (d, J = 5.2 Hz, 1H), 8.11 (d, 

J = 1.9 Hz, 1H), 8.01 – 8.06 (m, 2H), 7.82 (dd, J = 12.6, 8.3 Hz, 2H), 7.60 (dd, J = 8.0, 

4.9 Hz, 1H), 7.47 (dd, J = 8.2, 2.2 Hz, 1H), 7.45 (d, J = 5.2 Hz, 1H), 7.22 (d, J = 8.5 Hz, 

1H), 3.88 – 3.96 (m, 3H), 2.23 (s, 3H), 1.20 ppm (t, J = 7.1 Hz, 3H) ppm. 13C NMR 

(DMSO-d6, 101 MHz) δ = 164.8, 161.0, 161.0 (br s), 159.5, 149.8, 146.8, 137.8 (br d, 

J = 3 Hz), 137.3 (d, J = 79 Hz), 136.1, 135.3, 133.5, 132.8, 131.0 (br d, J = 10 Hz), 130.1, 

127.8, 127.5 (br d, J = 14 Hz), 124.4 (br s), 117.2, 116.8, 107.6, 60.8 (d, J = 5 Hz), 17.6, 

16.2 (d, J = 6 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 13.7 ppm. IR (ATR): 1635, 

1579, 1532, 1172, 1138, 1114, 1035, 1017, 952, 796, 757, 720, 695 cm-1. HRMS (ESI+) 

calculated for C25H25N5O4P [M+H]+ m/z 490.1639, found 490.1632.

Ethoxy{4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]-

phenyl}phosphinic acid (45b). A solution of ethoxy{4-[(4-methyl-3-{[4-(pyridin-3-yl)-

pyrimidin-2-yl]amino}phenyl)carbamoyl]phenyl}phosphinic acid trifluoroacetate salt 
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(45a·TFA) (500 mg, 96.6 µmol, 1.0 equiv.) in EtOH (10 mL) and aqueous NaOH (4 M, 

9.67 mL) is stirred at 50 °C for 2 h. The mixture is cooled to room temperature, neutralized 

with 4 M aqueous HCl solution and purified by preparative RP-HPLC (Waters XBridgeTM 

C18, gradient of acetonitrile in water, 0.1% NH4OH) to give 240 mg of the title compound 

as a 20:80 mixture of its free acid and its ammonium salt. The crude product is dissolved 

in acetonitrile and water at elevated temperature and freeze-dried to obtain 200 mg of the 

title compound as a 61:39 mixture of its free acid and its ammonium salt. This material is 

then triturated in aqueous HCl solution (0.1 N, 3.9 mL) overnight. The solids are collected 

by filtration, washed with water and dried in vacuo to give 150 mg (31%) of the title 

compound as a yellowish solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.32 (s, 1H), 9.28 (d, 

J = 1.8 Hz, 1H), 8.95 (s, 1H), 8.69 (dd, J = 4.8, 1.5 Hz, 1H), 8.52 (d, J = 5.2 Hz, 1H), 8.48 

(ddd, J = 8.1, 1.9, 1.9 Hz, 1H), 8.10 (d, J = 2.0 Hz, 1H), 8.01 – 8.05 (m, 2H), 7.84 (d, 

J = 8.2 Hz, 1H), 7.81 (d, J = 8.2 Hz, 1H), 7.52 (dd, J = 8.0, 4.9 Hz, 1H), 7.48 (dd, J = 8.2, 

2.2 Hz, 1H), 7.43 (d, J = 5.2 Hz, 1H), 7.22 (d, J = 8.5 Hz, 1H), 3.88 – 3.95 (m, 3H), 2.23 

(s, 3H), 1.19 ppm (t, J = 7.1 Hz, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 164.7, 

161.6, 161.1 (br s), 159.4, 151.3, 148.1, 137.8 (br d, J = 3 Hz), 137.7 (d, J = 79 Hz), 
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136.9, 134.4, 134.4, 132.2, 130.9 (br d, J = 10 Hz), 130.0, 127.8, 127.5 (br d, J = 14 Hz), 

123.7 (br s), 117.2, 116.8, 107.5, 60.8 (d, J = 5 Hz), 17.6, 16.2 (d, J = 6 Hz) ppm. 31P 

NMR (DMSO-d6, 162 MHz): δ = 13.6 ppm.

{4-[(4-Methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)carbamoyl]phenyl}-

phosphonic acid (45c). Bromotrimethylsilane (380 µL, 2.90 mmol, 6.04 equiv.) is added 

to a suspension of diethyl {4-[(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)-

carbamoyl]phenyl}phosphonate (45a·TFA) (250 mg, 0.48 mmol, 1.00 equiv.) in DCM (10 

mL), and the reaction mixture is stirred at room temperature overnight. Another portion of 

bromotrimethylsilane (380 µL, 2.90 mmol, 6.04 equiv.) is added, and the mixture is stirred 

for 8 h. Water is added, and the aqueous mixture is concentrated under reduced pressure. 

The residue is dissolved in water and basified with aqueous NH4OH. The precipitate is 

collected by filtration, washed with H2O and dried in vacuo to give 140 mg of the title 

compound as its mono-ammonium salt. A portion of this material (115 mg, 0.24 mmol) is 

triturated with aqueous hydrogen chloride solution (0.1 M, 2.4 mL), and the precipitate is 

filtered, washed with water and dried in vacuo to obtain 95 mg (42%) of the title compound 

as yellowish solid. 1H NMR (DMSO-d6, 400 MHz): δ = 10.28 (s, 1H), 9.28 (d, J = 1.7 Hz, 
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1H), 8.95 (s, 1H), 8.69 (dd, J = 4.6, 1.2 Hz, 1H), 8.52 (d, J = 5.2 Hz, 1H), 8.49 (ddd, 

J = 7.6, 1.8, 1.8 Hz, 1H), 8.10 (s, 1H), 8.01 (dd, J = 8.1, 3.0 Hz, 2H), 7.78-7.83 (m, 2H), 

7.52 (br dd, J = 7.7, 4.9 Hz, 1H), 7.49 (br d, J = 8.0 Hz, 1H), 7.43 (d, J = 5.1 Hz, 1H), 7.22 

(br d, J = 8.2 Hz, 1H), 2.23 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ = 164.8, 161.6, 

161.1, 159.4, 151.3, 148.1, 137.8, 137.3 (br d, J = 3 Hz), 137.0 (br d, J = 86 Hz), 136.9, 

134.4, 132.2, 130.4 (br d, J = 10 Hz), 130.0, 127.7, 127.2 (br d, J = 14 Hz), 123.7, 117.2, 

116.7, 107.5, 17.6 ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 11.4 ppm.

1-Methyl-1,4λ5-azaphosphinan-4-one (47b). The synthesis is performed according to 

an adopted literature protocol.65b LAH (1.0 M in THF; 16.9 mL, 16.9 mmol, 2.0 equiv.) is 

added dropwise at 0 °C to a solution of 4-ethoxy-1-methyl-1,4λ5-azaphosphinan-4-one65a 

(1.50 g, 8.45 mmol, 1.0 equiv.) in THF (50.0 mL), and the reaction mixture is stirred at 

0 °C for 45 min. Water (300 µL), aqueous NaOH (15%; 300 µL) and again water (900 µL) 

is added, and the slurry is stirred at rt for 1 h, filtered and concentrated. The residue is 

repeatedly purified by flash chromatography on silica gel to give 500 mg (44%) of the title 

compound as a pale-yellow semi-solid. Rf (EtOAc) = 0.30. 1H NMR (DMSO-d6, 400 MHz): 

δ = 6.14 – 7.37 (m, 1H), 2.74 – 2.93 (m, 2H), 2.31 – 2.44 (m, 2H), 2.15 – 2.24 (m, 3H), 
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1.99 – 2.13 (m, 2H), 1.80 – 1.98 (m, 2H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 51.2 

(d, J = 6 Hz), 45.3, 26.3 (d, J = 62 Hz) ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 

22.4 ppm. IR (ATR): 3399, 2945, 2797, 2338, 1665, 1258, 1158, 1109, 1018, 956, 921, 

765, 688 cm-1. HRMS (ESI+) calculated for C5H13NOP [M+H]+ m/z 134.0729, found 

134.0728.

1-Isopropyl-1,4λ5-azaphosphinan-4-one (47c). According to an adopted literature 

protocol,65b a solution of LiAlH4 (1.0 M in THF; 19.5 mL, 19.5 mmol, 2.0 equiv.) is added 

to a solution of 4-ethoxy-1-isopropyl-1,4λ5-azaphosphinan-4-one (2.00 g, 9.75 mmol, 

1.0 equiv.) in THF (100 mL) at 0 °C, and the mixture is stirred at 0 °C for 45 min. Water 

(0.5 mL), aqueous sodium hydroxide (15%, 0.5 mL) and again water (1.5 mL) are added 

to the reaction mixture, and the slurry is stirred at room temperature for 1 h. The mixture 

is filtered, and the filtrate is concentrated under reduced pressure. The residue is purified 

by flash chromatography on silica (gradient ethyl acetate/cyclohexane 4:1 to ethyl 

acetate), appropriate fractions are concentrated and the obtained material is used without 

further purification in the next step.
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1-Benzyl-4-[4-(trifluoromethyl)phenyl]-1,4λ5-azaphosphinan-4-one (48). 4-(Trifluoro-

methyl)phenyl iodide  (272 mg, 1.00 mmol, 1.0 equiv.) is added to a solution of Pd2(dba)3 

(23.0 mg, 25.0 μmol, 2.5 mol%), Xantphos (29.0 mg, 50 μmol, 5.0 mol%), and 1-benzyl-

1,4λ5-azaphosphinan-4-one (47a)65b (251 mg, 1.20 mmol, 1.2 equiv.) in DIPEA (255 μL, 

1.50 mmol, 1.5 equiv.) and DMF (4.00 mL). The reaction mixture is sealed in a microwave 

vial and heated at 110 °C overnight. The reaction mixture is diluted with saturated 

aqueous NaHCO3 (20 mL) and the aqueous phase is extracted with EtOAc (3 x 20 mL). 

The combined organic phases are dried over Na2SO4 and concentrated. The residue is 

purified by preparative RP-HPLC (Waters XBridgeTM C18, gradient of acetonitrile in water, 

0.1% NH4OH) to give 283 mg (81%) of the title compound as light-yellow oil. 1H NMR 

(DMSO-d6, 400 MHz): δ = 8.02 – 8.09 (m, 2H), 7.90 (dd, J = 8.4, 1.4 Hz, 2H), 7.31 – 7.38 

(m, 4H), 7.23 – 7.29 (m, 1H), 3.64 (s, 2H), 2.74 – 2.92 (m, 4H), 2.23 – 2.34 (m, 2H), 1.89 

– 2.02 (m, 2H) ppm. MS (ESI+) calculated for C18H20F3NOP [M+H]+ m/z 354.12, found 

354.12.

[4-(Trifluoromethyl)phenyl]phosphonic dichloride (49). The reaction was performed 

using an adopted literature report.91 Oxalyl chloride (1.59 g, 12.5 mmol, 2.5 equiv.) is 
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added dropwise to a refluxing suspension of [4-(trifluoromethyl)phenyl]phosphonic acid 

(24a) (1.13 g, 5.00 mmol, 1.0 equiv.) in DCM (10.0 mL) and DMF (10.0 μL), and the 

reaction mixture is heated at reflux for 1 h. The reaction mixture is concentrated, and the 

yellow solid is used directly in the next step without further purification.

Tert-butyl 2-oxo-2-[4-(trifluoromethyl)phenyl]-1,3,6,2λ5-dioxazaphosphocan-6-

carboxyl-ate (50). A solution of [4-(trifluoromethyl)phenyl]phosphonic dichloride (49) 

(263 mg, 1.00 mmol, 1.0 equiv.) in THF (3.00 mL) is added dropwise to a solution of tert-

butyl N,N-bis(2-hydroxyethyl)carbamate (216 mg, 1.05 mmol, 1.05 equiv.) and Et3N 

(278 μL, 2.00 mmol, 2.0 equiv.) in THF (20.0 mL) at 0 °C, and the reaction mixture is 

allowed to warm to rt overnight. The reaction mixture is filtered over a plug of celite and 

the filter cake is rinsed with EtOAc (20 mL). The combined filtrates are concentrated and 

purified by flash chromatography on silica gel (gradient of MeOH in DCM; 0% – 5% 

MeOH) to give 157 mg (40%) of the title compound as a colorless oil. Rf (DCM:MeOH, 

20:1) = 0.25. 1H NMR (DMSO-d6, 400 MHz): δ = 7.86 – 7.98 (m, 4H), 4.52 – 4.63 (m, 2H), 

3.98 – 4.12 (m, 2H), 3.72 – 3.87 (m, 2H), 3.16 – 3.29 (m, 2H), 1.45 (s, 9H) ppm. 13C NMR 

(DMSO-d6, 101 MHz) δ = 154.1, 133.6 (br d, J = 199 Hz), 132.1 – 132.2 (m), 131.5 (d, 
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J = 10 Hz), 125.3 – 125.5 (m), 123.6 (q, J = 273 Hz), 79.5, 65.9 (br d, J = 8 Hz), 65.4 (br 

d, J = 7 Hz) 50.4, 50.2, 28.0 ppm. 31P NMR (DMSO-d6, 162 MHz): δ = 14.5 ppm. IR 

(ATR): 1692, 1367, 1324, 1240, 1129, 1091, 1030, 1017, 903, 730, 702 cm-1. HRMS 

(ESI+) calculated for C16H21F3NNaO5P [M+Na]+ m/z 418.1002, found 418.1003.
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ABBREVIATIONS

ABL1, Abelson murine leukemia viral oncogene homolog 1; ALK, anaplastic lymphoma 

kinase; CCR2, C-C chemokine receptor 2; dba, dibenzylideneacetone; DIPEA, 

diisopropylethylamine; dppf,  1,1′-ferrocenediyl-bis(diphenylphosphine); EG, ethylene 

glycol; ENaC, epithelial sodium channel; FG, functional group; HATU, 

N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-

methylmethanaminium hexafluorophosphate N-oxide; HDAC1, histone deacetylase 1; 

HMDS, hexamethyldisilazane; HPLC, high-performance liquid chromatography; IUPAC, 

International Union of Pure and Applied Chemistry, KIT, proto-oncogene c-KIT; LCK, 
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lymphocyte-specific protein tyrosine kinase; MetAP2, methionine aminopeptidase 2; 

mTOR, mammalian target of Rapamycin; PDGFRb, platelet-derived growth factor 

receptor beta; PR, progesterone receptor; SYK, spleen tyrosine kinase; TMS, 

trimethylsilyl.

REFERENCES

For Table of Contents Only:

1
 (a) Costa, L. G. Organophosphorus Compounds at 80: Some Old and New Issues. Toxicol. Sci. 2018, 162, 24-35; (b) Kazemi, M.; Tahmasbi, A. M.; Valizadeh, R.; Naserian, A. A.; Soni, A.; Moheghi, M. M. Importance and Toxicological Effects of Organophosphorus Pesticides: A Comprehensive Review. Basic Res. J. Agric. Sci. Rev. 2012, 1, 43-57.
2
 (a) Marrs, T. C. Organophosphorus Veterinary Medicines. Issues in Toxicology 2013, 15, 33-70; (b) Ladell, W. S. Physiological and Clinical Effects of Organophosphorus Compounds. Proc. R. Soc. Med. 1961, 54, 405-406.3 (a) Demkowicz, S.; Rachon, J.; Daśko, M.; Kozak, W. Selected Organophosphorus Compounds with Biological Activity. Applications in Medicine. RSC Adv. 2016, 6, 7101-7112; (b) Wardle, N. J.; Bligh, S. W. A.; Hudson, H. R. Organophosphorus Chemistry: Therapeutic Intervention in Mechanisms of Viral and Cellular Replication. Curr. Org. Chem. 2005, 9, 1803-1828; (c) Wardle, N. J.; Annie Bligh, S. W.; Hudson, H. R. Organophosphorus Compounds: Intervention in Mechanisms of Signal Transduction Relevant to Proliferative, Immunological and Circulatory Disorders. Curr. Med. Chem. 2008, 15, 2230-2257.
4
 Smith, B. R.; Eastman, C. M.; Njardarson, J. T. Beyond C, H, O, and N! Analysis of the Elemental Composition of U.S. FDA Approved Drug Architectures. J. Med. Chem. 2014, 57, 9764-9773.
5
 (a) Rodriguez, J. B.; Gallo-Rodriguez, C. The Role of the Phosphorous Atom in Drug Design. ChemMedChem 2019, 14, 190-216; (b) Volle, J.-N.; Guillon, R.; Bancel, F.; Bekro, Y.-A.; Pirat, J.-L.; Virieux, D. Chapter Four - Phosphono- and Phosphinolactones in the Life Sciences. Adv. Heterocycl. Chem. 2016, 118, 129-193.
6
 (a) Hall, A. G.; Tilby, M. J. Mechanisms of Action of, and Modes of Resistance to, Alkylating Agents Used in the Treatment of Haematological Malignancies. Blood Rev. 1992, 6, 163-173; (b) Chang, T. K. H.; Yu, L.; Maurel, P.; Waxman, D. J. Enhanced Cyclophosphamide and Ifosfamide Activation in Primary Human Hepatocyte Cultures: Response to Cytochrome P-450 Inducers and Autoinduction by Oxazaphosphorines. Cancer Res. 1997, 57, 1946-1954.
7
 Ray, A. S.; Fordyce, M. W.; Hitchcock, M. J. M. Tenofovir Alafenamide: A Novel Prodrug of Tenofovir for the Treatment of Human Immunodeficiency Virus. Antiviral Res. 2016, 125, 63-70.
8
 Dando, T. M.; Plosker, G. L. Adefovir Dipivoxil. Drugs 2003, 63, 2215-2234.
9
 (a) Ioachimescu, A.; Licata, A. Etidronate: What is its Place in Treatment of Primary Osteoporosis and Other Demineralizing Diseases Today? Current Osteoporosis Reports 2009, 5, 165-169; (b) Russell, R. G. G.; Rogers, M. J.; Frith, J. C.; Luckman, S. P.; Coxon, F. P.; Benford, H. L.; Croucher, P. I.; Shipman, C.; Fleisch, H. A. The Pharmacology of Bisphosphonates and New Insights into their Mechanisms of Action. J. Bone Miner. Res. 1999, 14, 53-65.
10
 Michalopoulos, A. S.; Livaditis, I. G.; Gougoutas, V. The Revival of Fosfomycin. Int. J. Infect. Dis. 2011, 15, e732-e739.
11
 (a) Mucha, A.; Kafarski, P.; Berlicki, Ł. Remarkable Potential of the α-Aminophosphonate/Phosphinate Structural Motif in Medicinal Chemistry. J. Med. Chem. 2011, 54, 5955-5980; (b) Shionoiri, H.; Naruse, M.; Minamisawa, K.; Ueda, S.; Himeno, H.; Hiroto, S.; Takasaki, I. Fosinopril. Clin. Pharmacokinet. 1997, 32, 460-480.12 Abdou, M. M.; O’Neill, P. M.; Amigues, E.; Matziari, M. Phosphinic Acids: Current Status and Potential for Drug Discovery. Drug Discov. Today 2019, 24, 916-929.13 (a) Thornton, P. J.; Kadri, H.; Miccoli, A.; Mehellou, Y. Nucleoside Phosphate and Phosphonate Prodrug Clinical Candidates. J. Med. Chem. 2016, 59, 10400-10410; (b) Heimbach, T.; Oh, D.-M.; Li, L. Y.; Forsberg, M.; Savolainen, J.; Leppänen, J.; Matsunaga, Y.; Flynn, G.; Fleisher, D. Absorption Rate Limit Considerations for Oral Phosphate Prodrugs. Pharm. Res. 2003, 20, 848-856.14 (a) Stella, V. J.; Nti-Addae, K. W. Prodrug Strategies to Overcome Poor Water Solubility. Adv. Drug Deliv. Rev. 2007, 59, 677-694; (b) Wiemer, A. J.; Wiemer, D. F. Prodrugs of Phosphonates and Phosphates: Crossing the Membrane Barrier. Top. Curr. Chem. 2014, 360, 115-160.15 (a) Tung, R. D.; Hale, M. R.; Baker, C. T.; Furfine, E. S.; Kaldor, I.; Kazmierski, W. W.; Spaltenstein, A. Sulphonamide Derivatives as Prodrugs of Aspartyl Protease Inhibitors. WO 99/33815, 1999; (b) Ouyang, H. Case Study: Fosamprenavir: A Prodrug of Amprenavir. In: Prodrugs. Biotechnology: Pharmaceutical Aspects; Stella, V. J., Borchardt, R. T., Hageman, M. J., Oliyai, R., Maag, H., Tilley, J. W., Eds.; Springer: New York, 2007; pp 541-549.16 (a) Markham, A. Fostamatinib: First Global Approval. Drugs 2018, 78, 959-963; (b) Singh, R.; Bhamidipati, S.; Masuda, E. Prodrugs of 2,4-Pyrimidinediamine Compounds and their Uses. WO 2006/078846, 2006.17 Garnock-Jones, K. P.; Scott, L. J. Fospropofol. Drugs 2010, 70, 469-477.18 (a) Siegel, D.; Hui, H. C.; Doerffler, E.; Clarke, M. O.; Chun, K.; Zhang, L.; Neville, S.; Carra, E.; Lew, W.; Ross, B.; Wang, Q.; Wolfe, L.; Jordan, R.; Soloveva, V.; Knox, J.; Perry, J.; Perron, M.; Stray, K. M.; Barauskas, O.; Feng, J. Y.; Xu, Y.; Lee, G.; Rheingold, A. L.; Ray, A. S.; Bannister, R.; Strickley, R.; Swaminathan, S.; Lee, W. A.; Bavari, S.; Cihlar, T.; Lo, M. K.; Warren, T. K.; Mackman, R. L. Discovery and Synthesis of a Phosphoramidate Prodrug of a Pyrrolo[2,1‑f][triazin-4-amino] Adenine C‑Nucleoside (GS-5734) for the Treatment of Ebola and Emerging Viruses. J. Med. Chem. 2017, 60, 1648-1661; (b) Eastman, R. T.; Roth, J. S.; Brimacombe, K. R.; Simeonov, A.; Shen, M.; Patnaik, S.; Hall, M. D. Remdesivir: A Review of Its Discovery and Development Leading to Emergency Use Authorization for Treatment of COVID-19. ACS Cent. Sci. Article ASAP, DOI: 10.1021/acscentsci.0c00489.19 (a) Lythgoe, M. P.; Middleton, P. Ongoing Clinical Trials for the Management of the COVID-19 Pandemic. Trends Pharmacol. Sci. [Epub ahead of print] DOI: 10.1016/j.tips.2020.03.006; (b) Li, G.; De Clercq, E. Therapeutic Options for the 2019 Novel Coronavirus (2019‐nCoV). Nat. Rev. Drug Discov. 2020, 19, 149‐150.20 Yuan, H.; Beard, R. L.; Liu, X.; Donello, J. E.; Viswanath, V.; Garst, M. E. Phosphorous Derivatives as Chemokine Receptor Modulators. WO 2012/082568, 2012.21 Jiang, W.; Allan, G.; Chen, X.; Fiordeliso, J. J.; Linton, O.; Tannenbaum, P.; Xu, J.; Zhu, P.; Gunnet, J.; Demarest, K.; Lundeen, S.; Sui, Z. Novel Phosphorous-Containing 17β-Side Chain Mifepristone Analogues as Progesterone Receptor Antagonists. Steroids 2006, 71, 949-954.22 Olsson, R. I.; Jacobson, I.; Boström, J.; Fex, T.; Björe, A.; Olsson, C.; Sundell, J.; Gran, U.; Öhrn, A.; Nordin, A.; Gyll, J.; Thorstensson, M.; Hayen, A.; Aplander, K.; Hidestål, O.; Jiang, F.; Linhardt, G.; Forsström, E.; Collins, T.; Sundqvist, M.; Lindhardt, E.; Åstrand, A.; Löfberg, B. Synthesis and Evaluation of Diphenylphosphinic Amides and Diphenylphosphine Oxides as Inhibitors of Kv1.5. Bioorg. Med. Chem. Lett. 2013, 23, 706-710.23 Heckel, A.; Frattini, S.; Kley, J. 2-(Pyrazin-2-ylcarbonylaminomethyl)benzimidazolium Compounds as Epithelial Sodium Channel Inhibitors. WO 2016/113168, 2016. 24 Cheruvallath, Z.; Lawson, J. D.; McBride, C. Fumagillol Derivatives. WO 2016/100778, 2016.25 Tao, M.; Bihovsky, R.; Wells, G. J.; Mallamo, J. P. Novel Peptidyl Phosphorus Derivatives as Inhibitors of Human Calpain I. J. Med. Chem. 1998, 41, 3912-3916.26  Heidebrecht, R. W., Jr.; Chenard, M.; Close, J; Dahlberg, W. K.; Fleming, J.; Grimm, J. B.; Hamill, J. E.; Harsch, A.; Haines, B. B.; Hughes, B.; Kral, A. M.; Middleton, R. E.; Mushti, C.; Ozerova, N.; Szewczak, A. A.; Wang, H.; Wilson, K.; Witter, D. J.; Secrist, J. P.; Miller, T. A. Exploring the Pharmacokinetic Properties of Phosphorus-Containing Selective HDAC 1 and 2 Inhibitors (SHI-1:2). Bioorg. Med. Chem. Lett. 2009, 19, 2053-2058.
27
 (a) Ridaforolimus. Drugs in R & D 2010, 10, 165-178; (b) Merck Sharp & Dohme Corp.  Ridaforolimus in Treatment of Sarcoma-SUCCEED (Sarcoma Multi-Center Clinical Evaluation of the Efficacy of Ridaforolimus) (8669-011 AM6) (SUCCEED). Available from: https://www.clinicaltrials.gov/ct2/show/NCT00538239. Identifier: NCT00538239; (c) Rivera, V. M.; Squillace, R. M.; Miller, D.; Berk, L.; Wardwell, S. D.; Ning, Y.; Pollock, R.; Narasimhan, N. I.; Iuliucci, J. D.; Wang, F.; Clackson, T. Ridaforolimus (AP23573; MK-8669), a Potent mTOR Inhibitor, Has Broad Antitumor Activity and Can Be Optimally Administered Using Intermittent Dosing Regimens. Mol. Cancer Ther. 2011, 10, 1059-1071.
28
 (a) Markham, A. Brigatinib: First Global Approval. Drugs 2017, 77, 1131-1135; (b) Huang, W.-S.; Liu, S.; Zou, D.; Thomas, M.; Wang, Y.; Zhou, T.; Romero, J.; Kohlmann, A.; Li, F.; Qi, J.; Cai, L.; Dwight, T. A.; Xu, Y.; Xu, R.; Dodd, R.; Toms, A.; Parillon, L.; Lu, X.; Anjum, R.; Zhang, S.; Wang, F.; Keats, J.; Wardwell, S. D.; Ning, Y.; Xu, Q.; Moran, L. E.; Mohemmad, Q. K.; Jang, H. G.; Clackson, T.; Narasimhan, N. I.; Rivera, V. M.; Zhu, X.; Dalgarno, D.; Shakespeare, W. C. Discovery of Brigatinib (AP26113), a Phosphine Oxide-Containing, Potent, Orally Active Inhibitor of Anaplastic Lymphoma Kinase. J. Med. Chem. 2016, 59, 4948-4964.
29
 Laurence, C.; Brameld, K. A.; Graton, J.; Le Questel, J.-Y.; Renault, E. The pKBHX Database: Toward a Better Understanding of Hydrogen-Bond Basicity for Medicinal Chemists. J. Med. Chem. 2009, 52, 4073-4086.30 (a) Jiang, W.; Fiordeliso, J. J.; Allan, G.; Linton, O.; Tannenbaum, P.; Xu, J.; Zhu, P.; Gunnet, J.; Demarest, K.; Lundeen, S.; Sui, Z. Discovery of Novel Phosphorous-Containing Steroids as Selective Glucocorticoid Receptor Antagonist. Bioorg. Med. Chem. Lett. 2007, 17, 1471-1474; (b) Jang, J.; Son, J. B.; To, C.; Bahcall, M.; Kim, S. Y.; Kang, S. Y.; Mushajiang, M.; Lee, Y.; Jänne, P. A.; Choi, H. G.; Gray, N. S. Discovery of a Potent Dual ALK and EGFR T790M Inhibitor. Eur. J. Med. Chem. 2017, 136, 497-510; (c) Franz, R. G. Comparisons of pKa and log P Values of Some Carboxylic and Phosphonic Acids: Synthesis and Measurement. AAPS PharmSci 2001, 3, E10; (d) Oliyai, R.; Shaw, J.-P.; Sueoka-Lennen, C. M; Cundy, K. C.; Arimilli, M. N.; Jones, R. J.; Lee, W. A. Aryl Ester Prodrugs of Cyclic HPMPC. I: Physicochemical Characterization and In Vitro Biological Stability. Pharm. Res. 1999, 16, 1687-1693.
31
 Frings, M.; Bolm, C.; Blum, A.; Gnamm, C. Sulfoximines from a Medicinal Chemist's Perspective: Physicochemical and in vitro Parameters Relevant for Drug Discovery. Eur. J. Med. Chem. 2017, 126, 225-245.
32
 (a) Deininger, M.; Buchdunger, E.; Druker, B. J. The Development of Imatinib as a Therapeutic Agent for Chronic Myeloid Leukemia. Blood 2005, 105, 2640-2653; (b) Capdeville, R.; Buchdunger, E.; Zimmermann, J.; Matter, A. Glivec (STI571, imatinib), a Rationally Developed, Targeted Anticancer Drug. Nat. Rev. Drug Discovery 2002, 1, 493-502; (c) Lin, Y.-L.; Meng, Y.; Jiang, W.; Roux, B. Explaining why Gleevec is a Specific and Potent Inhibitor of Abl Kinase. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 1664-1669; (d) Sirvent, J. A.; Lücking, U. Novel Pieces for the Emerging Picture of Sulfoximines in Drug Discovery: Synthesis and Evaluation of Sulfoximine Analogues of Marketed Drugs and Advanced Clinical Candidates. ChemMedChem 2017, 12, 487-501.
33
 Ester 29b is commercially available. For the synthesis of all other compounds see reference 31.
34
 For a review see: (a) Tappe, F. M. J.; Trepohl, V. T.; Oestreich, M. Transition-Metal-Catalyzed C-P Cross-Coupling Reactions. Synthesis 2010, 2010, 3037-3062; for recent examples, see: (b) Zhang, J.-S.; Chen, T.; Han, L.-B. Palladium-Catalyzed Direct Decarbonylative Phosphorylation of Benzoic Acids with P(O)–H Compounds. Eur. J. Org. Chem. 2020, 1148-1153; (c) Hicks, I.; McTague, J.; Hapatsha, T.; Teriak, R.; Kaur, P. Cobalt Catalyzed C-P Bond Formation by Cross-Coupling of Boronic Acids with P(O)H Compounds in Presence of Zinc. Molecules 2020, 25, 290.
35
 (a) Yang, J.; Xiao, J.; Chen, T.; Han, L.-B. Nickel-Catalyzed Phosphorylation of Phenol Derivatives via C–O/P–H Cross-Coupling. J. Org. Chem. 2016, 81, 3911-3916; (b) Hu, G.; Chen, W.; Fu, T.; Peng, Z.; Qiao, H.; Gao, Y.; Zhao, Y. Nickel-Catalyzed C–P Cross-Coupling of Arylboronic Acids with P(O)H Compounds. Org. Lett. 2013, 15, 5362-5365; (c) Bloomfield, A. J.; Herzon, S. B. Room Temperature, Palladium-Mediated P–Arylation of Secondary Phosphine Oxides. Org. Lett. 2012, 14, 4370-4373; (d) Stankevič, M.; Włodarczyk, A. Efficient Copper(I)-Catalyzed Coupling of Secondary Phosphine Oxides with Aryl Halides. Tetrahedron 2013, 69, 73-81; (e) Jablonkai, E.; Balázs, L. B.; Keglevich, G. MW-Assisted P-C Coupling Reaction Using P - Ligand - Free Pd(OAc)2 Catalyst. Phosphorus, Sulfur, Silicon Relat. Elem. 2015, 190, 660-663.
36
 (a) Guillen, F.; Fiaud, J.-C. Enantiomerically Pure 1,2,5-Triphenylphospholane Through the Synthesis and Resolution of the Chiral trans-(2,5)-Diphenylphospholanic Acid. Tetrahedron Lett. 1999, 40, 2939-2942; (b) Tsvetkov, E. N.; Syundyukova, V. K.; Baulin, V. E. Ortho-Phosphorylated Phenols and their Methoxymethyl Ethers, Phosphines, and Phosphine oxides. Russ. Chem. Bull. 1989, 38, 135-137.
37
 Dalpozzo, R.; De Nino, A.; Miele, D.; Tagarelli, A.; Bartoli, G. Synthesis of Phosphane Oxides and Phosphonates by Cerium-Mediated Addition of Organolithium Compounds to Chloro-Phosphorus Compounds. Eur. J. Org. Chem. 1999, 2299-2301.
38
 Kendall, A. J.; Salazar, C. A.; Martino, P. F.; Tyler, D. R. Direct Conversion of Phosphonates to Phosphine Oxides: An Improved Synthetic Route to Phosphines Including the First Synthesis of Methyl JohnPhos. Organometallics 2014, 33, 6171-6178.39 (a) Gray, M.; Chapell, B. J.; Felding, J.; Taylor, N. J.; Snieckus, V. The Di-t-Butylphosphinyl Directed ortho Metalation Group. Synthesis of Hindered Dialkylarylphosphines. Synlett 1998, 422-424; (b) Schreiter, W. J.; Monteil, A. R.; Kalachnikova, E.; Peterson, M. A.; Moulis, M. D.; Gasery, C. D.; McCandless, G. T.; Fronczek, F. R.; Stanley, G. G. Synthesis and Characterization of a New Binucleating Tetraphosphine Ligand Based on 1,2-Phenylene Chelates and the Structures of Dinickel Tetrachloride Complexes of the Ligand. Inorg. Chem. 2014, 53, 10036-10038.
40
 (a) Heuschmann, M.; Quast, H. Dreigliedrige Heterocyclen, 14. α-Halogenierung von Tertiären Phosphanoxiden. Chem. Ber. 1982, 115, 3384-3401; (b) Davies, W. C.; Pearse, P. L.; Jones, W. J. CLXIV.–Tertiary Phosphines Containing the Higher Alkyl Radicals. J. Chem. Soc. 1929, 1262-1268.41 Tsvetkov, E. N.; Bondarenko, N. A.; Malakhova, I. G.; Kabachnik, M. I. A Simple Synthesis and Some Synthetic Applications of Substituted Phosphide and Phosphinite Anions. Synthesis 1986, 198-208.
42
 (a) Abrunhosa-Thomas, I.; Sellers, C. E.; Montchamp, J.-L. Alkylation of H-Phosphinate Esters under Basic Conditions. J. Org. Chem. 2007, 72, 2851-2856; (b) Renard, P.-Y.; Vayron, P.; Leclerc, E.; Valleix, A.; Mioskowski, C. Lewis Acid Catalyzed Room-Temperature Michaelis–Arbuzov Rearrangement. Angew. Chem. Int. Ed. 2003, 42, 2389-2392; (c) Berger, O.; Petit, C.; Deal, E. L.; Montchamp, J.-L. Phosphorus-Carbon Bond Formation: Palladium-Catalyzed Cross-Coupling of H-Phosphinates and Other P(O)H-Containing Compounds. Adv. Synth. Catal. 2013, 355, 1361-1373; (d) Au-Yeung, T.-L.; Chan, K.-Y.; Chan, W.-K.; Haynes, R. K.; Williams, I. D.; Yeung, L. L. Reactions of (RP)- and (SP)-tert-Butylphenylphosphinobromidates and tert-Butylphenylthionophosphinochloridates with Heteroatom Nucleophiles; Preparation of P-chiral Binol Phosphinates and Related Compounds. Tetrahedron Lett. 2001, 42, 453-456; (e) Miles, J. A.; Grabiak, R. C.; Cummins, C. Synthesis of Novel Phosphorus Heterocycles: 1,3-Dihydro-2,1-benzoxaphosphole 1-Oxides. J. Org. Chem. 1982, 47, 1677-1682.
43
 (a) Demmer, C. S.; Krogsgaard-Larsen, N.; Bunch, L. Review on Modern Advances of Chemical Methods for the Introduction of a Phosphonic Acid Group. Chem. Rev. 2011, 111, 7981-8006; (b) Van der Jeught, S.; Stevens, C. V. Direct Phosphonylation of Aromatic Azaheterocycles. Chem. Rev. 2009, 109, 2672-2702.
44
 Qu, G.-R.; Xia, R.; Yang, X.-N.; Li, J.-G.; Wang, D.-C.; Guo, H.-M. Synthesis of Novel C6-Phosphonated Purine Nucleosides under Microwave Irradiation by SNAr−Arbuzov Reaction. J. Org. Chem. 2008, 73, 2416-2419.45  Jiao, X.-Y.; Bentrude, W. G. A Facile Route to Vinyl- and Arylphosphonates by Vinyl and Aryl Radical Trapping with (MeO)3P. J. Org. Chem. 2003, 68, 3303-3306.
46
 (a) For seminal work see: Tavs, P. Reaktion von Arylhalogeniden mit Trialkylphosphiten und Benzolphosphonigsäure-dialkylestern zu Aromatischen Phosphonsäureestern und Phosphinsäureestern unter Nickelsalzkatalyse. Chem. Ber. 1970, 103, 2428-2436; (b) For mechanistic studies see: Balthazor, T. M.; Grabiak, R. C. Nickel-Catalyzed Arbuzov Reaction: Mechanistic Observations. J. Org. Chem. 1980, 45, 5425-5426; (c) Yang, G.; Shen, C.; Zhang, L.; Zhang, W. Nickel-Catalyzed Arbuzov Reactions of Aryl Triflates with Triethyl Phosphite. Tetrahedron Lett. 2011, 52, 5032-5035.47 Iranpoor, N.; Firouzabadi, H.; Moghadam, K. R.; Motavalli, S. First Reusable Ligand-free Palladium Catalyzed C–P Bond Formation of Aryl Halides with Trialkylphosphites in Neat Water. RSC Adv. 2014, 4, 55732-55737.
48
 For a recent example see: Ballester, J.; Gatignol, J.; Schmidt, G.; Alayrac, C.; Gaumont, A.-C.; Taillefer, M. A Copper-Catalyzed Variant of the Michaelis–Arbuzov Reaction. ChemCatChem 2014, 6, 1549-1552.49 Shaikh, R. S.; Düsel, S. J. S.; König, B. Visible-Light Photo-Arbuzov Reaction of Aryl Bromides and Trialkyl Phosphites Yielding Aryl Phosphonates. ACS Catal. 2016, 6, 8410-8414.
50
 (a) Hirao, T.; Masunaga, T.; Ohshiro, Y.; Agawa, T. A Novel Synthesis of Dialkyl Arenephosphonates. Synthesis 1981, 56-57; (b) Belabassi, Y.; Alzghari, S.; Montchamp, J.-L. Revisiting the Hirao Cross-Coupling: Improved Synthesis of Aryl and Heteroaryl Phosphonates. J. Organomet. Chem. 2008, 693, 3171-3178; (c) Kohler, M. C.; Sokol, J. G.; Stockland, R. A., Jr. Development of a Room Temperature Hirao Reaction. Tetrahedron Lett. 2009, 50, 457-459; (d) Zhao, Y.-L.; Wu, G.-J.; Li, Y.; Gao, L.-X.; Han, F.-S. [NiCl2(dppp)]-Catalyzed Cross-Coupling of Aryl Halides with Dialkyl Phosphite, Diphenylphosphine Oxide, and Diphenylphosphine. Chem. Eur. J. 2012, 18, 9622-9627.
51
 Fu, W. C.; So, C. M.; Kwong, F. Y. Palladium-Catalyzed Phosphorylation of Aryl Mesylates and Tosylates. Org. Lett. 2015, 17, 5906-5909.
52
 (a) Isshiki, R.; Muto, K.; Yamaguchi, J. Decarbonylative C–P Bond Formation Using Aromatic Esters and Organophosphorus Compounds. Org. Lett. 2018, 20, 1150-1153; (b) Liu, C.; Szostak, M. Decarbonylative Phosphorylation of Amides by Palladium and Nickel Catalysis: The Hirao Cross-Coupling of Amide Derivatives. Angew. Chem. Int. Ed. 2017, 56, 12718-12722.
53
 Zhuang, R.; Xu, J.; Cai, Z.; Tang, G.; Fang, M.; Zhao, Y. Copper-Catalyzed C−P Bond Construction via Direct Coupling of Phenylboronic Acids with H-Phosphonate Diesters. Org. Lett. 2011, 13, 2110-2113.
54
 Miao, T.; Wang, L. Palladium-Catalyzed Desulfitative Cross-Coupling Reaction of Sodium Arylsulfinates with H-Phosphonate Diesters. Adv. Synth. Catal. 2014, 356, 967-971.
55
 Luo, H.; Liu, H.; Chen, X.; Wang, K.; Luo, X.; Wang, K. Ar–P Bond Construction by the Pd-Catalyzed Oxidative Cross-Coupling of Arylsilanes with H-Phosphonates via C–Si Bond Cleavage. Chem. Commun. 2017, 53, 956-958.
56
 (a) Shaikh, R. S.; Ghosh, I.; König, B. Direct C−H Phosphonylation of Electron-Rich Arenes and Heteroarenes by Visible-Light Photoredox Catalysis. Chem. Eur. J. 2017, 23, 12120-12124; (b) Niu, L.; Liu, J.; Yi, H.; Wang, S.; Liang, X.-A.; Singh, A. K.; Chiang, C.-W.; Lei, A. Visible-Light-Induced External Oxidant-Free Oxidative Phosphonylation of C(sp2)–H Bonds. ACS Catal. 2017, 7, 7412-7416.
57
 (a) Burger, A.; Dawson, N. D. The Reaction of Dialkyl Chlorophosphates with Arylmagnesium Halides. J. Org. Chem. 1951, 16, 1250-1254; (b) Van Overtveldt, M.; Heugebaert, T. S. A.; Verstraeten, I.; Geelen, D.; Stevens, C. V. Phosphonamide Pyrabactin Analogues as Abscisic Acid Agonists. Org. Biomol. Chem. 2015, 13, 5260-5264.
58
 (a) Carré, F.; Chuit, C.; Corriu, R. J. P.; Monforte, P.; Nayyar, N. K.; Reyé, C. Intramolecular Coordination at Phosphorus: Donor-Acceptor Interaction in Three- and Four-Coordinated Phosphorus Compounds. J. Organomet. Chem. 1995, 499, 147-154; (b) Edmundson, R. S.; Wrigley, J. O. L. Cyclic Organophosphorus Compounds – IV: Cleavage of 1,3,2-Dioxaphospholane and 1,3,2-Dioxaphosphorinane Rings by Grignard Reagents. Tetrahedron 1967, 23, 283-290; (c) For a Synthesis via P(III) Intermediate and Subsequent Oxidation, see: Haranath, P.; Babu, M. F. S.; Anasuyamma, U.; Raju, C. N.; Reddy, C. S. Synthesis and Antimicrobial Activity of Novel 3 Substituted 1,5-Dihydro-2,4,3-benzodioxaphosphepine 3-Oxides. Heteroat. Chem. 2005, 16, 572-575. 
59
 Frank, É.; Schäfer, B.; Mucsi, Z.; Keglevich, G. Synthesis and Conformational Study of P-Heterocyclic Androst-5-ene Derivatives. Heteroat. Chem. 2008, 19, 7-14.
60
 Sørensen, M. D.; Blæhr, L. K. A.; Christensen, M. K.; Høyer, T.; Latini, S.; Hjarnaa, P.-J. V.; Björkling, F. Cyclic Phosphinamides and Phosphonamides, Novel Series of Potent Matrix Metalloproteinase Inhibitors with Antitumour Activity. Bioorg. Med. Chem. 2003, 11, 5461-5484.
61
 (a) Burns, B.; King, N. P.; Tye, H.; Studley, J. R.; Gamble, M.; Wills, M. Chiral Phosphinamides: New Catalysts for the Asymmetric Reduction of Ketones by Borane. J. Chem. Soc., Perkin Trans. 1 1998, 1027-1038; (b) Núñez, A.; Berroterán, D.; Núñez, O. Hydrolysis of Cyclic Phosphoramides. Evidence for syn Lone Pair Catalysis. Org. Biomol. Chem. 2003, 1, 2283-2289.
62
 (a) Wong, S.-C.; Carruthers, N. I.; Chan, T.-M. A Preparation of Phosphetanic acid. J. Chem. Res. (S) 1993, 268; (b) Kurdyumova, N. R.; Ragulin, V. V.; Tsvetkov, E. N. Synthesis of Acyclic and Cyclic Dialkylphosphinic Acids from Ammonium Hypophosphite. Russ. J. Gen. Chem. 1994, 64, 380-383; (c) Montchamp, J.-L.; Tian, F.; Frost, J. W. Double Arbuzov Reaction of in Situ Generated Bis(trimethylsiloxy) Phosphine with Dielectrophiles: Methodology for the Synthesis of Cyclic Phosphinic Acids. J. Org. Chem. 1995, 60, 6076-6081; (d) Bujard, M.; Gouverneur, V.; Mioskowski, C. A Highly Efficient and Practical Synthesis of Cyclic Phosphinates Using Ring-Closing Metathesis. J. Org. Chem. 1999, 64, 2119-2123; (e) Ortial, S.; Fisher, H. C.; Montchamp, J.-L. Hydrophosphinylation of Unactivated Terminal Alkenes Catalyzed by Nickel Chloride. J. Org. Chem. 2013, 78, 6599-6608; (f) Berger, O.; Montchamp, J.-L. Phosphinate-Containing Heterocycles: A Mini-Review. Beilstein J. Org. Chem. 2014, 10, 732-740.
63
 Tang, W.; Sarvestani, M.; Wei, X.; Nummy, L. J.; Patel, N.; Narayanan, B.; Byrne, D.; Lee, H.; Yee, N. K.; Senanayake, C. H. Formation of 2-Trifluoromethylphenyl Grignard Reagent via Magnesium−Halogen Exchange: Process Safety Evaluation and Concentration Effect. Org. Process Res. Dev. 2009, 13, 1426-1430.64 For the preparation of ethyl divinylphosphinate, see: (a) Maier, L. Organische Phosphorverbindungen 44 Darstellung und Eigenschaften von Bis-(ß-chloräthyl)-phosphinsäure-Derivaten [1]. Helv. Chim. Acta 1971, 54, 275-277; (b) Dunne, K. S.; Bisaro, F.; Odell, B.; Paris, J.-M.; Gouverneur, V. Diastereoselective Ring-Closing Metathesis:  Synthesis of P-Stereogenic Phosphinates from Prochiral Phosphinic Acid Derivatives. J. Org. Chem. 2005, 70, 10803-10809.65 For double Michael-addition of primary amines to alkyl divinylphosphinates see: (a) Reznik, V. S.; Levin, Y. A.; Akamsin, V. D.; Galyametdinova, I. V.; Pyrkin, R. I. Two-Fragment α-Adrenolytics. Addition of Primary Amines to Alkyl Divinylphosphinates and Phenyl(divinyl)phosphine Oxides. Russ. Chem. Bull. 2000, 49, 495-498; (b) Shen, W.; Muang, J.; Zhang, A.; Zheng, X. Tricyclic Inhibitors of Poly(ADP-ribose)polymerase. WO 2012/166983, 2012.66 Bravo-Altaminrano, K.; Huang, Z.; Montchamp, J.-L. Palladium-Catalyzed Phosphorus–Carbon Bond Formation: Cross-Coupling Reactions of Alkyl Phosphinates with Aryl, Heteroaryl, Alkenyl, Benzylic, and Allylic Halides and Triflates. Tetrahedron 2005, 61, 6315-6329.67 Kalek, M.; Jezowska, M.; Stawinski, J. Preparation of Arylphosphonates by Palladium(0)‐Catalyzed Cross‐Coupling in the Presence of Acetate Additives: Synthetic and Mechanistic Studies. Adv. Synth. Catal. 2009, 351, 3207-3216.68 Jansa, P.; Baszczyňski, O.; Procházková, E.; Dračínský, M.; Janeba, Z. Microwave-Assisted Hydrolysis of Phosphonate Diesters: An Efficient Protocol for the Preparation of Phosphonic acids. Green Chem. 2012, 14, 2282-2288.
69
 Conibear, A. C.; Lobb, K. A.; Kaye, P. T. 31P NMR Kinetic Study of the Tandem Cleavage of Phosphonate Esters by Bromotrimethylsilane. Tetrahedron 2010, 66, 8446-8449.
70
 (a) Holý, A. Simple Method for Cleavage of Phosphonic Acid Diesters to Monoesters. Synthesis 1998, 381-385; (b) For alternative approaches, see for example: Golubski, Z. E.; Skrowaczewska, Z. New Synthesis of Cyclic Esters of Phosphonic and Thiophosphonic Acids. Synthesis 1979, 21-23.
71
 Yang, J.-C.; Gorenstein, D. G. Contribution of Ring Strain and the Stereoelectronic Effect to the Hydrolysis of Cyclic Five-Membered Ring Phosphorus Esters. Tetrahedron 1987, 43, 479-486.
72
 Liu, Y.-F.; Wang, C.-L.; Bai, Y.-J.; Han, N.; Jiao, J.-P.; Qi, X.-L. A Facile Total Synthesis of Imatinib Base and Its Analogues. Org. Process Res. Dev. 2008, 12, 490-495.73 Compound 40 and its preparation are reported in: Li, X.; Liu, X.; Molteni, V.; Chianelli, D.; Loren, J.; Nabakka, J.; Ramsey, T.; Breitenstein, W. Compounds and Compositions as C-KIT and PDGFR Kinase Inhibitors. WO 2008/137794, 2008.74 Compound 43 and similar phosphine oxides have previously been reported: Metcalf, C. A., III; Shakespeare, W. C.; Sawyer, T. K.; Wang, Y.; Bohacek, R. Novel Phenylamino-Pyrimidines and Uses thereof. WO 03/000186, 2003.75
 Close, J.; Grimm, J.; Heidebrecht, R. W. J.; Kattar, S.; Miller, T. A.; Otte, K. M.; Peterson, S.; Siliphaivanh, P.; Tempest, P. Phosphorus Derivatives as Histone Deacetylase Inhibitors. WO 2008/010985, 2008.
76
 The samples measured in the solubility assays were used as obtained from the synthesis. No analyses on solid state properties nor crystallinity have been performed.77 For primary carboxamide 30a and dimethyl sulfonamide 31c no valid logD data could be determined at pH 11. As no ionization is expected at pH 2, the logD values measured at pH 2 are displayed instead in Figure 6.
78
 Haake, P.; Cook, R. D.; Hurst, G. H. Evaluation of the Basicity of Phosphine Oxides and Phosphine Sulfides by Measurements of Chemical Shift in Sulfuric Acid Solutions. J. Am. Chem. Soc. 1967, 89, 2650-2654.
79
 Martin, R. E.; Plancq, B.; Gavelle, O.; Wagner, B.; Fischer, H.; Bendels, S.; Müller, K. Remote Modulation of Amine Basicity by a Phenylsulfone and a Phenylthio Group. ChemMedChem 2007, 2, 285-287.
80
 The pKb of 4-methylsulfonylpyridine was determined to be <2 (in-house data).
81
 Baldwin, R. A.; Cheng, M. T. Organometalloid Azides. IV. Preparation and Reactions of N,N'-[p-Arylenebis(diphenylphosphoranylidyne)]bis(P-phenylphosphonamidic Azides). J. Org. Chem. 1967, 32, 2636-2639.
82
 Keglevich, G.; Grün, A.; Bölcskei, A.; Drahos, L.; Kraszni, M.; Balogh, G. T. Synthesis and Proton Dissociation Properties of Arylphosphonates: A Microwave-Assisted Catalytic Arbuzov Reaction with Aryl Bromides. Heteroat. Chem. 2012, 23, 574-582.83 For the effects of ring strain on the hydrolysis of cyclic phosphonates see reference 71 and: Dudev, T.; Lim, C. Ring Strain Energies from ab Initio Calculations. J. Am. Chem. Soc. 1998, 120, 4450-4458.
84
 Manley, P. W.; Cowan-Jacob, S. W.; Buchdunger, E.; Fabbro, D.; Fendrich, G.; Furet, P.; Meyer, T.; Zimmermann, J. Imatinib: A Selective Tyrosine Kinase Inhibitor. Eur. J. Cancer 2002, 38, S19-S27.85 While imatinib (36) and the phosphorus-containing analogs 43-45 where tested as free base or free acid, the analogs 37-42 where employed as their TFA salts as obtained after purification by preparative reversed-phase HPLC. This salt form differences however do not affect the data obtained in assays starting from DMSO stock solutions using buffered conditions, such as the assay for logD, stability in human liver microsomes or Caco-2 permeability. For solubility it does affect data from the shake-flask assay, but not data from the HPLC-based high-throughput assay. For a detailed comparison see Table S1 in the supporting information.86 The properties of phosphinic and phosphonic acids in comparison to carboxylic acids will be reported in a separate account.87 Armarego, W. L. F.; Chai, C. L. L. Purification of Laboratory Chemicals, 5th ed., Butterworth   Heinemann: Oxford, 2003.88 Harris, R. K.; Becker, E. D.; Cabral De Menezes, S. M.; Goodfellow, R.; Granger, P. NMR Nomenclature. Nuclear Spin Properties and Conventions for Chemical Shifts (IUPAC Recommendations 2001). Pure Appl. Chem. 2001, 73, 1795-1818.89 Pandya, V.; Jain, M.; Chakrabarti, G.; Soni, H.; Parmar, B.; Chaugule, B.; Patel, J.; Jarag, T.; Joshi, J.; Joshi, N.; Rath, A.; Unadkat, V.; Sharma, B.; Ajani, H.; Kumar, J.; Sairam, K. V. V. M.; Patel, H.; Patel, P. Synthesis and Structure–Activity Relationship of Potent, Selective and Orally Active Anthranilamide-Based Factor Xa Inhibitors: Application of Weakly Basic Sulfoximine Group as Novel S4 Binding Element. Eur. J. Med. Chem. 2012, 58, 136-152.90 Metcalf, C. A., III; Shakespeare, W. C.; Sawyer, T. K.; Wang, Y.; Bohacek, R. Novel Pyridopyrimidones and Uses thereof. WO 03/000270, 2003.91 Rogers, R. S. A General Synthesis of Phosphonic Acid Dichlorides Using Oxalyl Chloride and DMF Catalysis. Tetrahedron Lett. 1992, 33, 7473-7474.

Page 105 of 108

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 6: Graphical depiction of logD values of phosphorus-containing compounds and bioisosteres at pH 
11.77 
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Figure 7: Graphical depiction of logD values of imatinib analogs at pH 11. 
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