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P

trivalent
Referred as P(III)

P

: O, S, Se, NHR

pentavalent
Referred as P(V)

P can act as both Nucleophile and Electrophile
depending on

Moisture Sensitive in most cases
Oxygen Sensitive in most cases

Moisture Sensitive in some cases (if    is good LG)
Oxygen Sensitive in rare cases

Mechanism of Nucleophilic Substitution on P as electrophile

P

Nu

Nu

close to LP
(preferred)

backside attack
(inversion)

P(V) can primarily act as an electrophile

far from LP

P

Nu

P

Nu

P Nu

P

axial (apical) position

equatrial position

1. less bulky groups
2. more electronegative groups

1. lone-pairs
2. more bulky groups
3. less electronegative groups

TBP Intermediate [Berry pseudorotation]

P
Nu

poor stereochemical control
 in most cases

mixture of invertomers

widely used as a ligand and 
as a starting material for functionalization, 

where various groups are attached to it 
before being oxidized to its pentavalent state

The exclusive form of phosphorus incorporated into 
the structure of bioactive compounds
 primarily found in phosphate (PO4

3-) 
and phosphonate (-PO3

2-) groups.

Substitution on P(III)
2. Associative Mechanism [addition-elimination]

Nu
close to LP
(preferred)

frontside attack
(retention)

P

1. SN2 - type Mechanism (one-step)

PNu

Substitution on P(V)

P

Nu

P

Nu

P Nu P
Nu

1. Associative Mechanism [addition-elimination]

stereoretentive/invertive
is known

Not easily predictable

stereochemical control
is achieved

by clipping two spectator substituents
P

N
H

2. Dissociative Mechanism

stereoretentive/invertive
is known

usually predictable

P
N
H

P
N
H

Nu

Complete Loss of 
Stereochemical Information

Nu

1Tetrahedron: Asymmetry 28.12 (2017): 1651-1674

Nature Geoscience, 16, 399–409 (2023)



Baran Lab Group Meeting
03/12/2025Mahdi Jafarzadeh Phosphorous : From Organic Synthesis to Application in Medicinal Chemistry

2

P P PPoxidation decoration reduction

requires harsh conditions
limitation of this approach

P
P PPdecoration deprotection
BH3 BH3protection

mild conditions

P
Ar

Ar
Ar

BH3 DABCO P
Ar

Ar
Ar

Decomplexation conditions 
depends on electron-density on P

Electron-poor triaryl phosphines [DABCO]

P
R

R
R

BH3
P

R
R

R

Electron-rich trialkyl phosphines [HBF4]

HBF4

stereoretentive

EtOH
∆

P
Ar

Ar
Ar

BH3

P
Ar

H
Ar

BH3
P

Ar
Ar

ArP
Ar

H
Ar

P
R

R
R

BH3

P
RO

OR
OR

BH3

Limitation
< 1 h

P
H

BH3
P

H <<

Q: Is it only a protecting group? NO
increased acidity of P-H 

due to borane inductive effect

Advantage

B(OEt)3

easily removable byproduct
by vacuum evaporation

bp: < 120°

P
Cl

P
OEt P

PhEtO

O

DIBAL-H (1.2 eq)

Toluene
then

BH3.SMe2

-78° to rt

DIBAL-H (1.2 eq)

Toluene
then

BH3.SMe2

50°

DIBAL-H (2.2 eq)

Toluene
then

BH3.SMe2

 > 50°

P
H

P
Ph H

OTMDS (1.4 eq.)
Ti(OiPr)4 (10 mol%)

Toluene
then

BH3.SMe2

 > 50°

BH3

How to obtain decorated phosphines?

Ethanolysis

Access to Secondary Phosphine-Boranes?

PhosphoBoranes : Protected Phosphines

Beilstein J. Org. Chem. 2014, 10, 1064–1096
Tetrahedron, 55(5), 1197-1248

R: alkyl

P BH3 + LBLB BH3 P+

if LB is stronger donor than phosphine:

Org. Lett. 2011, 13, 17, 4596–4599

Tetrahedron, 65(32), 6410-6415

Tetrahedron, 51(28), 7655-7666

Green Chem., 2010,12, 326-330
Org. Lett. 2006, 8, 8, 1677–1680

Chem. Soc. Rev., 2015, 44, 2508-2528

TMDS

Si
O

Si
Me

Me
H

Me

Me

H
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P
H

BH3

P
BH3

Ar

P
BH3

P
BH3

S

P
BH3

O

NaH / Alkyne

nBuLi / Benzyne

∆ / vinylthioether

∆ / vinylether

PtBu Ph

BH3

PtBu Ph

BH3

stereoretentive

stereoinvertive

>95% ee

>90% ee

PtBu Me
H

BH3 1. nBuLi
2. BrCH2CH2Br

PtBu Me
Br

BH3

[Li]

nBuLi PtBu Me
[Li]

BH3
X

P
BH3

[Cu] / Br-Alkyne

P
BH3

[Pd] / C(sp2)-OTf

P
BH3

nBuLi / KetoneP
BH3

P
O

MeO
OMe

PtBu Me
Me

BH3 1. sec-BuLi , (-)-sparteine
2. Electrophile

PtBu Me

BH3

[R3Si-Cl], O2, CO2, DMF

[E]
N

N
H

H
(-)-sparteine

PtBu Me
Me

BH3 1. sec-BuLi , (+)-sparteine surrogate
2. Electrophile
[R3Si-Cl], O2, CO2, DMF

PtBu Me

BH3

[E]
Me

N

N
H

H
(+)-sparteine

surrogate

>70% ee

>70% ee

P
BH3

How can this compound be synthesized?

P
Me

Me

BH3
P
Me

BH3
P
BH3

OH

P
BH3

Access to P-chiral Tertiary Phosphines
[Limited Scope]

Access to P-chiral Phosphines
[Limited Scope]

2° Phosphoboranes to Access 3° Phosphines

J. Org. Chem. 2012, 77, 13, 5759–5769
Org. Lett. 2015, 17, 5, 1216–1219

Org. Lett. 2013, 15, 5, 1132–1135

Synthesis 2008(19): 3121-3125

Synthesis 2008(19): 3121-3125

Org. Lett. 2013, 15, 17, 4592–4595

J. Org. Chem. 2007, 72, 6, 2247–2250

J. Org. Chem. 2010, 75, 23, 8166–8179

Asian Journal of Control 15, 6 (2013)
ACIE, 46, 45 (2007), 8636-8639

JACS, 2010, 132, 39, 13922–13927
Chem. Commun., 2008, 655-667
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P DIBAL-H (1.2 eq)

then
BH3.SMe2

P
BH3 P

O
P
Cl

then
BH3.SMe2

P
BH3(COCl)2 NaBH4

P
Ph

Me
tBu

O

then
BH3.SMe2

[Me+] NaBH4
P

Ph
Me

tBu

O
Me

P
Ph

Me
tBu

BH3

stereoretentive

P
Ph

Me Ar

O

P
Ph

Me Ar

OR*
(COCl)2

P
Ph

Me Ar

Cl (-)-menthol

then
BH3.SMe2

NaBH4 P
Ph

Me Ar

BH3

stereoretentiv
e

From Phosphine oxides to Phosphines

P
H

O
P

OH
BH3 P

OH

BH3

This process will not happen spantanously
Presence of strong bases facilitates formation of phosphinous acid-borane adducts

pKa < 5.00

resolution with
 chiral amines
[crystalization]

P
OH

BH3

Me

O

MeMe

P
O

H
Ph

P
Ph

OLi
[Li] P

Ph
OTMS

TMSCl
P
Ph

OH

BH31. BH3

2. HCl

N
H

P
O

BH3

tBu

[Li/MgX]

N
H

P
OH BH3

tBu
Li/NH3 P

tBu
NH2

BH3

Riera-Verdaguer Method

stereoretentive

JACS, 2011, 133, 15, 5740–5743
please see: P-stereogenic Compounds (Rosen 2014)
                    Baran Lab Seminars

P
O

O
OP

O
O

O

H

H

O P
O

O

O

OH

- Phospho-aldol (Abramov)

P
O

O

O

NH
3-component reaction

[H-phosphonate + amine + aldehyde]

- Pudovich Reaction

asymmetric versions are well-developed using:
strong bases, Lewis acids {Ti4+, Al3+}

organocatalysts {thiourea-based HBD}

ACS Med. Chem. Lett. 2023, 14, 4, 473–478
ACIE, 54: 355-358

Chin. J. Chem., 31: 1573-1576
Tetrahedron Letters, 52(11), 1157-1160

Eur. J. Org. Chem., 2020: 3351-3366

Phosphinous Acid-Borane Alpha-heteroatom Phosphonates

JACS, 114(10), 3975-3977
Chem. Commun., 2015, 51, 16561-16564

K<<1

Synthesis 2005(8): 1279-1290
JACS, 2011, 133, 28, 10728–10731
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P
O

O
O

H

PCl3 + OH3
P

O
O

O

McCombie’s process to synthesis symmetric H-phosphonates

OHH3PO3 + Dean-Stark

J. Chem. Soc., 1945, 873-874

P
O

O
O

Ph

Ph
H

OH

pyr P
O

O
O

Ph
H

OH

pyr P
O

O
O

H
DPP-strategy to synthesize Asymmetric H-phosphonates

rt, < 2 hr rt, < 2 hr

Eur. J. Org. Chem., 2011: 3220-3228
Tetrahedron, 52(29), 9931-9944

P
O

O
O

H
[X+] P

O
O

O

X
[X+]

W
W: OH, SH, NH2

P
O

O
O

W
Atherton-Todd reaction

[X+] : CCl4, C2Cl6

P
O

OH
O

H
PivCl P

O
O

O

H

O

Me Me
Me

OH

base

rt, < 2 hr

P
O

O
O

H
[oxidation]

P
O

O
O

OH
P

O
O

O

SH

P
O

O
O

S

Di-alkyl Phosphates

From H-Phosphonate to Phosphate

P
Cl

N
O

iPr

NC

iPr

OH
R3N P

O
N

O
iPr

NC

iPr

P
O

O
O

NC
OH

tetrazole

P
O

O
O

NC
O

P
O

O
O

NC
S

 [oxidation] base

P
O

O
O

OH

P
O

O
O

SH

Phosphoramidite approach

please see: Nucleoside triphosphate synthesis (Zhang 2021)
                    Baran Lab Seminars

H-Phosphonates

PO
H

H
OH

P O
OH

HO
OH

P O
H

HO
OH

phosphoric acid phosphonic acid phosphinic acid
2 H3 H 1 H

Symmetric di-alkyl phosphonates

Unsymmetrical di-alkyl phosphonate

P
O

O
O

H

[oxidation]
 O: iodine/water, peroxides

S: S8

Eur. J. Med,Chem., 72 ,2014, 127-136
Quarterly Reviews, Chem. Soc., 3, 2 (1949): 146-159

E1cb

P
O

N
O

NC

N
N
N

P
O

N
O

iPr

NC

iPr N
N

N
NH

Activation Mechanism

HOT
leaving group

J. Chem. Soc. ,1945, 380-382

Eur. J. Org. Chem., 2013, 35 (2013): 7973-7978 Nat Commun 12, 2760 (2021)







PSI-Platform Enables Stereocontrolled Access to Chiral P(V) Center

P
O

O
SH

N
H

P
O

O
SH

O

P

SH

P
O

Me
SH

O
P
O

Me
O

O

OS
P

O S

SC6F5
Me

Me
H

O
P

S S

SC6F5
Me

Me
H

𝚷𝚿

[MeMgBr]

[C(sp2): R-Mg/Li]

P
O

[MeMgBr]

P(V)-reagents used for 2e-chemistry

Forging P-C(sp3) is limited to Me group

Limitation

Solution
Moving from 2e to 1e chemistry

S
P

O S

SC6F5
Me

Me

Me
H

O
P

S S

SC6F5
Me

Me

Me
H

dihydro-𝚷dihydro-𝚿

New generation of P(V)-reagents used for 1e-chemistry

AIBN 
[radical chain initiator]

DCE, 50°, 4-5 h

P(V)-reagent (dihydro-𝚿/𝚷)
(TMS)3SiH

 [H-donor and thioarene-transfer reagent] P
S

O

S

P
O

SH
O

P
O

SH
N

P
O

SH
[mild conditions] [wide scope] [unactivated olefins]

[Coupling]
STEP 1

[Loading]
STEP 2

[Loading with C(sp2)-Li]

[Loading with R2N-Li]

[Loading with ROH]

[ROH, RNH2]

State-of-the-art [Radical Approach]

ACS Central Science 2021, 7(9), 1473-1485

JACS 2023, 145(28), 15088-15093
J. Org. Chem. 2003, 68(26), 9916-9923
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S
P

O S

S
Ar

OH
base

S
P

O S

O
S

P
O S

OOH
base

O
P

HO S

OO

S

Stereocontrolled Access to Thiophosphates

The Role of Oxathiophospholane Ring

The Idea Originally Was Developed By Stec

S
P

O

LG S
P

O

O S
P

O S

O S
P

O

S

O
+

[separation]

P
HO S

OO
P

HO S

OO

[Loading] [Coupling]

[Loading] [sulfurization]
[stereorandom]

[Coupling]
+





B

O

O
PO

O

O

O

Importance of P(V) in Therapeutic Oligonuleotides
 Main Functioning Mechanism

Watson-Crick pairing with encoding mRNA Suppressing Target Protein Synthesis (Gene-Silencing)

Base Modifications

Phosphate-linkage
Modifications

O
PN

X O

O
PO

S O

S
Me

O
O

Sugar-backbone 
Modifications

5’-Position Modifications

H2C

P

P N

N

NH2

O

Me

O

O
R

R: F OMe O
OMe

O

O
O

Locked Nucleic Acid

Phosphorothioate

[LNA]

Phosphoramidate

increased cellular uptake
higher lipophilicity

increased RNA-binding affinity

increased RNA-binding affinity

O-deletion O-replacement

Explored Modifications to Improve Pharmacodynamics/kinetics

increased stability toward nuclease
increased RNA binding affinity

[thio-effect]

understudied domain

X: S, O

Steric Blockers Gapmers Small Interfering RNA
nusinersin (2016) tofersin (2023) vutrisiran (2023)

FDA Approved ON-therapeutics

Science, 384, eadl4015(2024)

Challenging Stereocontrol on P

Nat. Rev. Drug Discov. 19, 673–694(2020) Oligonucleotides, 2004, 14(2), 130-146 Carbohydrate Research, 2022, 513, 108517
Science, 1969, 165(3898), 1137-1139Nucleic Acids Res. 49, 1828–1839 (2021) Int. J. Biol. Macromol. 13, 329–336 (1991)PNAS, 2019, 116 (4), 1229-1234,



P
O

O

O
O

Me

Me

Me

N

O CO2H

Fosinopril
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Zn-Metaloprotease Inhibitors

H
N P

O

OH O

phosphinic peptides

N + PC NP + C stereochemical
 control

stereochemical
 control orthogonal

protection

H
N P

H

O

O

H
N P

O

O

H
N P

O

O
TMS

TMS
O

O

LG

[silylation]
TMDS, TMSCl

 BSA

[hard deprotonation]

H
N P

O

O O

: H

: alkyl

NH2
O

+ P
H

O

OH
H+

∆

H
N P

H

O

OH

H
N P

H

O

OH

PG-swap Resolution
chiral amines

H
N P

H

O

OH

Access to Stereopure NP Fragment

N
S

tBuO

P
O

OEt
H

OEt
Me

OEt
+ P

O

OEt

OEt
Me

OEt

HN
S

O tBu
base deprotection

H
N P

H

O

OH
Tetrahedron:Asymmetry, 22(12), 1358-1363
Tetrahedron: Asymmetry, 18(24), 2886-2893

J. Org. Chem. 2013, 78, 14, 6962–6974
J. Chem. Soc. Perkin Trans., 1, (19), 3306-3310

J. Org. Chem. 2013, 78, 20, 10069–10076

P
O

OEt
H

OEt
Me

OEt

1. CH2O
2. isopropenyl acetate,
    Lipase

P
O

OEt

OEt
Me

OEt

HO P
O

OEt

OEt
Me

OEt

N

Ph

Ph4 steps H
N P

H

O

OEtBn

3 steps

an angiotensin converting enzyme (ACE) inhibitor
 used for the treatment of hypertension
and some types of chronic heart failure

FDA Approved 1991
Marketed by BMS

Similarity between the structure of a 
PeptidicSequence in the so-called 

Tetrahedral Intermediate,and 
Phosphinic Dipeptide Isoster (PDI)

Mechanism of ActionNP + C 
approach is preferred



Glutamate and GABA-based CNS therapeutics

HO
NH2

O

OH

O

H2N
O

OH

GABAGlutamate

HO
NH2

P
O

OH

O

OH
MeO

NH

O

Cbz

MeO
NH

P
OTMSO

OTMS

MeO
NH

P
O

H

O

OH
Cbz

MeO
NH

P
S

OH

O

OH
Cbz

AIBN
H3PO2

MeOH
∆

2. HCl (6 M), 100°
1. I2 [oxidation]

then S8

2. hydrolysis

1. BSA [silylation]

Cbz
BSA: (N,O)-bis(TMS)acetamide

NH4(H2PO2)

1. HN(TMS)2
    [silylation]

2. CO2Et CO2Et
P

TMSO

OTMS CO2Et

NHAc

1.

2. hydrolysis
CO2H

P
O

HO2C

NH2

OH

CO2Et
P
O

Br
OEt1. dibromoethane

2. CH(OEt)3
CO2H

P
O

OH
H2N

CO2H

AcHN

CO2Et

CO2Et

1.

2. hydrolysis

CO2Et
P
O

OEt

J. Med. Chem. 2010, 53, 7, 2797–2813

O
Abramov

MeO
NH

P
OO

OH
Cbz OH

P
O

H
EtO

OEt

OEt
Me

1. HN(TMS)2 [silylation]

2. O
Cl

3. HOAc, MeOH

P
O

OEt
OEt

OEt
MeOH

Cl
2. hydrolysis
1. NH4OH P

OH
H2N

H
OH

O

P
O

OEt
OEt

OEt
Me

Me
1. LDA

then
BocHN

O

OMe
2. hydrolysis

P
O

H2N
H

OH

O
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𝜸-Amino Butyric Acid

Molecular pharmacology, 80(6), 965-978

P
HO OH

O

Mitsunobu

H
N P

O OH

O
H
N

OH

These two neurotransmitters work in balance
glutamate excites, while GABA calms

ensuring proper brain function and
 preventing neurological disorders.

Dialkylphosphinates and 
alkyl phosphonates

can act as 
carboxylic acid bioisoster

J. Med. Chem., 51(14), 4315-4320

FASEB J., 23: 3619-3628

J. Med. Chem. 2018, 61, 5, 1969–1989

J. Med. Chem. 2010, 53, 7, 2797–2813



NRTI : nucleoside reverse transcriptase inhibitors
NNRTI: non-nucleoside reverse transcriptase inhibitors

N

Cl

PO

BnO
Ph O
H2N

H
NH

N

O

H Br
1. Halogene-Li exchange
2.

P
O

Cl OBn
Ph

2e - chemistry
P
O

OBn
Ph

Inhibitors of Aspartate Transcarboamylase

HP
O

HO
OH

+ Br
O

H
N

CO2Bn

CO2Bn
1. HN(TMS)2, TMSCl
[silylation]
2. Ph2CN2 P

O

H
N

CO2Bn

CO2Bn
HO

O

O

Ph

Ph 1. intramolecular Mitsunobu
2. deprotection P

NO

OH

O

CO2H

CO2H

P
OBnO

PhPh

Ph OH

1. H3PO2
[Pd], Xantphos

Org. Lett. 2008, 10, 6, 1123–1126
1. reductive ozonolysis

2. reductive amination
R-NH2

P
OBnO

N
R

H2, Pd/C

2. BnBr , Ag(I) salt

P
OHO

N
R

Phosphinates as Sugar Mimetics

O

OBn
BnO

OH

OBn

 tBuOK

P
O

HAr
OEt P

OBnO

OBn
BnO

O

Ar
OH

[mixture of isomers]

1. Tf2O, pyr
2. TMSN3
3. PPh3 , H2O

Barton-McCombie
deoxygenation

P
OBnO

OBn
BnO

O

Ar
NH2

P
OBnO

OBn
BnO

O

Ar
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J. Med. Chem. 2012, 55, 5, 2196–2211
WO 2009/004096 A1

Bioorg. Med. Chem. Lett., 19(3), 900-902
 Bioorg. Med. Chem. Lett.,17(22), 7680-7689

CO2O2C
NH3

O NH2

O
P

O

O

O

CO2O2C
HN

NH2

OAspartate Transcarboamylase First step in pyrimidine
 biosynthetic pathway+

O

O
O

Ar

O

O
O

O
O

OH

O

O

P
O

O
O

Ar

O

O
O

Targeting 
CNS cancers

phostine

Reverse Transcriptase Inhibitors of HIV

J. Med. Chem. 2011, 54, 1, 392–395

Inhibition of Enzyme Active Site by 2*HB



P
H2N

O OH
R

P
H2N

O OEt

OEt PH
N

O OEt

OH PH
N

O OEt

R P
H2N

O OH

R
ready for amide coupling

1. amine protection
2. NaI, pyr, 105° C

1. oxalyl chloride
2. R-MgX

TMSI
then 

2,6-lutidine, MeOH

P
H2N

O OH
Ar1. oxalyl chloride

2. LAH

olefin as a handle for metathesis

PH
N

O OEt

H
PH

N

OEt

OTMS1. TMSCl, Hunig’s base
2. ArCH2Br
3. 2,6-lutidine, MeOH
4. deprotection

N PPh
O

OEt
OEt

N PPh
O

OEt
OEt

[mixture of stereoisomers]

H2N P
O

OEt
OEt

H
NPh

P
O

OEt
OEt

(±)

CsOH HCl (1 N)

Resolution by crystalization
with dibenzoyl-L-tartaric acid

P
H2N

O OEt

OEt

Tetrahedron Letters 50.27 (2009): 3833-3835

CO2H
H2N bioisoster

Br
Br

Hepatitis C Virus NS3/4A Protease Inhibitor
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MK-7009

MeMe

MeMe
Me

Bioorganic & medicinal chemistry letters, 19(9), 2574-2578Approved in Japan
2014

developed by Merck
Vanihep

Fragment Synthesis

Fragment Derivatization



P P

N
N

OH
O

PCl3, H3PO3

∆
Toluene

N
N

HO P(OH)2

P(OH)2

O

O

Lunan pharmaceutical group - CN112574113, 2021

H2N OEt

O 1. N-protection

2. hydrolysis
3. Acid activation

N
H

O

O
N

O

1. P(OTMS)3 (> 2.0 eq.)
2. hydrolysis/deprotection

H2N

OH
P(OH)2

P(OH)2

O

OGE Healthcare - US6534488, 2003, B1
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Bisphosphonate Therapy for Bone Disorders
The American journal of medicine 126.1 (2013): 13-20.

P P
OO

OR

ORRO

RO

Alkylation

P
O

O
O

Br
Me

Me
150 $/g

P
O

O
O

HO
Me

Me
8 $/g

Baran Lab Group Meeting
03/12/2025Mahdi Jafarzadeh Phosphorous : From Organic Synthesis to Application in Medicinal Chemiatry

10

Bisphosphonates are a class of medications
 used to treat and prevent bone disorders 

like osteoporosis, and they work by slowing down
 bone resorption (the breakdown of bone tissue), 

which helps to strengthen bones
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O

R = Et
150 $/g Michael-type reactivity

Bioorg. Med. Chem. Lett., 25(5), 1117-1123
Molecules 2017, 22(1), 82

Euro. J. Med. Chem., 60, 431-440

Tet. Lett., 34(23), 3767-3768
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Ubiquitous Phosphonate Moiety in Drug Analogues
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For treatment of bladder infections
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P
O
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P
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Tetrahedron: Asymmetry, 22(18-19), 1784-1789
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FDA  Approved 1996

Broad spectrum antibiotic
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followed by
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rearrangement

Phosphine Oxides: A Worthy Addition to the Medicinal Chemistry Toolbox? J. Med. Chem. 2020, 63, 13, 7081–7107
highly polar functional groups leading to high solubility and metabolic stability but occasionally at the cost of reduced permeability
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Org. Process Res. Dev. 2024, 28, 7, 2470–2480
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DOI: 10.1021/bk-2022-1423.ch001
ACS Symposium SeriesVol. 1423
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immune stimulant 
for the treatment 
of solid tumors
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progressed to clinical trials
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Brigatinib
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FDA Approved 2017
ARIAD Pharm.

J. Org. Chem. 2021, 63, 86, 12783-12801
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Role of Phosphorous in Prodrugs
Definition of Prodrug: Pharmacologically inactive drug that gets converted to an active drug in the body by enzymatic hydrolysis
Why Prodrugs?  modulate absorption, distribution, metabolism, excertion, and toxicity parameters
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