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Abstract 

Currently, prostate specific membrane antigen ligands are one of the most widely used platforms for 
creating compounds targeting prostate cancer tumor cells. In this mini-review, we have collected and 
systematized existing approaches to the synthesis of PSMA ligands based on DCL urea, as the most 
widely used vector platform. The main approaches to each stage of the synthesis of PSMA inhibitors 
of various structures are considered in detail, and existing synthetic techniques are collected and 
analyzed. 

Keywords: prostate cancer; target delivery; prostate-specific membrane antigen; DCL; peptide 
synthesis 
 

1. Introduction 

Prostate cancer is the second most newly diagnosed cancer among men.[1] Due to the presence 
of serious side effects of classical therapies,[2–4] approaches aimed at creating drugs capable of 
delivering therapeutic or diagnostic agents selectively into tumor tissues have been actively 
developing in recent years. Compounds targeting PSMA have become widespread in the case of 
prostate cancer, due to the fact that this protein is overexpressed in tumor tissues.[5–8] Currently, an 
extensive range of PSMA ligands of various nature and conjugates based on them is presented in the 
literature,[9–16] however, compounds based on N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-(S)-L-
lysine occupy a special place among them (compound 1 Figure 1). Based on this ligand, the drugs 
PSMA-11, PSMA-617 and Pylarify™ have been developed, approved by the FDA for use in the 
treatment of prostate cancer.[17–19] 

So far, a number of reviews have examined in detail both the data on the inhibitory activity of 
DCL-based PSMA ligands [9,10,16] and the effect of specific functional fragments on this property.[20] 
The systematization and analysis of data on the biological activity of diagnostic and therapeutic 
conjugates based on these ligands has also been carried out.[11–15,21] The aim of this work is to 
systematize the approaches presented in the literature for the preparation of PSMA inhibitors based 
on DCL urea. It is worth noting that this mini-review does not address the data presented in the 
patent literature, as well as approaches to the synthesis of conjugates based on PSMA inhibitors (with 
the exception of some examples). 
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Figure 1. The structure of the DCL ligand and compounds based on it, approved for use by the FDA. 

The DCL ligand is a urea derivative of glutamic acid and lysine. Based on the data presented in 
the literature on the structure of PSMA and the mechanism of binding of various ligands to the 
protein,[9,22–24] the structure of DCL can be divided into three fragments (Figure 2): P1’ is the residue 
of glutaric acid responsible for binding to the S1 pocket; ZBG (zinc-binding group) is the urea region, 
responsible for the interaction with zinc atoms; P1 is a fragment of 6-aminohexanoic acid that binds to 
the S1 pocket.[16] In this case, only the carboxyl group is directly involved in protein binding in the P1 
fragment, which allows for various modifications of the ε-amino group. 
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Figure 2. The structure of the DCL ligand with graphical isolation of fragments P1, P1’ and ZBG. 
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Effective binding to PSMA requires the presence of three carboxylic functional groups in fragments 
P1 and P1’, as has been shown in the literature.[25,26] This imposes a number of additional restrictions 
when choosing a synthetic strategy. In this regard, protective groups in these positions are actively used 
to obtain DCL-based ligands. Moreover, more structurally complex PSMA ligands may include 
additional functional groups in the structure of the linker and other fragments, which also need to be 
protected to prevent the appearance of side reactions. 

Based on all of the above and the fact that the choice of a synthetic strategy for the production of 
PSMA ligands depends on the design of the final inhibitor and conjugate based on it, four main steps 
in the synthesis of such compounds can be distinguished (Figure 3). The first stage involves obtaining 
a protected form of DCL urea, and the protective group for the ε-amino group of lysine must be 
orthogonal to the protective groups for carboxylic fragments in order to be able for its selective removal. 
At the second stage, the protective group at the lysine nitrogen atom is removed, which allows for 
subsequent modification. The third stage involves modification of the obtained primary amine based 
on the design of the target inhibitor. At this stage, an additional aromatic fragment and/or a linker can 
be introduced. The fourth stage involves the removal of protective groups to obtain the target ligand, 
however, in some cases this stage may be preceded by conjugation of the protected form of the ligand 
with a therapeutic or diagnostic agent. 
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Figure 3. Graphical representation of the main steps of synthesis of PSMA ligands. 

It is also worth noting the strategies for obtaining PSMA ligands and conjugates based on them 
through complete solid-phase synthesis. This option for obtaining target compounds differs slightly 
from the above scheme and will be considered separately in this review. 

2. Methods of Creating a Urea Fragment 

As mentioned above, the first step in the synthesis of PSMA ligands is the creation of a urea 
fragment to produce a protected form of urea DCL. The synthesis of this compound from di-(tert-butyl)-
protected glutamic acid and lysine protected by a tert-butyl group on the carboxyl group and a 
benzyloxycarbonyl group on the ε-amino group has become the most widespread. However, there are 
a number of examples in the literature suggesting the use of other protective groups. 

2.1. Approaches to the Synthesis of DCL Urea Protected by Tert-Butyl- and Cbz-Groups 

As already outlined above, the strategy using tri-(tert-butyl) and Cbz-protected form of DCL urea 
has become the most widespread in the synthesis of PSMA ligands. Among the methods presented in 
the literature, two approaches for obtaining this compound have become the most common. The first 
option involves the use of triphosgene to create a urea bridge,[27–53] and the second – CDI.[41,54–58] 
There are also two less popular approaches using DSC and para-nitrochloroformate, but they have 
received rather limited distribution. [59–64] 

The triphosgene approach involves, at the first stage, obtaining di-tert-butyl isocyanate of 
protected glutamic acid 2a (Route A, Scheme 1) or isocyanate of tert-butyl ester N(ε)-Cbz-L-lysine 2b 
(Route B, Scheme 1) and then reacting it with the second amino acid to obtain compound 3 (Scheme 1). 

HN

N
H

N
H

O

O

O

O

O

O

O

O O

NH2
O

O

O O

HN

H2N

O

O

O

O

Triphosgene
-78-90°C or 0°C

base, DCM

*HCl

N
O

O

O O

C
O

HCl*

base, DCM

3

2a

HN

H2N

O

O

O

O

HCl*

N
O

O

C
O

2b

NH

O

O

NH2
O

O

O O

*HCl

Triphosgene
0°C, base,

DCM

base, DCM

Route A Route B

 

Scheme 1. Synthesis of compound 3 using triphosgene. 
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The hydrochlorides of protected amino acids are used as starting compounds, and therefore the 
base is used in significant excess. Also, the excess base is necessary for the binding of hydrogen chloride, 
which is released as a byproduct during the formation of isocyanate. DIPEA and Et3N are most often 
used as the base, although in some cases pyridine or sodium bicarbonate, as well as their combination, 
are used. 

The main side reaction at this stage is the formation of symmetrical urea 3a or 3b (Figure 4) 
containing two residues of protected glutamic acid or two residues of protected lysine. 
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Figure 4. Structure of the main by-product of the urea formation reaction. 

To prevent this side process, two techniques are used: gradual addition of triphosgene to a solution 
of di-tert-butyl ester of glutamic acid under strong cooling (from -78°C to -90°C) [27–40] and the 
addition of lysine to the triphosgene solution at moderate cooling.[41–53] It is worth noting that a more 
labor-intensive approach with cooling to -78°C and below allows obtaining the target compound 3 with 
a slightly higher yield (in the sources presented, the yield at this stage is 56-92%). At the same time, the 
preparatively simpler version with moderate cooling yields slightly lower yields (28-82%). Both 
described methods are easily scalable and allow synthesizing the target compound 3 in quantities from 
hundreds of milligrams [30,46] to tens of grams.[37,53] 

It is not possible to identify the dependence of the yield of this stage on the base used. For the 
Strongly cooled method, the use of triethylamine has become the most widespread, while in the case 
of the moderately cooled method, DIPEA is more often used. 

It should be noted that in [46] the authors separately isolate the intermediate isocyanate 2a by 
extraction. In the rest of the presented papers, isocyanate is generated in situ. 

In all the cases presented, the isolation of the target product 3 in an individual form (if it was 
carried out) is carried out by column chromatography. 

The following approach, which has been relatively widely used in practice, involves the use of 
CDI to create a urea group (Scheme 2).[41,54–58] In the first stage, the initial protected amino acid is 
reacted with CDI to produce an activated derivative of 4a (Route A and B) or 5 (Route C). After that, 
compound 4a or 5 is reacted with the second amino acid to produce the target urea 3. In a number of 
studies, the resulting derivative 4a is reacted with methyl triflate (MeOTf) to produce the 
corresponding methylimidazolyl triflate 4b (Scheme 2, Route A),[41,55] which in turn is reacted with 
the second amino acid to form the target urea. 
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Scheme 2. Synthesis of compound 3 using CDI. 

In all the Considered sources, except one ([56]) the second amino acid and base are introduced 
into the reaction when cooled to 0°C, and the reaction itself is carried out when heated to 40°C. At 
the same time, it was not possible to identify the dependence of the reaction yield on the heating 
duration. The yield of target compound 3 in the publications under review ranged from 69% to 95%. 
The presented approach is quite easy to scale and makes it possible to obtain compound 3 both in the 
amount of hundreds of milligrams,[57] and in the amount of tens of grams with good yields.[58] 

In most of the methods presented in the literature, the reaction of obtaining derivatives of 4a and 
5 is carried out in the presence of triethylamine and DMAP, however, in [56] the authors propose a 
method without using a base and DMAP at the stage of obtaining compound 4a. Unlike other sources, 
the reaction with CDI is carried out in a mixture of DMF/MeCN (1/5), and not in dichloromethane. 
Also, the authors carried out the subsequent preparation of compound 3 without heating. At the same 
time, they managed to achieve the highest yield among all the mentioned works (95%). 

The only example of work in which the production of protected urea DCL is carried out 
according to Route 3 is presented in [58]. Also, the authors used DBU as a base in the reaction of 
derivative 5 with protected glutamic acid. However, it is not possible to identify any significant 
advantages of this synthesis variation, the output of the scheme proposed by the authors was 80%. 

Another approach used for the synthesis of compound 3 involves the use of disuccinimidyl 
carbonate (Scheme 3).[59–61] 
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At the first stage, a carbamate derivative is obtained, which is isolated and subsequently reacted 
with the second amino acid. In all the sources presented, the first stage involves a reaction between 
DSC and protected glutamic acid to form compound 6, which is reacted with protected lysine in the 
presence of triethylamine in DCM. The yield of this method is 53-76%. The data presented in the 
literature is insufficient to talk about the possibility or impossibility of scaling this method. 

Another approach applied to obtain compound 3 is the synthesis using para-nitrophenyl 
chlorophyormate.[62–64] This Method involves the production of carbamate 7 in situ, which 
subsequently reacts with protected lysine (Scheme 4). This technique is based on an approach that 
was previously used to produce carboxypeptidase G2 inhibitors.[65] 
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Scheme 4. Preparation of compound 3 using 4-nitrophenyl chloroformate 
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This method makes it possible to obtain protected DCL urea with fairly high yields (86-90%). 
However, the data presented in the literature is insufficient to talk about the possibility or 
impossibility of scaling this method. 

2.2. Synthesis of the PMB-Protected form of Urea DCL 

Approaches to obtaining other protected forms of DCL urea should be considered separately. 
Outside of the patent literature, only one alternative approach is presented, which involves the use 
of para-methoxybenzyl protection for the carboxyl groups of the resulting urea and Boc-protection 
for the ε-amino group of lysine.[66–69] The method proposed by the authors involves the preparation 
of compound 10 from N-(ε)-Boc-N-(α)-Fmoc-L-lysine (Scheme 5). At the first stage, the PMB ester of 
protected lysine is obtained, and the subsequent removal of the Fmoc protective group with the α-
amino group to obtain derivative 8. Bis-4-methoxybenzyl ether hydrochloride of L-glutamic acid is 
reacted with triphosgene under conditions similar to those used in the preparation of compound 3 
according to Scheme 1, Route A After that, the isocyanate 9 obtained in situ is reacted with compound 
8, due to which the target protected urea 10 is obtained. The total yield of the described scheme, 
presented in [66] was 48% in three stages. The yield of the last stage (production of urea 10) was 62%, 
which is quite moderate. 
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Scheme 5. The scheme of obtaining a protected form of DCL 10. 

3. Existing Approaches to Removing the Protective Group at the E-Amino Group 
of Lysine 

The second stage of the synthesis of PSMA ligands involves the removal of the protective group 
at the ε-amino group of lysine. Based on the data presented above, the largest number of examples 
presented in the literature suggests the removal of the Cbz group at this stage. At the same time, an 
example of the use of Boc protection for the ε-amino group of lysine is presented in the literature, 
and the conditions for the selective removal of this group will be considered separately. 
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3.1. Removing the Cbz Protectiv Group 

In the synthesis of PSMA ligands, acid-labile protective groups are used for carboxylic groups 
of amino acid residues. In this regard, it is not possible to remove the Cbz-protective group using 
acids such as hydrochloric,[70,71] hydrobromic,[70] trifluoromethanesulfonic [72] or 
methanesulfonic.[73] Thus, the main approach is using hydrogenolysis (Scheme 6). The most 
widespread methods are using hydrogen and palladium on charcoal as a catalyst.[27–32,34–
36,38,39,44–46,49,50,52,53,56,58,59,61,63,74] An approach using ammonium formate as a hydrogen 
donor is also often used.[37,40–43,48,51,55,75–77] In addition to these two most common methods, 
there are examples of the use of 1,4-cyclohexadiene and hydrazine hydrate.[47,60] The yield of the 
reaction is high in many cases (>90%),[38,41] however, in some examples the yield of hydrogenolysis 
was <70%.[31,42] 
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Scheme 6. General scheme of preparation of compound 11. 

In the case of the hydrogen method, 10% palladium on charcoal is most often used as a catalyst. 
There is an example of a method using 5% Pd/C, but the authors do not provide the yield of the target 
product.[58] Palladium hydroxide can be used as an alternative.[46] Hydrogenolysis under such 
conditions made it possible to obtain compound 11 with a yield of 99%. 

The solvents used are methanol, a mixture of methanol and water, ethanol, a mixture of ethanol 
and toluene, or ethyl acetate. However, it is not possible to find any dependence of the reaction yield 
on the solvent used. 

In the case of methods using ammonium formate, in all the examples considered, 10% palladium 
on сharcoal is used as a catalyst, and ethanol is used as a solvent. 

Hydrogenolysis using 1,4-cyclohexadiene is carried out in an inert atmosphere, with palladium 
on charcoal as a catalyst.[60] The yield of compound 11 was 85%. 

The hydrazine hydrate method also involves the use of Pd/C and makes it possible to obtain a 
target compound with a yield of 89%.[47] 

In the overwhelming majority of cases, filtration through celite is used to remove catalyst 
residues. However, in many examples, additional purification of compound 11 using column 
chromatography is not performed. 

3.2. Removal of the Boc-Protective Group at the ε-Amino Group 

In the case of compound 10, the removal of the protective group at the e-amino group of lysine 
is carried out according to Scheme 7.[66–69] Due to the fact that Boc and PMB protective groups are 
acid-labile, the conditions proposed by the authors for removing the Boc group do not give a high 
yield (45%).[66] 
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The proposed method involves dissolving the initial compound 10 in ethyl acetate, cooling the 
reaction mixture to 0-2 °C, and then adding a solution of para-toluenesulfonic acid monohydrate in 
ethanol. Further mixing is carried out at room temperature for 2 hours. The authors isolate product 
12 in the form of tosylate by column chromatography. 

4. Modification of the ε-Amino Group of Lysine 

Considering the methods of modification of the ε-amino group of the lysine fragment, two large 
groups of possible modifications can be distinguished. 

The first group implies the introduction of an aromatic fragment into this position. This 
modification is carried out due to the fact that near the S1 pocket there is a hydrophobic subpocket 
capable of interacting with aromatic fragments and increasing the efficiency of ligand binding to the 
protein.[78] Based on this, such fragments can be introduced into the ligand structure to increase the 
affinity to PSMA. At the same time, these fragments can be used as a point of subsequent 
functionalization with a radioisotope of halogen (125I or 18F) if there is a suitable prosthetic group in 
their structure (for example, Sn(n-Bu)3). 

The second large group of subsequent modifications includes the introduction of a linker into 
ligand structure. It is aimed on removing the therapeutic or diagnostic load to the required distance 
from the urea fragment responsible for direct binding to the active site of PSMA. The linker can also 
additionally increase the efficiency of binding to the protein due to the interaction of fragments of the 
side chain with hydrophobic pockets in the tunnel leading to the active site of PSMA.[79] For this 
purpose, amino acid fragments containing aromatic fragments (e.g. phenylalanine and tyrosine) can 
be introduced into the linker. Also, the linker structure has a significant effect on the physical, 
physico-chemical and pharmacokinetic properties of the final PSMA inhibitors and conjugates based 
on them. In this regard, in some cases linkers have a rather complex structure. 

In some cases, PSMA ligands also contain an aromatic fragment at the ε-amino group of lysine 
and a linker, which also affects the approaches used for their synthesis. 

4.1. Existing Synthetic Approaches to the Introduction of an Aromatic Fragment 

Speaking about approaches to the modification of the ε-amino group of urea DCL by various 
substituents containing an aromatic fragment, five main ways can be distinguished, presented in 
Scheme 8. The first of them is the alkylation of the nitrogen atom. It is carried out due to the reaction 
of reducing amination with the corresponding benzaldehyde. The second direction involves the 
acylation of the amino group with aryl-containing carboxylic acid or its derivatives. The third and 
fourth approaches involve the creation of a urea or sulfamide bridge between the aromatic fragment 
and the lysine residue. The fifth approach also involves acylation of the ε-amino group of lysine, 
however, the aromatic fragment is contained in the side chain of the amino acid (for example, L-
naphthylalanine in the structure of PSMA-617, Figure 1). 
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Scheme 8. General scheme of possible modifications of the ε-amino group of protected urea DCL by aromatic 
fragments. 

The approach involving alkylation of the ε-amino group of lysine by a reductive amination 
reaction makes it possible to further modify the nitrogen atom by introducing a linker into the ligand 
structure and is widely described in the literature. Thus, in [41] 13a-j derivatives were synthesized 
(Scheme 9). 
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 38%;
 

Scheme 9. Synthesis of compounds 13a-j. 

The authors carried out the reaction in dichloroethane, and sodium triacetoxyborohydride was 
used as a reducing agent. Moreover, only for compound 13j, which contains a trimethylstannyl group 
in the para-position, the yield values of this stage are given, which amounted to 38%. 

The procedure with STAB using was also applied in [32] to obtain compounds 13d-f, as well as 
a similar compound with a hydroxyl group in the para-position. The yield of the target compounds 
ranged from 40% to 74%. 
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The synthesis of compound 13d using sodium cyanoborohydride as a reducing agent was 
described in [80,81]. The reaction was carried out in methanol with the addition of acetic acid and the 
yield was 48%. 

Carrying out this reaction is possible using sodium borohydride. Thus, in [38,82] the authors 
reproduced the synthesis of compounds 13d, 13f-g, and 13i using NaBH4. Under the proposed 
conditions, the yield of these compounds was 68-90%. At the same time, new compounds were 
synthesized containing both halogen atoms in the benzyl fragment and functional groups of a 
different nature (carboxy-, nitro-, alkoxy- and others). The reaction yield for the new ligands ranged 
from 30 to 88%, depending on the example. 

In addition to substituted benzaldehydes, heterocyclic fragments can also be introduced by this 
method. In [66] compound 14 was obtained using the reduction amination reaction (Scheme 10). In 
this case, the reaction was carried out under the conditions necessary to obtain a dialkylated product. 
Two pyridine fragments were necessary to obtain complexes with rhenium and technetium based on 
the compound 14. 
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Scheme 10. Synthesis of compound 14. 

Using a similar Method, compound 15 containing two fragments of N-substituted imidazole was 
synthesized in [83]. However, using the proposed technique made it possible to obtain a target 
compound with a rather low yield (12%). 
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Scheme 11. Synthesis of compound 15. 

In the future, in section 4.2, approaches to the modification of alkylated derivatives of urea DCL 
will be discussed. 

The second approach to the introduction of aromatic fragments into the ligand structure is based 
on the acylation of the ε-amino group of lysine with various aryl- and hetaryl-containing acids. 
Various carboxylic acid derivatives such as NHS and TFP esters or activators such as HBTU, HATU 
and others are often used to carry out this reaction. 
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This approach is often used to introduce fragments suitable for creating compounds labeled 18F 
or 125I based on them. In [67] the authors synthesized compounds 16a-d and 17 by acylation of 
compound 12 with the corresponding NHS esters (Scheme 12). Compounds 16a-b contain non-
radioactive isotopes of iodine and fluorine and were synthesized to study the inhibition activity of 
compounds of a similar structure. Compound 16c is a protected derivative labeled 18F. Compound 
16d contains in its structure a tri-n-butylstannyl group, which is subsequently necessary for labeling 
with the isotope 125I. Compound 17 also contains a prosthetic group, however, unlike the series of 
compounds 16, it is a derivative of nicotinic acid. 
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Scheme 12. Synthesis of derivatives 16a-e and 17. 

Due to the use of compound 12 in the form of tosylate, the acylation reaction was carried out in 
the presence of a base. In all the cases presented, triethylamine was used as the base. 

In all cases, the reaction took place with a fairly high yield (except for compound 16c, it was 
introduced into the next stage without additional purification and no yield is given for it). It is also 
worth noting that this reaction proceeds quite quickly – from 30 minutes to 2 hours. Moreover, in all 
cases, except for connection 16c, it was carried out without heating. 

TFP esters can also be used instead of NHS esters. This variant of acylation is somewhat more 
represented in the works of DCL modification. For example, a similar approach is used in the 
synthesis of the drug Pylarify (compound 18a, Scheme 13), described in [69]. In the case of compound 
18a, the authors do not provide yield, as they did not obtain it individually. In the case of an analog 
with a natural isotope of fluorine 18b, the yield of the acylation reaction was 65%. The PMB-protected 
form DCL 12 is used as the starting compound. 
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Scheme 13. Approaches to DCL modification using TFP esters. 

Similar conditions are applied to obtain compound 19, which contains an oxyfluorosulfonyl 
group in its structure.[84] Also, the authors obtained dimeric derivatives containing two carboxyl 
groups in meta-positions to the SO3F group. Under similar conditions, they also used TFP ester and 
the product was isolated with a yield of 75% 

TFP esters were also used to introduce aromatic fragments containing a trimethylammonium 
group in the ring into the structure, which was subsequently replaced by 18F (compounds 20 and 21a-
c).[85,86] Synthetic details of the preparation of compound 20 are not given in [86]. In [85] it was 
possible to obtain derivatives of 21a-c with yields from 77% to 95%. The reactions were carried out at 
room temperature for 2 hours, and the isolation did not involve the use of column chromatography, 
which makes the proposed method quite simple from a preparative point of view. 

It is worth noting that TFP esters can be reacted directly with DCL urea 1, which does not contain 
protective groups. In [87] the authors obtained a series of 22a-c derivatives (Scheme 14) containing 
the isotope 18F. 
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Scheme 14. Synthesis of radiolabeled 22a-c derivatives from DCL urea. 

The authors note that the acylation stage is possible only in anhydrous ethanol. In an aprotic or 
aqueous solvents, there is a significant decrease in radiochemical conversion (0-15%). Subsequent 
purification of the target compounds using solid-phase extraction or high-performance liquid 
chromatography allowed us to obtain products with good radiochemical yields (12-25%, without 
correction for decay) and radiochemical purity (>98%). 

It is also possible to use chlorohydrides for the acylation of the ε-amino group of lysine, which 
was shown in [88,89] using the example of 9-carboxyfluorene (Scheme 15). A distinctive feature of 
these studies is that the aromatic fragment is introduced after the amino group of lysine is modified 
by the linker fragment. The introduction of the linker was carried out due to reductive amination. In 
the case of [88] 5-azidopentanal is introduced as a fragment of the linker, to obtain secondary amine 
23 (yield 56%). The product was reacted with 9H-carboxy-9-fluorene chloroanhydride to obtain 
compound 24 with a yield of 64%. Further approaches to linker modification will be discussed later. 
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Scheme 15. The introduction of a 9H-carboxy-9-fluorene residue into the structure of the PSMA ligand due to 
the acylation reaction. 

In [89] he authors carried out the reaction of reductive amination of compound 11 and the methyl 
ester of 3-oxopropanoic acid to obtain amine 25 (yield 67%), after which it was acylated with 9H-
carboxy-9-fluorene chloroanhydride. Thus, compound 26 was obtained with 73% yield. 

The presence of tert-butyl substituents at the carboxyl groups of urea 11 also allows for acylation 
using various amide coupling agents (TBTU, HATU, and others). In [80] the authors proposed a 
method for the acylation of urea 11 using TBTU as an activator (Scheme 16). 
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Scheme 16. Modification options for protected DCL urea, presented in [80]. 

In the case of compound 27, substituted phenylacetic acid was introduced into the reaction and 
the proposed conditions made it possible to obtain a product with a yield of 52%. At the same time, 
the acylation of urea 11 with different disubstituted benzoic acids made it possible to obtain 
compounds 28a-e with higher yields (≥70% for all examples except 28c). In all cases, the reaction was 
carried out in the presence of a base (DIPEA). 

A similar procedure for acylation of protected urea DCL was proposed in [90]. The authors 
introduced three different meta-substituted benzoic acids into the acylation reaction with compound 
11 (Scheme 17). HATU was used as an activator, DIPEA was used as the base. This technique made 
it possible to obtain compounds 29a-c with yields of 60-82%. 
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Scheme 17. Synthesis of 29a-c and 30a-b by acylation in the presence of HATU. 

A similar approach has also been used to obtain derivatives 30a-b.[40] In contrast to the synthesis 
of compounds 29a-c, DCM, not DMF, was used as solvents. The product yield was 42% for 30a and 
56% for 30b. 

Carbodiimides can also be used to produce acylated derivatives of compound 11. In [91] the 
authors synthesized boron-containing urea derivatives DCL 30a and 31 (Scheme 18). The reaction 
was carried out in the presence of DCC and NHS, and the yield of compound 30a was 58%, which is 
slightly higher than using the method shown in Scheme 17. 
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Схема 18. Синтез борсодержащих производных DCL/. 

Currently, more non-standard approaches to the acylation of the amino group of lysine are 
presented in the literature. In [92] the authors carried out the acylation of the ε-position by reaction 
with 7-fluoro-1-methyl-8-azaizotoic anhydride 32 (Scheme 19). An experiment with a natural fluorine 
isotope made it possible to obtain compound 33 with a yield of 47%, while the reaction time was only 
15 minutes. Subsequent carrying out of this reaction with derivative 32 containing 18F allowed to 
obtain labeled derivative 33 with radiochemical conversion >95%. 
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Scheme 19. Preparation of compound 33 by acylation of protected urea 11 by anhydride 32. 
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The next approach to modifying this position by introducing an aromatic fragment involves the 
creation of urea (Scheme 20). In [41] the authors described the synthesis of compounds 34a-e and 35. 
The authors do not provide the values of the yields for this stage. In the case of a series of compounds 
34, the corresponding phenylisocyanates are used as reagents. In the case of compound 35, compound 
11 was reacted with triphosgene, after which substituted benzylamine was added to the isocyanate 
obtained in situ. 
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Scheme 20. Approaches to modification of DCL by creating a urea group. 

In [93] the authors introduce an aromatic fragment into the structure containing a prosthetic 
stanyl group suitable for further substitution with 125I. The reaction of protected urea 11 with the 
corresponding isocyanate made it possible to obtain compound 36 with a yield of 75%. It is worth 
noting that the reaction was carried out in non-standard solvents: the initial isocyanate was dissolved 
in perfluorobutyl methyl ether, and the reaction itself was carried out in a 5% triethylamine solution 
in methanol. The use of PFBME was due to the fact that the initial isocyanate is stable in such solvent 
for more than 20 days. 

The approach with triphosgene was also used in [80], however, substituted aniline rather than 
urea 11 is introduced into the reaction with triphosgene. In the case of compound 37a, a yield of 71% 
was achieved, but for compound 37b, the yield was 17%. The authors note that the low yield is due 
to the low conversion of the starting compounds, rather than losses during product purification. 

The approach with the formation of a sulfamide fragment between the amino group of lysine 
and the aromatic fragment is the least widespread at the moment. In [41] a method for the synthesis 
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of compound 38 was proposed, involving the introduction of protected urea 11 into reaction with the 
corresponding sulfonyl chloride. The product was obtained with a fairly high yield of 80%. However, 
such modifications were not considered in the literature in the future. 
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Scheme 21. Synthesis of modified DCL urea with a sulfamide fragment. 

The last approach to the introduction of aromatic fragments in this position involves the 
acylation of the ε-amino group of lysine with various amino acids containing an aryl substituent in 
the side chain. Often this amino acid fragment is included in the structure of the linker, which is 
synthesized separately. In some cases, the introduction of this fragment can be carried out using 
solid-phase techniques. Such examples will be discussed in sections 4.2 and 6. Techniques involving 
the acylation of protected urea with amino acids will be presented here. 

In [56] the ε-amino group of lysine is acylated by Cbz-protected L-phenylalanine in the presence 
of HATU and DIPEA as a base (Scheme 22). The proposed technique makes it possible to obtain 
compound 39 with 96% yield. 

HATU was also used in the preparation of compound 40 containing a fragment of L-
naphthylalanine. The reaction was carried out in the presence of HOAt, which is generally not 
necessary for this example. The product yield was 72%. 
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Scheme 22. Synthesis of compounds 39 and 40 using HATU. 
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It is also possible to use NHS esters for this reaction. A similar approach was used to obtain 
compound 39 in [94,95] (Scheme 23). The yield of the target product was 65%, which is slightly lower 
than when using HATU. In both cases, purification was carried out using chromatography. 

NH2

N
H

N
H

O

O

O

O

O

O O

11

N
H

O

O

N

O

O

Cbz

Et3N, DCM

HN

N
H

N
H

O

O

O

O

O

O O

O
H
N

Cbz

39, 65%  

Scheme 23. Synthesis of compound 39 using NHS ester. 

Thus, this section discusses the main approaches to the introduction of aromatic fragments into 
the structure of the PSMA ligand, which are currently available in the literature. 

4.2. Existing Synthetic Approaches to Linker Introduction 

Еhe next fragment that significantly affects the inhibition activity of PSMA ligands is the linker. 
The linkers presented in the literature vary significantly in length, structure, conformational 
hardness, and methods of their synthesis. This section will consider approaches to the synthesis of a 
number of such compounds. 

One of the simplest approaches to linker design assumes the presence in the structure of an alkyl 
fragment of the required length with a terminal functional group suitable for subsequent 
modification. It can be a dicarboxylic acid, an acid with a terminal amino group, or another 
compound with a terminal group suitable for subsequent modification. 

One example of such an approach is the work [43], which presents a method for obtaining 
compound 40 containing a 6-aminohexanoic acid residue as a linker (Scheme 24). The authors at the 
first stage acylate urea 11 with Fmoc-protected 6-aminohexanoic acid, after which the protective 
group is removed under the action of diethylamine to obtain compound 40. The total yield in two 
stages was 72%. 
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Scheme 24. Synthesis of compound 40. 

Also, due to acylation, fragments containing a triple bond can be introduced into the structure 
for the subsequent azide-alkyne cycloaddition reaction. 

In [50,96] the authors present a method for acylation of compound 11 with NHS-ester of 4-
pentynoic acid to obtain compound 41 (Scheme 25). In both cases, the reaction proceeded with high 
yields (93% and 99%). A method for obtaining compound 41 was also proposed in [97]. HATU was 
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used as the activator, and DIPEA was used as the base. The proposed method showed a slightly lower 
yield compared to NHS ether (75%). 
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41, 93-99% or 75%  
Scheme 25. Methods of acylation of compound 11 with 4-pentynoic acid. 

Not only the terminal triple bond can act as a functional group for the subsequent reaction of 
the azide-alkyne cycloaddition. In [98] the authors synthesized compound 42 containing a fragment 
of 11,12-Didehydro-5,6-dihydrodibenz[b,f]azocine for subsequent modification by a click reaction 
(Scheme 26). The NHS ester of modified 11,12-Didehydro-5,6-dihydrodibenz[b,f]azocine was used as 
an acylating agent, the reaction was carried out in DMF in the presence of DIPEA. The target 
connection was received with an output of 65%. 
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Scheme 26. Introduction of the fragment 11,12-Didehydro-5,6-dihydrodibenz[b,f]azocine into the structure of 
the PSMA ligand. 

Instead of a triple bond, an azide group can be introduced. This approach was implemented in 
[99]. The authors proposed a method for obtaining carbamate 43 containing a terminal azide group 
(Scheme 27). Compound 11 was reacted with 6-azidohexyl succinimidyl carbonate in the presence of 
DIPEA, and the target product was isolated in a yield of 74%. 
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Scheme 27. Synthesis of carbamate 43. 
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Compound 44 (Scheme 28) was also obtained by creating a carbamate fragment.[100] In contrast 
to the synthesis of compound 43, in this case, the carbamate bond was formed due to the interaction 
of the initial compound 11 and alcohol with 4-nitrophenyl chloroformate. The reaction yield was 77%. 
Also, unlike the examples discussed earlier, compound 44 does not contain a simple alkyl linker, but 
a disulfide fragment cleaved by the action of intracellular glutathione. 

NH2

N
H

N
H

O

O

O

O

O

O O

11

HN

N
H

N
H

O

O

O

O

O

O O

4-nitrophenyl chloroformate,
Et3N, DCM

O

O
S

S
N3

44, 77%

HO
S

S
N3

 

Scheme 28. Synthesis of compound 44. 

The thiol group can also act as a terminal fragment for subsequent modification. In [33] the 
authors present the synthesis of ligand 45 containing a fragment of 5-mercaptopentanoic acid 
(Scheme 29). In the first stage, urea 11 was acylated with trityl protected acid in the presence of TSTU 
and DIPEA. After that, acid-labile protective groups were removed by the action of trifluoroacetic 
acid in the presence of water and ethanediol. The total yield of the target compound 45 was 42%. 
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Scheme 29. Synthesis of a thiol-containing ligand 45. 

In some cases, to introduce a thiol group into the ligand structure, the ε-amino group is acylated 
with a thiol-containing amino acid (for example, cysteine). A similar modification was carried out in 
[77]. The authors performed an acylation reaction of compound 11 with N-Boc-L-cysteine in the 
presence of HATU and DIPEA, but the yield of the target product 46 was only 8% (Scheme 30). 
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Scheme 30. Synthesis of compound 46. 

In some cases, derivatives containing less common groups are obtained for subsequent 
modification. In [101] the authors introduced a fragment containing O-alkyl hydroxylamine into the 
structure of the PSMA ligand (Scheme 31). Urea 11 was acylated with an acid containing an N-
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alkoxypthalimide fragment in the presence of DCC and DMAP. The derivative 47 obtained in 68% 
yield was then reacted with hydrazine hydrate in chloroform. In this way, compound 48 was obtained 
in quantitative yield. This linker variant was introduced into the structure for further conjugation of 
the ligand with the platinum complex due to the formation of oxime. 
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Scheme 31. Synthesis of the protected PSMA ligand 48. 

The approaches discussed earlier involve the introduction of linkers with a relatively simple 
structure. However, the literature presents a significant number of compounds containing more 
complex structural motifs as a linker. Often, protected urea is modified by the ε-amino group, after 
which another fragment of the linker is introduced. Often this fragment can be synthesized 
separately. 

This approach can be implemented by acylation of protected urea 12 with disuccinimidyl 
suberate (Scheme 32). The resulting derivative 49 can then be subjected to a wide range of 
modifications. For example, in [102] the authors acylate protected lysine with compound 49 to obtain 
derivative 50. A similar approach would also be used in [66] to obtain compounds suitable for 
chelating technetium and rhenium 51a-b and 52a-c. 
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Scheme 32. Approaches to the synthesis of PSMA-targeted compounds by acylation of the lysine ε-amino group 
with DSS. 

This approach was also implemented in [68,103–105] in the preparation of other conjugates 
containing chelating fragments or fluorescent labels. However, unlike the procedure shown in 
Scheme 32, compound 1 was introduced into the acylation reaction with DSS, and not its protected 
form. 

Another variant of the linker is presented in [106]. The authors introduce an additional fragment 
into the linker containing a triple bond by acylation of compound 40 (Scheme 33). To introduce the 
fragment 11,12-Didehydro-5,6-dihydrodibenz[b,f]azocine, the NHS ester of the corresponding acid 
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was used in the presence of DIPEA, which made it possible to obtain compound 53. The introduction 
of a fragment of 4-pentynoic acid was carried out by acylation of amine 40 in the presence of di-iso-
propylcarbodiimide, HOAt and DIPEA, which led to the preparation of compound 54. 
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Scheme 33. Acylation of amine 40 to obtain compounds 53 and 54. 

In the case of compounds 53 and 54, a linker consisting of several fragments was introduced by 
sequential modification of protected urea 11. An alternative approach involves the separate synthesis 
of the linker or its fragment and subsequent coupling with DCL (or a protected form of urea). This 
synthesis scheme was implemented in [34]. The authors carried out the preliminary assembly of the 
linker based on carboxylic acids with different long hydrocarbon chains and terminal amino group 
55a-b (Scheme 34). At the first stage, the corresponding benzyl esters 56a-b were obtained, which 
were acylated with monomethyl ester of adipic acid. The resulting compounds 57a-b were 
introduced to reaction of hydrogenolys to selectively remove the benzyl protective group, and the 
carboxylic acids 58a-b synthesized in this way acylated protected urea 11, resulting in the protected 
PSMA ligands 59a-b. 
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Scheme 34. Synthesis of compounds 59a-b with a different linker length. 

In [107] the authors separately synthesize a linker 60 containing two β-alanine residues, after 
which they introduce it into an acylation reaction with compound 11 (Scheme 35). The resulting 
product 61 is then reacted with dichlorotetrazine to form a derivative 62 capable of entering into 
inverse electron-demand Diels–Alder reactions. 
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Scheme 35. Synthesis of tetrazine-containing compound 62. 

A linker was also synthesized separately in [47]. To obtain it, N-(ε)-Boc-Lys(OMe) was 
introduced into an alkylation reaction with propargyl bromide to obtain compound 63 (Scheme 36). 
After that, the Boc protective group is removed to produce 64, which in turn is introduced into an 
acylation reaction with DSS to form NHS ether 65. The resulting product was introduced into an 
acylation reaction with urea 11. Thus, compound 66 was obtained, which contains suberic acid, 
lysine, and a terminal alkyne fragment in the linker structure. 
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Scheme 36. Synthesis of compound 66. 

It is worth noting that the linker can also play a significant role in the inhibitory activity of PSMA 
ligands. This is due to the presence of hydrophobic pockets in the structure of the tunnel leading to 
the active site of the protein.[79] The effect of various functional fragments in the linker structure on 
the biological activity of PSMA ligands and conjugates based on them is considered in detail in the 
review [20]. In this regard, a significant number of GCPII inhibitors with more complex linkers have 
appeared. 

An important representative of such compounds is the conjugate PSMA-I&T and its 
analogues.[54,108] The synthesis scheme of these compounds involves the synthesis of a tripeptide 
fragment of a linker on a solid-phase carrier, followed by its modification with a chelating agent 
(Scheme 37). Trityl chloride-polystyrene resin (TCP resin) was chosen as the solid-phase carrier. At 
the first stage, lysine, orthogonally protected by Fmoc and Boc protective groups for α- and ε-amino 
groups, respectively, was immobilized on resin. The subsequent removal of the Fmoc-protective 
group was carried out with a solution of piperidine in N-methylpyrrolidone. The peptide sequence 
was then expanded on the resin to produce tripeptides 67, which were acylated with chelating agents, 
after which the resulting compounds were removed from the resin while acid-labile protective 
groups were removed using a mixture of trifluoroacetic acid, tri-iso-butylsilane and water. The 
synthesized derivatives 68 were acylated with activated petnafluorophenyl ester 69 (the synthesis of 
this compound is similar to that of the previously mentioned derivative 49, Scheme 32), after which 
the protective groups were removed to obtain target conjugates 70. A similar approach was 
implemented in the preparation of the PSMA-I&S conjugate containing naphthylalanine and tyrosine 
residues in the linker.[109] 
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Scheme 37. General scheme for the production of PSMA-I&T conjugate and its analogues. Condition A for X = 
DOTA: DOTA-tri-tert-butyl ester, HATU, DIPEA, NMP. Condition A for X = DOTA-GA: DOTA-GA-anhydride, 
DIPEA, NMP. 

A similar approach was also used in [38]. The authors synthesized a series of modified urea 
containing substituted benzyl groups, after which they introduced the resulting secondary amines 
into an acylation reaction with 6-azidohexanoic acid to obtain compounds 71 (Scheme 38). At the next 
stage, the terminal azide group was reduced according to Staudinger to obtain amines 72, which were 
then acylated with succinic anhydride to obtain a series of carboxylic acids 73. Separately, one 
example of a ligand with a γ-aminobutyric acid residue in a linker was synthesized. In the first stage, 
the secondary amine 13g was acylated with Cbz-protected γ-aminobutyric acid. The derivative 74 
obtained in this way was subjected to hydrogenolysis to remove the protective group and amine 75 
was acylated with succinic anhydride to form compound 76. 
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Scheme 38. Synthesis of precursor compounds of PSMA ligands 73 and 76. 

Modified dipeptide fragments were obtained separately using a liquid-phase peptide synthesis 
strategy (Scheme 39). The first stage involves the production of activated pentafluorophenyl esters 
77, based on the corresponding Boc-protected amino acids. The derivatives obtained in this way were 
introduced into an acylation reaction with various amino acids. The synthesized dipeptides 78 were 
then acylated with 3-azidopropylamine to be introduced into the structure of the azide group for 
subsequent conjugation with diagnostic and therapeutic agents. At the last stage, protective groups 
were removed from protected derivatives 79 to release the corresponding trifluoroacetates 80, which 
were then reacted with derivatives 76 (Scheme 38) to obtain protected forms of PSMA ligands. This 
strategy has also been used in [82,110]. 
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Scheme 39. General scheme for obtaining dipeptide fragments in solution. 

An approach using solid-phase peptide synthesis was also proposed in [110]. This synthetic 
approach (Scheme 40) assumes, at the first stage, the immobilization of an amino acid on a solid-
phase carrier. In the described work, a 2-chlorotriethyl chloride resin (2-CTC resin) was chosen, since 
it is convenient to synthesize using the Fmoc strategy, and it is also possible to remove the obtained 
peptide fragments from the resin without affecting acid-labile protective groups. After 
immobilization of the Fmoc-protected amino acid on the resin, the protective group was removed 
using a 4-methylpiperidine solution, followed by an acylation reaction with the second amino acid 
in the presence of HBTU, HOBt and DIPEA, and then the Fmoc group was removed. The resulting 
dipeptide 81 was then introduced into an acylation reaction with the vector fragment 76, after which 
it was removed from the resin. In this way, precursor compounds of ligands 82 were obtained. They 
were subsequently introduced into the acylation reaction of 3-azidopropylamine. 
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Scheme 40. A general scheme for the production of PSMA ligands with a peptide fragment in a linker on a 2-
CTC resin. 

The approach using a combination of syntheses in solution and on a solid-phase carrier makes 
it possible to synthesize, among other things, PSMA-targeted compounds capable of carrying a 
double load. Thus, in [111] a scheme for obtaining a bimodal conjugate was proposed (Scheme 41). 
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Scheme 41. Synthesis of conjugate 84. 

The proposed strategy involved the synthesis of blocks containing a vector fragment and a 
chelating agent separately, their subsequent conjugation and modification at the last stage with a 
fluorescent label. To synthesize the vector-containing fragment, urea 11 was reacted with 
disuccinimidyl suberate (DSS), after which tert-butyl protective groups were removed. The creation 
of a block containing a chelating agent included modification of lysine Boc-protected by the terminal 
amino group using a solid-phase peptide synthesis strategy. At the first stage, the authors removed 
the Fmoc protection from the α-amino group, then reacted with α-Fmoc-protected, ε-Dde-protected 
lysine in the presence of HBTU, HOBt and DIPEA, after which the Fmoc protection group was 
removed and the reaction with the chelating agent DOTA three-tert-butyl ester was performed. The 
resulting compound 83 was removed from the resin with simultaneous removal of acid-labile 
protective groups. These two fragments were then introduced into an acylation reaction in the 
presence of a base. Subsequently, the Dde group was removed and the resulting substance was 
reacted with NHS ether IRDye800CW to produce conjugate 84. 

In addition to affecting the inhibitory activity, the linker has a significant effect on other 
properties of the final conjugates and ligands, such as water solubility and lipophilicity. In this 
regard, the linker often contains a PEG fragment. The most common approach to the preparation of 
such compounds involves the acylation of the ε-amino group of lysine with PEG-containing 
carboxylic acid. 
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In [68] compound 12 was acylated with carboxylic acid with a terminal Boc-protected amino 
group and two ethylene glycol residues in the structure (Scheme 42). TBTU was used as an activator, 
and DIPEA was used as a base. The derivative 85 obtained in this way was introduced into the 
reaction of removing acid-labile protective groups to obtain ligand 86. 
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Scheme 42. Synthesis of ligand 86 with a diethylene glycol fragment in a linker. 

A similar scheme for the obtaining of PSMA-targeted compounds containing a PEG fragment 
was implemented in another work.[80] Compounds containing a biotin fragment and PEG fragments 
with a different number of units in the linker were synthesized (Scheme 43). At the same time, two 
different synthetic schemes were implemented. For the compound with eight ethylene glycol units 
in the linker, the modification of compound 11 was carried out in three stages. In the first stage, the 
ε-amino group of lysine was acylated with an acid containing a PEG fragment and a terminal amino 
group protected by Cbz group in the presence of TBTU and DIPEA. The Cbz protection was then 
removed by hydrogenolysis and acylated with biotin NHS ester to form compound 87a. In the case 
of a longer linker, the authors introduced into the acylation reaction a PEG-containing acid modified 
at the terminal nitrogen atom with a biotin residue under similar conditions to obtain compound 87b. 
In both cases, acid-labile protective groups were removed in trifluoroacetic acid at the last stage to 
obtain compounds 88a-b. 
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Scheme 43. Synthesis of PSMA-targeted compounds, containing biotin fragment. Conditions А when n = 8: 1) 
Cbz-NH-PEG8-COOH, TBTU, DIPEA, DMF; 2) H2, Pd(OH)2, MeOH; 3) NHS-biotin, DIPEA, DMF. Conditions А 
when n = 12: HOOC-PEG12-biotin, TBTU, DIPEA, DMF. 

An alternative option for the introduction of a PEG-containing linker was proposed in the 
previously mentioned work on the preparation of a PSMA-targeted compound with a 9-
carboxyfluorene residue.[89] Compound 26 obtained according to Scheme 15 was subjected to 
alkaline hydrolysis to produce carboxylic acid 89, which was introduced into an acylation reaction 
with the protected chelating agent DOTA modified with PEG-containing linkers with different 
lengths (Scheme 44). HATU was chosen as the activating agent, and DIPEA was chosen as the base. 
Thus, two protected conjugates 90a-b were obtained. 
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Scheme 44. Synthesis of PEG-containing protected conjugates 90a-b. 
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Another design option for PSMA ligands involves a linker containing aromatic fragments in its 
structure. An example of obtaining such a compound is the work [112]. In the first stage, 1-(4-
iodophenyl)piperazine is reacted with di-tert-butyl dicarbonate to give compound 91. After that, 
Buchwald-Hartwig amination of compound 91 with piperazine is performed. After that, compound 
92 is alkylated with 6-chloronicotinic acid. Then, the resulting linker fragment 93 is introduced into 
an acylation reaction with protected urea 11 to form compound 94. 
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Scheme 45. Synthesis of PSMA-targeted compound 94 containing cyclic fragments in a linker. 

5. Approaches to Removing Protective Groups 

Often, the last step in the synthesis of PSMA ligands or some conjugates based on them is the 
removal of protective groups. Due to the fact that approaches using acid-labile protective groups are 
most often used, this stage involves the use of acids. In the case of PSMA ligands, the conditions for 
removing protective groups using trifluoroacetic acid are most widespread. 

Thus, when preparing PSMA ligands with various aromatic fragments at the e-amino group of 
lysine, based on compounds 13a-j, 34a-e, 35 and 38, a mixture of TFA and DCM in a 1:1 ratio was 
used in [41] (Scheme 46). Thus, it was possible to obtain target ligands with yields of 20-90%. 
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Scheme 46. The general scheme of removal of protective groups, presented in [41]. 

In general, the approach using TFA solutions in methylene chloride of various concentrations is 
used in an extensive set of studies. It can also be used to remove PMB-protective groups, which was 
implemented in some examples in [66,67,102]. However, as an alternative, the authors in [66,67] also 
used anisole solution in TFA (Scheme 47). For example, such conditions were used in the preparation 
of ligand 95. The anisole solution was added at 0 °C and the resulting mixture was stirred for 20 
minutes at room temperature. As a result, the product was obtained with a yield of 79%. 
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Scheme 47. Removal of protective groups with anisole solution in TFA. 

It is worth noting that under conditions using a mixture of TFA and DCM, the formation of by-
products similar to those that can form at high temperatures is observed (Figure 5).[113] According 
to the LC-MS data of the reaction mixture, there is an impurity [M-18], which may correspond to each 
of the compounds shown in Figure 5. 
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Figure 5. Structures of impurities [M-18] – by-products of ligands and conjugates of PSMA. 

Slightly modified techniques are used to obtain ligands of a more complex structure and prevent 
the formation of by-products shown in Figure 5. Thus, various trialkylsilanes are often added to the 
mixture as scavengers.[114] For example, in studies devoted to the synthesis of PSMA-I&T and its 
analogues, a mixture of TFA and DCM with the addition of TIBS was used to obtain modified 
peptides 68 (Scheme 37). A mixture with the addition of TIPS was used in [110]. 

6. Solid-Phase Peptide Synthesis as an Approach to Synthesis of PSMA Ligands 

Separately, it is worth reviewing the techniques involving synthesis on a solid-phase carrier. 
This approach involves obtaining a resin-immobilized urea fragment and sequential synthesis of the 
final compound using solid-phase peptide synthesis methods. This approach is most often used for 
the synthesis of conjugates of PSMA ligands with various chelating agents. In this case, the protected 
form of the conjugate is synthesized on a solid-phase carrier, after which the substance is removed 
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from the carrier and the protective groups are subsequently removed. This approach is also used to 
produce heterobivalent conjugates targeting simultaneously PSMA and the gastrin-releasing 
receptor. 

An example of using a solid-phase approach is the synthesis of the conjugate PSMA-617 (Scheme 
48). 
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Scheme 48. Synthesis of the conjugate PSMA-617. 

The first stage of this scheme involves the production of glutamic acid isocyanate 96. After that, 
the lysine residue is immobilized on the 2-CTC resin, protected by an allyloxycarbonyl (Alloc) group 
at the ε-amino group and an Fmoc group at the α-nitrogen atom. Then the Fmoc group is removed 
and a urea fragment is created by reaction with isocyanate 96, to form a protected form of urea DCL 
97. The next step is the selective removal of the Alloc group under the action of morpholine in the 
presence of tetrakis (triphenylphosphine)palladium to obtain a derivative 98 suitable for further 
modification by the amino group. In the case of PSMA-617, subsequent modification includes the 
introduction of 2-naphthylalanine and tranexamic acid residues using the classical Fmoc strategy, 
acylation of the amino group of tranexamic acid with tris-tert-butyl ester of the DOTA chelator and 
removal of the resulting product from the resin, while simultaneously removing acid-labile 
protective groups by the action of a mixture of trifluoroacetic acid, tri-iso-propylsilane (TIPS) and 
water. Despite the fact that alternative approaches to obtaining the PSMA-617 conjugate have been 
proposed in the literature,[115] it is usually the solid-phase strategy that is used. Similar synthesis 
schemes have been implemented in a number of publications.[116–119] 

The strategy using an Alloc-protective group is not the only possible one; several alternative 
options for solid-phase assembly of the DCL fragment on resin are presented in the literature (Scheme 
49). So, there is an example of the use of 1-(4,4-dimethyl-2,6-dioxohex-1-ylidene)-3-methylbutyl 
(ivDde) protective group with the ε-amino group of lysin.[120] The authors of this publication 
obtained the urea fragment by a reaction involving CDI, which is also a less common approach in 
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solid-phase synthesis. The resulting derivative 100 was subsequently reacted with hydrazine hydrate 
to remove the protective group to produce an immobilized fragment 98. 
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Scheme 49. Alternative approaches to creating a protected DCL fragment on resin. The protective groups are 
highlighted in orange, and the lysine amino group is highlighted in blue. 

In another alternative, a 4-methyltrityl (Mtt) protective group is used on the resin to produce the 
urea fragment (Scheme 49).[121] The choice of an alternative protective group in this example was 
justified by the solid-phase carrier used. Unlike the previously considered cases, the authors used 
Wang resin. At the first stage, the protected lysine was immobilized on the resin and the Fmoc 
protective group was removed, after which urea was obtained using 4-nitrophenyl chloroformate 
and di-tert-butyl ether hydrochloride of glutamic acid. The derivative 101 obtained in this way was 
introduced into the reaction of removing the Mtt protective group under the action of a 1.8% solution 
of trifluoroacetic acid in chloroform. Under such conditions, removal takes place selectively, without 
affecting the tert-butyl groups of the glutamic acid residue, and the immobilized fragment is not 
removed from the resin. 

7. Alternative Approaches to the Modification of DCL Urea 
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The most common strategies for obtaining DCL-based ligands have been discussed above, but 
some studies have proposed methods that go beyond the above systematization. In this part of the 
paper, we will look at some detailed examples. 

The transformation of the ε-amino group of lysine into an azide group can be attributed to 
similar variations in the modification of DCL urea. In [27] compound 11 was introduced to reaction 
with TfN3 to produce compound 102 (Scheme 50). The reaction was carried out in a mixture of water 
and alcohol in the presence of CuSO4*5H2O and potassium carbonate. TfN3 was reacted as a solution 
in dichloromethane. The product yield was 71%. Subsequently, this compound reacts with azide-
alkyne cycloaddition with various substrates. 
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Scheme 50. Synthesis of the azide-containing analog of DCL urea 102. 

8. Conclusions 

В данном обзоре рассмотрены основные подходы к синтезу лигандов ПСМА на основе 
мочевины DCL. Подробно описаны существующие методы получения защищённых форм 
мочевины DCL исходя из соответствующих аминокислот. Рассмотрены и систематизированы 
все основные подходы к последующей модификации DCL за счёт введения ароматических и 
линкерных фрагментов. Описаны основные стратегии, применяемые при получении сложных 
линкеров и введении их в структуру лигандов ПСМА. Представлены подходы к полному 
твердофазному синтезу ингибиторов ПСМА и конъюгатов на их основе. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

Ar Aryl 
Boc tert-Butoxycaronyl 
Bpin  Pinacolborane group 
tBu  tert-Butyl 
Cbz, Z  Benzyloxycarbonyl 
CDI  Carbonyldiimidazole 
DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 
DCC  N,N′-Dicyclohexylcarbodiimide 
DCE  Dichloroethane 
DCL  N-[N-[(S)-1,3-Dicarboxypropyl]carbamoyl]-(S)-L-lysine 
DCM  Dichloromethane 
Dde  1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl 
DIPEA  N,N-Diisopropylethylamine 
DMAc  N,N-Dimethylacetamide 
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DMAP  4-(Dimethylamino)pyridine 
DMF  Dimethylformamide 
DSC  N,N′-Disuccinimidyl carbonate 
DSS  Disuccinimidyl suberate 
Fmoc  Fluorenylmethyloxycarbonyl group 
GRPr  Gastrin-releasing peptide receptor 

HATU  1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-
oxid hexafluorophosphate 

HBTU  N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 
hexafluorophosphate 

HOAt  1-Hydroxy-7-azabenzotriazole 
HOBt  1-Hydroxybenzotriazole 
MeOTf  Methyl trifluoromethanesulfonate 
NAAG  N-Acetylaspartylglutamate 
NHS  N-Hyrdoxysuccinimid 
PCa  Prostate cancer 
PEG  Polyethylene glycol 
PFBME  Perfluorobutyl methyl ether 
Pfp  Pentafluorophenyl group 
PG  Protective group 
PMB  para-Methoxybenzyl 
PSMA  Prostate specific membrane antigen 
PyBOP  (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 
rt  Room temperature 
STAB Sodium triacetoxyborohydride 

TBTU  N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 
tetrafluoroborate 

TEABC  Tetraethylammonium bicarbonate 
TFA  Trifluoroacetic acid 
TFP  2,3,5,6-Tetrafluoro-phenyl 
THF  Tetrahydrofuran 
TIBS  Tri-iso-butylsilane 
TIPS  Tri-iso-propylsilane 
Trt  Trityl group 
TsOH  para-Toluenesulfonic acid 
TSTU  N,N,N′,N′-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate 
ZBG Zinc-binding group 
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