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1. Introduction 

Sulfur is an ubiquitous heteroatom in medicinal 
chemistry.[1] Its prevalence is often credited to its ability to 
exist in many oxidation states, whilst also being capable of 
bonding to a variety of atoms, including carbon, oxygen, 
nitrogen, phosphorus and halides. Consequently, a number 
of familiar sulfur functional groups are routinely 
encountered in synthetic and medicinal chemistry (Figure 
1), and display a broad spectrum of useful chemical and 
biological properties. 

There is a long-standing history of sulfur functionalities 
in pharmaceutically active molecules. This is exemplified by 
the revolutionary antibiotic penicillin (1), which has a sulfur 
atom embedded in the thiazolidine ring. Sulfur atoms are 
also common in many modern pharmaceuticals; out of the 
120 small molecule drugs present in the top 200 drugs by 
retail sales for 2019,[2] 33% contain a sulfur atom. Amongst 
these sulfur-containing molecules, certain functional groups 
are present in higher frequencies, with sulfonamides (A) 
leading the way, featuring in eight of these drugs. If we 
rewind to almost a century ago, we again encounter 
sulfonamides, this time in some of the first antibiotics to be 
developed, the so-called “sulfa drugs” of the 1930s (2). 
Today, sulfonamides are found in molecules with a wide 
range of applications that go far beyond the scope of 
antibiotics. The longevity of sulfonamides in drug discovery 
can be attributed to several features: high stability, 
favourable solubility, and the presence of multiple hydrogen 
bonding donor and acceptor sites. The latter enables the 
formation of interactions with metal ions and amino acid 
residues. Consequently, sulfonamides are highly valued in 
small molecule drug discovery, and are currently the most 
acclaimed sulfur pharmacophore. Omeprazole added below 

 
Figure 1. Prevalent sulfur functional groups in medicinal chemistry 
and examples of corresponding medicinal agents.  

  

2. Establishing underexplored sulfur pharmacophores   

Given the prevalence of sulfonamides in known medicines, 
as well as their ease of preparation, it is not surprising that 
many drug discovery programmes are still drawn to this 
functional group.[3] Nonetheless, several other sulfur 
functional groups are also straightforward to prepare, and 
have been integrated into numerous drug molecules. In 
particular, the role of thioethers (B) and sulfoxides (C; see 
Omeprazole 3) as pharmacophores has been examined in 
detail.[4] In contrast, there are fewer synthetic routes to  
sulfamates (D),[5]  and sulfamides (E).[6] However, these 
groups still feature in blockbuster drugs such as topiramate 
(4) and	macitentan (5).  

Despite the success of established sulfur 
pharmacophores, a large proportion of sulfur functional 
groups remain neglected in drug discovery (Figure 2). 
Many of these species offer additional attractive features, 
including, stereogenic sulfur centres, increased polarity, 
and additional points of diversification, potentially allowing 
for the fine-tuning of their physiochemical properties. The 
limited use of these molecules can also offer attractive 
intellectual property positions. Recently, increasing 
attempts have been made to elucidate the biology of these 
underexplored pharmacophores.[7] 

 
Figure 2. Less common sulfur functional groups and examples of 
their use in medicinal chemistry. 

(A) Sulfonamide

R1
S
N

OO

R2

R3

N

S

O

H
N

O

R Me

Me

CO2H
Penicillin (1)

antibiotic

(B) Thioether

R1
S

R2

S
NH2

OO

H2N
Sulfanilamide (2)

antibiotic

(C) Sulfoxide

R1
S

R2

O

N
N

O

Br

HN
S
NH

O

O
Macitentan (5)

endothelin receptor antagonist

O

O

O O

O

Me
Me Me

Me

O
S
NH2

O O

Topiramate (4)
carbonic anhydrase inhibitor

O
N

N

Br

(i) Established sulfur-based functional groups

(ii) Examples of sulfur containing pharmaceuticals

(D) Sulfamate

S
N

OO

R2

R3O

R1
(E) Sulfamide

S
N

OO

R3

R4N
R1

R2

N
HN

S

OMe

O
N

Me

OMe

Me

Omeprazole (3)
proton-pump inhibitor

Pr

(F) Sulfoximine

R1
S

R2

NO

(i) Neglected sulfur-based pharmacophores

(ii) Biologically relevant molecules

R3

Me
S
NHO

HO2C

NH2

(G) Sulfonimidamide

R1
S
N

NO

R2

R3
R4

MSO (6)
glutamine synthetase inhibitor

Me
S
NCNO

Sulfoxaflor (7)
insecticide

N

F3C

N

N

S
Me

NHO

N

HN

N

O

Me

AZD6738 (8)
ATR inhibitor (clinical trials)

R1
S

R2

NN R3R4

R1
S

X

NO R2

(H) Sulfondiimine

(J) Sulfonimidoyl 
halide

R1
S

F

OO

(I) Sulfonyl
    fluoride

S
F

OO

(K) Fluorosulate

O
R1 S

F

OO

(L) Sulfamoyl 
   fluoride

N
R1

R2

S
F

NO

(M) Sulfamimidoyl 
fluoride

N
R1

R2

R3

S
N
H

O NH

N
N

O

N
H

O

WO2020018975 (9)
 interleukin-1 activity inhibitor (patent)

S
Me

NHHN
F

NHN

N
F

OMe

BAY 1251152 analogue (10)
pan-CDK inhibitor

F

OMe

MeO

MeO

O

OMe

S
F

OO

Combretastatin A4 analouge  (11)
potential anticancer treatment



 

 

2.1. Sulfoximines 

The biological significance of sulfoximines (F) has been 
apparent since the 1950s, when methionine sulfoximine 
(MSO, 6) – now a widely studied molecule[8] – was first 
discovered. Despite this, to date there are no marketed 
sulfoximine-containing pharmaceuticals. Only a single 
agrochemical, the insecticide Sulfoxaflor (7), has reached 
the market, gaining approval in 2013. Several reports have 
investigated sulfoximines as potential pharmacophores.[9] 
In particular, the pharmacokinetics of sulfoximine drug 
analogues has been explored numerous times. A variety of 
sulfoximine-containing molecules have now entered clinical 
trials, across a variety of disease areas, for example, the 
ATR inhibitor 8.  

A significant limitation in the development of 
sulfoximine-containing drugs has been the lack of synthetic 
routes to access this functional group. Traditional 
syntheses of these molecules involve the imination of 
sulfoxides (C). However, this approach is limited by the 
formation of N-substituted sulfoximines, which require 
further deprotection and functionalisation. In addition, toxic 
and explosive reagents are required.[9] In recent years, 
several breakthroughs have been achieved that allow rapid 
access to free (N-H) sulfoximines, under milder conditions, 
including the direct oxidation from thioethers (B).[10],[11] 
Furthermore, a recent alternative synthesis paired simple 
organometallic reagents with a high oxidation state sulfur 
linchpin reagent, ‘BiPhONSO’.[12] Strategies based on 
sulfonamidate[13] and sulfinamide[14] intermediates have 
also enjoyed recent success. 

2.2. Sulfonimidamides  

Sulfonimidamides (G) are inherently chiral aza-analogues 
of sulfonamides that can also act as tuneable bioisosteres. 
Several reports have investigated their qualities as 
bioisosteres,[15] suggesting that they may have 
advantageous properties such as increased metabolic 
stability and aqueous solubility. However, this research is 
still limited, especially with regards to exploring biological 
activity. Despite there being no general guidelines on best 
practice for incorporation of sulfonimidamides into drug 
discovery programmes, it is intriguing to note that their 
prevalence in the patent literature has rapidly increased in 
recent years (example 9).   

The synthesis of sulfonimidamides has not significantly 
evolved over the last few decades. Most routes typically 
employ unstable sulfonimidoyl chloride intermediates (J, X 
= Cl) in a displacement reaction with amines, although the 
use of the corresponding sulfonimidoyl fluorides is 
known.[16] Imination methods have recently been 
successfully applied to sulfonimidamide syntheses.[17],[18] 
Although sulfonimidamides are inherently chiral molecules, 
very few methods afford enantioenriched examples.[19] 
Enantioselectivity is particularly important because 
stereochemical configuration can have profound effects on 
drug potency. With more new methodologies being 
developed,[12] the prevalence of sulfonimidamides in 
medicinal agents is expected to increase.   

  

2.3 Sulfondiimines   

Although the synthesis of aza-sulfur compounds is a topical 
area of research, the sulfondiimine moiety (H) has received 
little attention in a medicinal chemistry setting. A notable 
exception to this is sulfondiimine 10, which has been 
explored as a potential pan-CDK inhibitor.[20] Despite 
sulfondiimine 11 showing promising results, its synthesis on 
scale was challenging due to the requirement to use 
hazardous reagents. Recently, sulfondiimines have been 
prepared from organometallic reagents.[21] Use of the 
latter, resulted in a more straightforward preparation of a 
diverse range of sulfondiimines.    

2.4. Functional groups featuring sulfur-fluorine bonds 

Chemical probes have become a vital tool for studying 
biological systems. Amongst probes that feature an 
electrophilic functional group, sulfonyl fluorides (I) and  
fluorosulfates (K) have emerged as common electrophilic 
warheads.[22]  The application of these sulfur-fluorine 
based molecules has provided a wealth of information on 
the chemoselectivity of their interactions with protein 
residues. One key feature of these functional groups, and 
also of the related sulfamoyl fluorides (L), is their relative 
stability towards hydrolysis.[23] This has led to recent 
investigations into exploiting these molecules as covalent 
inhibitors in drug discovery programmes. An additional 
attractive feature of these groups is that they can be 
installed into known pharmaceuticals with relative ease. 
Molecule 10 is a good example of this.[24] In this case, the 
fluorosulfate displayed increased potency compared to the 
known phenol derivative, which is itself an anti-cancer drug 
candidate.  

3. Expert opinion 

From the aforesaid reports it is evident that several sulfur-
based functionalities have become privileged 
pharmacophores. The sulfonamide motif is most notable. 
However, sulfoximines, sulfonimidamides, sulfondiimines, 
as well as related sulfur-fluorine compounds, have only 
recently emerged as useful groups in drug discovery. These 
under-developed functional groups provide unique 
opportunities for medicinal chemists to explore new areas 
of chemical space, which comes with associated patent 
freedoms. To accelerate the uptake of these less-common 
functionalities, their pharmacokinetic and 
pharmacodynamic properties must be elucidated. This is 
particularly important for groups which have been studied 
in little detail. For instance, sulfondiimines (H), sulfonimidoyl 
and sulfamimidoyl fluorides (J, X = F, and M, respectively).  
The aforementioned properties cannot be ascertained 
unless there are safe and varied methods to prepare a 
diverse array of sulfur pharmacophores. It should be noted 
that several aza-sulfur compounds have only been 
synthesised a handful of times. It is essential that chemists 
develop new synthetic strategies to access these species. 
From a synthetic perspective, new practical methods 



 

 

should avoid cumbersome, stepwise procedures that rely 
on malodorous thiols. The use of toxic and hazardous 
reagents should also be avoided. Ideally, these routes 
should operate under mild conditions, and exploit reagents 
that allow the divergent synthesis of multiple sulfur 
functional groups. Attractive routes should also make use 
of the common building-blocks that are easily accessible to 
medicinal chemists, for example, aryl halides and amines. 
The ability to use these components directly in catalytic 
reactions, to access multiple sulfur pharmacophores, would 
be a significant breakthrough.  

It is also important to develop methodologies that are 
compatible for late-stage functionalisation of pre-existing 
drug molecules. The introduction of novel sulfur species 
into known active scaffolds can potentially improve 
physiochemical properties and potency. In this regard, 
reactions that focus on interconverting pre-existing sulfur 
functional groups may significantly contribute to the 
diversification of current drug molecules.[25]  

Developing methods to prepare neglected sulfur 
pharmacophores is only one challenge that must be 
considered. Many of these emerging pharmacophores 
contain nitrogen atoms and carbon-substituents which can 
be functionalized. Therefore, in order to gain a fuller picture 
of the importance and usefulness of these substituents and 
their general topology, it is vital to develop reactions that 
can selectively manipulate and modify them. This will allow 
correlations between a given substituent’s physiochemical 
and biological effects to be measured. 

Overall, sulfur’s role in medicinal chemistry continues to 
grow. However, many sulfur functionalities remain 
underused in small molecule drug discovery. This is 
primarily due to the difficulties associated with their 
synthesis, and the lack of understanding of their behaviour 
in a biological context. To successfully incorporate new 
sulfur pharmacophores into drug-discovery programmes, it 
is crucial that new synthetic methods continue to be 
developed. The associated biological studies must run 
alongside these efforts.     
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