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Abstract: Nucleosides modification via conventional cross-coupling has been performed using 

different catalytic systems and found to take place via long reaction times. However, since the 

pandemic, nucleoside-based antivirals and vaccines have received widespread attention and the 

requirement for rapid modification and synthesis of these moieties has become a major 

objective for researchers. To address this challenge, we describe the development of a rapid 

flow-based cross-coupling synthesis protocol for a variety of C5-pyrimidine substituted 

nucleosides. The protocol allows for facile access to multiple nucleoside analogues in very 

good yields in a few minutes compared to conventional batch chemistry. To highlight the utility 

of our approach, the synthesis of an anti-HSV drug, BVDU was also achieved in an efficient 

manner using our new protocol. 

 

1. Introduction 

Nucleosides are privileged structural motifs with a wide array of biological activity, that has 

led to significant investment in their syntheses over the past few decades. The current Covid-

19 pandemic and the potential of nucleosides as therapeutics have further enhanced their 

appeal.1 The presence of nucleoside scaffolds in a variety of antiviral and anticancer drugs such 

as acyclovir, remdesivir, penciclovir, emtricitabine and clofarabine has contributed greatly 

towards the rapid developments taking place in this field (Figure 1a & 1b).2 Functionalization 

of the nucleoside base also provides access to useful biological probes that could exhibit 

enhanced fluorescent properties than the parent nucleosides (Figure 1c).3 



 

Figure 1: a) Nucleoside-based antivirals, b) nucleoside-based anticancer agents, c) fluorescent 

nucleoside-based probes 

The introduction of aromatic or heteroaromatic functionalities on the nucleosides (that help 

enhance the fluorescent properties) via metal-catalyzed cross-coupling reactions4 (especially 

palladium-catalyzed Suzuki-Miyaura coupling) has been extensively explored.5 Contributions 

by the research groups of Len,6 Shaughnessy7, Lakshman8a and many others8b-f are 

acknowledged for their advances in the area of nucleoside modification.  We have also been 

active in the development of several catalytic systems (palladium-based) allowing efficient 

cross-coupling.9 Starting with [Pd(imidate)2(PTA)2]
10 allowing the Suzuki-Miyaura cross-

coupling of all four nucleosides, PTABS (KapdiPhos)11 in combination with Pd(II) precursor 

allowing the isolation via column-free procedure (as well as catalyst recyclability), SerrKap 

palladacycle12 as a phosphine-free catalyst and recently, [Pd(sacc)2(THPEN)]13 another 



example of water-soluble phosphine-free catalyst  promoting the coupling to take place at 

ambient temperature (Scheme 1).        

 

Scheme 1: Catalytic systems used for Suzuki-Miyaura cross-coupling of nucleosides in 

literature. 

Despite the tremendous developments that have taken place in this area of research, most 

catalytic processes are time consuming (conventional flask conditions) and are plagued with 

the formation of unwanted by-products (hydrodehalogenation of the halonucleosides), which 

leads to lower product yields. Purification procedures for the isolation of the desired product 

involve the employment of large amounts of solvent and silica.14  

To overcome these limitations, we herein report the expedient synthesis of C5 modified 2'-

deoxyuridine (or cytidine) analogues using a plugged flow reactor bringing about a significant 

reduction in the reaction time as well as the usage of the solvent with the isolation of the product 

via a column-free protocol. With the whole procedure performed under non-inert conditions 

(without N2 gas), the flow catalytic protocol provides a definite advantage over conventional 

conditions requiring a rigorous inert atmosphere. The scale-up potential of our approach was 

also demonstrated on a multigram synthesis of  an antiviral nucleoside.    

 

 



2. Results and Discussion: 

Palladium-catalyzed Suzuki-Miyaura cross-couplings have been an essential tool for the 

synthesis of many functionalised molecules including modified nucleoside analogues.15 The 

ease of employing and handling of the boronic acids as well as the ready availability of these 

reagents makes Suzuki-Miyaura couplings a  preferred protocol. Several catalytic systems have 

been developed over the years for the functionalization of nucleosides in a variety of solvents 

and in many cases a single catalytic system wasn’t available for transformation of all 4 natural 

nucleosides.10,11 This problem was overcome by our group through the development of 

catalytic systems that were able to functionalize all 4 nucleosides efficiently (see Scheme 1). 

Performing the catalytic reactions in reaction vessels (Schlenck tubes or round bottom flasks) 

is a common practice but often fails at higher concentrations making the scale-up difficult.16 

The catalytic processes may require product isolation via column chromatographic purification 

involving large quantities of volatile organic solvents. Therefore, process improvements for 

more efficient cross-coupling are warranted.  

Flow chemistry17-20 involving the employment of continuous-flow reactors in the past decade 

has proven to be a powerful alternative to batch reactor systems to increase both yields and 

selectivity21 in chemical reactions. This technological advancement has proven to be 

advantageous as it allows reactions to be performed under safe working conditions22 

(hazardous and reactive substrates can also be handled safely)23, as well as shortening the 

process time compared to the batch process. Furthermore, automation of parameters such as 

temperature and pressure can help with reproducibility in continuous flow reactors compared 

to classical batch techniques.24 Research groups of Ley,25 Kappe,26 Noel27 have made 

significant contributions to the microreactor flow technology for synthesis. More recently, the 

Hilton group has been using microreactor flow technology29 popular with both chemical and 

process engineers.30-31 



For the development of an expeditious catalytic process for nucleoside modification, we, 

therefore, decided to employ the above-mentioned flow methodology. The following set-up 

was used for performing the screening as well as the scope for the Suzuki-Miyaura cross-

coupling of 5-iodo-2'-deoxyuridine (I-dU) or 5-iodo-2'-deoxycyidine (I-dC) with 

heteroarylboronic acids using SerrKap Palladacycle catalyst in H2O:EtOH solvent system 

(Figure 2).   

 

Figure 2: Flow reaction set-up for the Suzuki-Miyaura cross-coupling of 5-iodo-2'-

deoxypyrimidines. 

The correct choice of solvent was necessary to maintain the homogeneity of the reaction 

mixture as any solid particle formation during the reaction could be detrimental to the flow 

system leading to channel blockage. The use of H2O:EtOH (2:1) as a solvent system allowed 



the catalytic transformation between I-dU (1a) and 3-methoxyphenyl boronic acid (2a) with 

SerrKap palladacycle in the conventional Schlenck conditions under inert N2 atmosphere 

without any solid formation and was therefore applicable to continuous flow as the catalytic 

solution was observed to be completely homogeneous throughout the reaction. The product 3a 

was isolated (84%) upon column chromatography.  A small amount of hydro-dehalogenated 

starting material (3a', 10%) was also obtained (Scheme 2). We also performed a similar 

reaction at 60 oC for 30 minutes under air (rather than an inert N2 atmosphere) to check the 

effect of the conditions on the reaction performed Schlenck conditions. The reaction was found 

to lead to product formation,  but only 15% product was formed along with trace amounts of 

deiodinated starting material and the remaining material was determined to be 5-iodo-2'-

deoxyuridine, suggesting the reduction in catalytic activity of the SerrKap palladacycle under 

the given conditions.          

 

Scheme 2: Conventional Suzuki-Miyaura cross-coupling of 5-iodo-2'-deoxyuridine (1a) with 

3-methoxyphenyl boronic acid (2a).  

We envisaged that flow chemistry may speed-up the reaction time and thus avoid the formation 

of undesired 3a’ which had proven difficult to separate. First, the internal reactor volume was 

estimated by injecting a dilute solution of KMnO4 (0.1M) into the flow system. Passing the 

solution at a rate of 1.0 mL/min provided an overall internal reactor volume of 17.5 mL using 

4 circular disk reactors (shown in Figure 2).  
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Second, the screening of various catalytic conditions for the Suzuki-Miyaura cross-coupling of 

I-dU with 3-methoxyphenyl boronic acid indicated SerrKap to be the best choice of catalyst. 

For the flow set-up, I-dU, SerrKap palladacycle and base (K3PO4) were dissolved in H2O:EtOH 

(3:2) and pumped via injector 1, while injector 2  was used for 3-methoxyphenyl boronic acid 

in H2O:EtOH (3:2). The temperature of the reactor block was maintained at 60 oC (improved 

solubility of the substrate observed at 60 oC). Both solutions were pumped using an air-pump 

without the use of nitrogen gas.  

The flow-reaction was tested first at 0.5 mol% of SerrKap palladacycle at a flow rate of 0.7 

mL/min (9-10 kPa) for 25 minutes providing only 20% product (Entry 1, Table 1). An increase 

in the catalyst concentration to 1.0 mol% brought about a slight increase in yield (35%, Entry 

2, Table 1). The impact of reagent concentration was next explored as a more diluted reaction 

mixture (8 mL as compared to 6 mL in the previous two entries of H2O:EtOH solvent mixture) 

provided further increases in the product formation (45%, Entry 3, Table 1). Increasing the 

solvent volume to 12 mL further improved the reactivity (65%, Entry 4, Table 1). Next, to 

assess the effect of solvent flow rate by varying the pressure, it was increased from 9-10 kPa 

(0.7 mL/min) in the previous entries to 15-16 kPa (1.0 mL/min) for Entry 5. However, lower 

yield (52%) prompted us to further optimize the  reaction dilution (15 mL) resulting in higher 

yield of 86% (Entry 6, Table 1). Encouraged by the improvement in yield, we increased the 

flow rate (2 mL/min) to reduce the overall reaction time. Although the yield of the desired 

product did not appreciably improve, reduction in the total reaction time was achieved (Entry 

7, Table 1). Attempts to reduce catalyst concentration impacted the reactivity adversely. 

Therefore, it was best to continue further optimization of the reaction with 1.0 mol% of SerrKap 

palladacycle (Entries 8-9, Table 1). The replacement of inorganic base K3PO4 with another 

base K2CO3  or organic base Et3N or DBU brought about reduction in the product yield (Entries 

10-12, Table 1). All the previous reactions were performed using 1.6 equiv. of 3-



methoxyphenyl boronic acid with respect to the starting I-dU. It was observed that the reduction 

in the amount of the boronic acid to 1.3 equiv. did not affect the catalytic efficiency, but any 

further reduction (1.2 eq.) led to a lower yield of the product (Entries 13-16, Table 1). Base 

concentration (K3PO4) was found to affect the catalytic reactivity positively with 1.05 eq. 

providing higher product yield (95%, Entry 18, Table 1).   

Table 1: Screening study for the development of flow catalytic Suzuki-Miyaura cross-coupling 

of 5-iodo-2'-deoxyuridine with 3-methoxyphenyl boronic acid. 

 

Sr.

No 

1a 

 

2a 

1.6 eq 

 

SerrKap 

palladacycle 

Mole % 

Solvent 

H2O:EtOH 

Flow Rate 

 (Residence 

time) 

Pressure 

(kPa) 

Base 

1.3 eq 

% 

Yield  

 

1) 176 mg 

(0.167 M) 

120 mg 

(0.263M) 

0.5 4+2 mL 0.7 mL/min  

(25 min) 

9-10 138 mg 20 

2) 176 mg 

(0.167 M) 

120 mg 

(0.263 M) 

1 4+2 mL 0.7 mL/min  

(25 min) 

9-10 138 mg 35 

3) 176 mg 

(0.125M) 

120 mg 

(0.197 M) 

1  5+3 mL 0.7 mL/min  

(25 min) 

9-10 138 mg 45 

4) 176 mg 

(0.083 M) 

120 mg 

(0.132 M) 

1  8+4 mL 0.7 mL/min  

(25 min) 

9-10 138 mg 65 

5) 176 mg 

(0.083 M) 

120 mg 

(0.132 M) 

1  8+4 mL 1.0 mL/min  

(17.5 min) 

15-16 138 mg 52 

 

6) 176 mg  

(0.067 M) 

120 mg 

(0.105 M) 

1  10+5 mL 1.0 mL/min  

(17.5 min) 

15-16 138 mg 86 

 

7) 176 mg  

(0.067 M) 

120 mg 

(0.105M) 

1  10+5 mL 2.0 mL/min 

(8 min 45sec) 

35-36 138 mg 83 

 

8) 176 mg  

(0.067 M) 

120 mg 

(0.105M) 

0.75  10+5 mL 2.0 mL/min  

(8 min 45sec) 

35-36 138 mg 62 

 

9) 176 mg  

(0.067 M) 

120 mg 

(0.105M) 

0.5  10+5 mL 2.0 mL/min  

(8 min 45sec) 

35-36 138 mg 46 

 

10) 176 mg  

(0.067 M) 

120 mg 

(0.105M) 

1  10+5 mL 2.0 mL/min  

(8 min 45sec) 

35-36 90 l 

(NEt3) 

56 

11) 176 mg  

(0.067 M) 

120 mg 

(0.105M) 

1  10+5 mL 2.0 mL/min 

(8 min 45sec) 

35-36 97 l 

(DBU) 

65 

12) 176 mg  

(0.067 M) 

120 mg 

(0.105M) 

1  10+5 mL 2.0 mL/min 

(8 min 45sec) 

35-36 90 mg 

(K2CO3) 

41 

13) 176 mg  114 mg 1  10+5 mL 2.0 mL/min  35-36 138 mg 83 



(0.067 M) (1.5 eq.) 

(0.1M) 

(8 min 45 sec)  

14) 176 mg  

(0.067 M) 

106 mg 

(1.4 eq.) 

(0.093M) 

1  10+5 ml 2.0 mL/min  

(8 min 45 sec) 

35-36 138 mg 83 

 

15) 176 mg  

(0.067 M) 

98 mg 

(1.3 eq.) 

(0.086M) 

1  10+5 mL 2.0 mL/min  

(8 min 45 sec) 

35-36 138 mg 83 

 

16) 176 mg  

(0.067 M) 

90 mg 

(1.2 eq.) 

(0.079M) 

1 10+5 mL 2.0 mL/min 

(8.0 min 45 

sec) 

35-36 138 mg 71 

17) 176 mg  

(0.067 M) 

98 mg 

(1.3 eq.) 

(0.086M) 

1  10+5 mL 2.0 mL/min  

(8 min 45 sec) 

35-36 127 mg 

(1.2) 

89 

 

18) 176 mg  

(0.067 M) 

98 mg 

(1.3 eq.) 

(0.086M) 

1  10+5 mL 2.0 mL/min  

(8 min 45 sec) 

35-36 111 mg 

(1.05) 

95 

 

 

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

Under the fully optimized catalytic conditions with 1.0 mol% SerrKap palladacycle, at a flow 

rate of 2.0 mL/min (pressure of 35-36 kPa), 60oC reaction temperature, reaction of I-dU with 

3-methoxyphenyl boronic acid (1.3 eq.) and K3PO4 (1.05 eq.) as the base proceeded in less than 

9 minutes in 95% yield. Compared to the same reaction performed in a reaction flask, it 



required 3.0 hrs under nitrogen atmosphere and column chromatographic purification for the 

isolation of the cross-coupled product (due to the presence of the dehalogenated byproduct). 

The flow chemistry protocol saved time and obviated the need for an inert nitrogen atmosphere. 

Significantly shorter reaction time enabled reduction (undetectable) of dehalogenated product 

in all the performed reactions. The separation of product was simplified from the trace amount 

of starting material by washing with water.    

To further demonstrate the utility of this protocol, additional examples of arylboronic acids 

were tested as coupling partners.  4-Thiomethylphenylboronic acid (2b), 3,5-dimethylphenyl 

boronic acid (2c) 4-fluorophenylboronic acid (2d) and 3-methylphenylboronic acid (2e) were  

evaluated as the nucleophilic coupling partners furnishing the products in good (73-82%) yield 

(3b-e, Scheme 3). Good yields were also observed for 4-methoxyphenylboronic acid (2g), 4-

biphenyl boronic acid (2h), 3-benzofuranyl boronic acid (2i) and 2-naphthylboronic acid (2j) 

(3f-j, Scheme 3). Given the short reaction time, this protocol may find utility in generating a 

library of compounds for rapid SAR study.     



 

Scheme 3: Flow catalytic Suzuki-Miyaura cross-coupling of 5-iodo-2'-deoxyuridine with 

different boronic acids. 

Like uridine, C5 derivatives of cytidine have also found applications as possible fluorescent or 

bioprobes31 by the introduction of aromatic functionalities. Suzuki-Miyaura cross-coupling 

methodology32 has proven to be the most applicable in this endeavour. A typical catalytic 

protocol for the coupling of 5-iodo-2'-deoxycytidine (I-dC) with arlyboronic acid proceeds 

with relatively lower reactivity compared to its uridine counterpart partly due to the more 

electron-rich nature of the heterocyclic ring that resists the attack of the nucleophile as a part 

of the catalytic coupling pathway. We have in recent years demonstrated the capability of 

several of our catalytic systems to efficiently couple I-dC with different arylboronic acids.10-13 

However, the reaction has been relatively slower than uridine coupling processes (up to 24 hrs). 

Below, we have demonstrated one such Suzuki-Miyaura cross-coupling of  I-dC (1b) with 3-

methoxyphenylboronic acid (2a) with SerrKap palladacycle11 (1.0 mol%) in a H2O:EtOH 
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solvent system under an inert nitrogen atmosphere at 60 oC. Although good reactivity was 

observed under the conditions, the reaction takes 24 hrs to provide 76% of the coupled product 

(4a) with 14% of the dehalogenated product 4a'(Scheme 4). Isolation of the product 4a required 

column chromatography. Longer reaction times compounded by lower reactivity of the 

cytidine substrate leads to higher amount of 4a'. This could be avoided if speed of the reaction 

is enhanced as demonstrated with the uridine examples. We also performed a similar reaction 

at 60 oC for 30 minutes under air (rather than inert N2 atmosphere) to check the effect of the 

conditions on the reaction performed Schlenck conditions. No product formation was observed 

when the reaction was performed for only 30 minutes, which provides an impetus for the 

employment of flow chemistry methodology to expedite the catalytic reaction via higher 

molecular interactions.            

 

Scheme 4: Conventional Suzuki-Miyaura cross-coupling of 5-iodo-2'-deoxycytidine with 3-

methoxyphenyl boronic acid.  

To investigate the feasibility of coupling I-dC with 3-methoxyphenyl boronic acid, reaction 

screening studies were conducted. After a thorough investigation that would promote the 

coupling to proceed in a relatively faster reaction time, not requiring the use of inert nitrogen 

atmosphere and avoiding chromatographic isolation of the product, the optimum conditions 

were obtained with 1.0 mol% SerrKap catalyst at a flow rate of 0.6 mL/min (H2O:EtOH, 12+8 

mL) and pressure of 8-9 kPa, which provided best yield of 90% in 29 minutes (Table 2). The 

application of flow catalytic conditions has once again improved the reactivity and drastically 
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reduced the reaction time and allowed the reaction to be conducted in air rather than 

maintaining inert conditions.   

Table 2: Flow catalytic Suzuki-Miyaura cross-coupling of 5-iodo-2'-deoxycytidine with 3-

methoxyphenyl boronic acid. 

 

Sr.No 1b 2a 

(1.3eq) 

Catalyst 

mol% 

Solvent 

H2O: 

EtOH 

Flow Rate 

(Residence 

time) 

Pressure  

(kPa) 

Base 

1.05 eq 

%Yield  

1) 177mg 

(0.083M) 

98 mg 

(0.107M) 

 1  8+4 ml 0.7 mL/min  

(25 min) 

9-10 111 mg 20 

2) 177mg 

(0.063M) 

98 mg 

(0.081M) 

1  10+6 ml 0.7 mL/min 

(25 min) 

9-10 111 mg 38 

3) 177mg 

(0.063M) 

98 mg 

(0.081M) 

1  10+6 ml 0.6 mL/min 

(29 min) 

8-9 111 mg 69 

4) 177mg 

(0.050M) 

98 mg 

(0.064M) 

1  12+8 ml 0.7 mL/min 

(25 min) 

9-10 111 mg 74 

5) 177mg 

(0.050M) 

98 mg 

(0.064M) 

1  12+8 ml 0.6 mL/min 

(29 min) 

8-9 111 mg 90 

6) 177mg 

(0.050M) 

98 mg 

(0.064M) 

1  12+8 ml 0.5 mL/min  

(35 min) 

6-7 111 mg 90 

 

7) 177mg 

(0.050M) 

98 mg 

(0.064M) 

0.75  12+8 ml 0.5 mL/min  

(35 min) 

6-7 111 mg 59 

 

8) 177mg 

(0.050M) 

98 mg 

(0.064M) 

 

0.5  12+8 ml 0.5 mL/min  

(35 min) 

6-7 111 mg 43 

 

       

       

       

       

       

       

       

       

       

 



The coupling of I-dC with different arylboronic acids was next explored. Rapid conversion of 

the starting material was observed in all cases with most substrates converting efficiently to the 

respective coupled products in good to excellent yields irrespective of the substituents on the 

arylboronic acid moiety or the nucleophilicity of the reagents utilized (Scheme 5). Electron-

donating substituents such as MeO, MeS, Me or naphthyl reacted well, while 4-fluorophenyl 

boronic acid also provided comparable yield of the desired cross-coupled product. Isolation of 

the products in all the cases was done via a column-free technique, which also sets the stage 

for performing the flow catalytic reaction in a continuous manner to demonstrate the potential 

for possible commercial scale-up.    



 

Scheme 5: Flow catalytic Suzuki-Miyaura cross-coupling of 5-iodo-2'-deoxycytidine with 

different boronic acids. 

Rapid synthesis of modified nucleoside analogues is synthetically useful and certainly opens 

an opportunity to extensively apply flow chemistry-based catalytic methodologies33 not only 

for the synthesis of coupled products (as mentioned in this report) but also performing rapid 

multistep synthetic strategies for a variety of nucleoside-based commercially relevant drugs34. 

Contributions from Jamison35 and Watts36 laboratories need special mention for the 

development of several flow chemistry-based scale-up protocols for bio-active nucleosides. 
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Inspired by this effort, we further envisaged performing gram scale synthesis of 3k via semi-

continuous flow methodology by injecting the reaction solutions multiple times and isolating 

the cross-coupled product at the end.        

The same IKA Flow set-up was used for the scale-up study. Conditions such as the catalyst 

concentration, flow rate or the pressure used for carrying out the reaction were kept the same 

but multiple injections (18 times) with a slightly increased concentration of the substrates were 

injected. Each run required 8 minutes 35 seconds with a collection time of 5 minutes 20 seconds 

between each run to make sure the reaction mixture from the previous run is completely eluted. 

After a semi-continuous run of 2 hrs and 42 minutes, the reaction mass collected (180 mL) was 

further processed for the column-free isolation of the coupled product giving a combined yield 

of 1.67 grams. Based on the concentration of starting material utilized, an overall yield of 79% 

was obtained (see SI material for details).     

Table 3: Multi-gram scale-up of Suzuki-Miyaura cross-coupling of 5-iodo-2-deoxyuridine 

with 2-benzofuranyl boronic acid using SerrKap palldacycle under semi-continuous flow 

conditions. 

 

S. 

No. 

XX  

(1.3eq) 

SerrKap 

palladacyc

le 

Mole % 

Solvent 

H2O : 

EtOH 

(5:3 v/v) 

K3PO4 

1.05 eq 

Injection time for 

reaction mass 

Reaction mass Collection time  

(5 min 20 sec) 

      From To 

1) 0.086 M 1 10 mL 74 mg 0 min 8 min 35 sec 14 min 15 sec 

2) 0.086 M 1 10 mL 74 mg 8 min 45 sec 17 min 20 sec 23 min  

3) 0.086 M 1 10 mL 74 mg 17 min 30 sec 26 min 05 sec 31 min 45 sec 

4) 0.086 M 1 10 mL 74 mg 26 min 15 sec 34 min 50 sec 40 min 30 sec 

5) 0.086 M 1 10 mL 74 mg 35 min 43 min 35 sec 49 min 15 sec 

6) 0.086 M 1 10 mL 74 mg 43 min 45 sec 52 min 20 sec 58 min 



7) 0.086 M 1 10 mL 74 mg 52 min 30 sec 1 hr 1 min 05 sec 1hr 6 min 45 sec  

8) 0.086 M 1 10 mL 74 mg 1 hr 1 min 15 sec 1 hr 9 min 50 sec 1 hr 15 min 30 sec 

9) 0.086 M 1 10 mL 74 mg 1 hr 10 min 1 hr 18 min 35 sec 1 hr 24 min 15 sec 

10) 0.086 M 1 10 mL 74 mg 1 hr 18 min 45 sec 1 hr 27 min 20 sec 1 hr 33 min 

11) 0.086 M 1 10 mL 74 mg 1 hr 27 min 30 sec 1 hr 36 min 05 sec 1 hr 41 min 45 sec 

12) 0.086 M 1 10 mL 74 mg 1 hr 36 min 15 sec 1 hr 44 min 50 sec 1 hr 50 min 30 sec 

13) 0.086 M 1 10 mL 74 mg 1 hr 45 min 1 hr 53 min 55 sec 1 hr 59 min 35 sec 

14) 0.086 M 1 10 mL 74 mg 1 hr 53 min 45 sec 2 hr 1 min 20 sec 2 hr 7 min  

15) 0.086 M 1 10 mL 74 mg 2 hr 1 min 30 sec 2 hr 10 min 05 sec 2 hr 15 min 45 sec 

16) 0.086 M 1 10 mL 74 mg 2 hr 10 min 15 sec 2 hr 18 min 50 sec  2 hr 24 min 30 sec 

17) 0.086 M 1 10 mL 74 mg 2 hr 19 min 2 hr 27 min 35 sec 2 hr 33 min 15 sec 

18) 0.086 M 1 10 mL 74 mg 2 hr 27 min 45 sec 2 hr 36 min 30 sec 2 hr 42 min 10 sec 

 

 

     

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

 

Suzuki-Miyaura cross-coupling of nucleosides has certainly been utilized extensively for the 

base modification. Whereas, Heck alkenylation reaction allowing the introduction of alkenyl 

functionality on the base part of the nucleosides is  yet another useful transformation.37 Being 

one of the key steps in the synthesis of the potent anti-Herpes simplex virus drug, (E)-5-(2-

bromovinyl)-2'-deoxyuridine (BVDU or brivudine)38 as well as the ‘Ruth linker’39-(a C5 

pyrimidine nucleoside analogue used commonly for the introduction of a reactive amine 

functionality into oligonucleotide sequences), the Heck reaction does present scientists with an 



opportunity to incorporate various functionalities with ease and provide straightforward access 

to many functional molecules. 40, 41  

In comparison to the Suzuki-Miyaura cross-couplings, Heck reactions are relatively slower and 

require longer reaction times, higher catalyst loading as well as inert conditions to avoid 

deactivation of the catalyst. Introduction of the developed flow catalytic protocol (see Vide 

Infra) would most certainly help overcome these challenges. Isolation of the product using 

column-free method would also make this protocol more sustainable. Before proceeding with 

the employment of flow reactor for expediting the catalytic process, it was necessary to perform 

a typical Heck reaction in a flask containing I-dU (1a) and styrene (5a) with SerrKap 

palladacycle and K3PO4 as the base in a EtOH:H2O (1:1) system under an inert N2 atmosphere 

(to avoid any precipitation of the product). Reaction was followed by TLC for completion and 

after 15 hours the product was isolated by column chromatographic purification to obtain 90% 

isolated yield. Absence of any hydrodehalogenated product was a major positive point but the 

time taken for the process to be completed is a cause of concern as well as the necessity of inert 

atmosphere. We also performed a similar reaction at 80 oC for 30 minutes under air (rather than 

inert N2 atmosphere) to check the effect of the conditions on the reaction performed under 

Schlenck conditions. No product formation was observed when the reaction was performed for 

only 30 minutes. 

 

Scheme 6: Conventional Heck alkenylation of 5-iodo-2'-deoxyuridine with styrene.  

 

Commented [Ak5]: As per the referees suggestions, 30 
mins reaction under air was also performed. 



To address these issues, Heck alkenylation was next performed using the flow reactor to 

achieve rapid synthesis of useful analogues of uridine nucleoside. Injector 1 contained a 

solution of I-dU, SerrKap palladacycle (1.0 mol%) and base in H2O:EtOH (1:2), while injector 

2 consisted of a solution containing styrene in H2O:EtOH (1:2). The flow reactor was 

pressurised using an air pump and, therefore, an inert N2 atmosphere requirement was not 

necessary. The conditions used to optimize the catalytic reaction varying the parameters such 

as concentration, pressure, base as well as the temperature are summarized in Table 4. The best 

conditions are shown in Entry 17 (Table 4) allowing the conversion of I-dU to be quantitative 

in 29 minutes at a rate of 0.6 mL/min. Compared to the conventional flask chemistry process, 

the flow protocol works at a much faster rate without the requirement of an inert atmosphere 

making it a more practical protocol and provides an opportunity to extensively apply the same 

for other nucleoside modifications.   

Table 4: Screening studies for Heck alkenylation of 5-iodo-2'-deoxyuridine with styrene under 

flow conditions. 

 

Sr.

No 

1a 

 

5a 

(1.7equiv) 

Styrene 

(1.7 equiv) 

Solvent 

H2O : EtOH 

Flow Rate 

(Residence 

time) 

Base 

K3PO4 

(1.3 equiv) 

Pressure 

kPa 

Temp 

(oC) 

% 

Yield 

 

1) 176mg 

(0.083M) 

98 ul 

(0.14M) 

98 uL 6+6 mL 1 mL/min 

17m 30s) 

138 mg 15-16 80 20 

 

2) 176mg 

(0.083M) 

98 ul 

(0.14M) 

98 uL 4+8 mL 1 mL/min 

17m 30s) 

138 mg 15-16 80 30 

3) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 10+5 mL 1 mL/min 

17m 30s) 

138 mg 15-16 80 40 

4) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 7.5+7.5 mL 1 mL/min 

17m 30s) 

138 mg 15-16 80 45 

5) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 1 mL/min 

17m 30s) 

138 mg 15-16 60 40 



6) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 1 mL/min 

17m 30s) 

138 mg 15-16 70 54 

7) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 1 mL/min 

17m 30s) 

138 mg 15-16 80 62 

8) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 0.6 mL/min 

(29 min) 

138 mg 8-9 80 86 

9) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 0.5 mL/min 

(25 min) 

138 mg 9-10 80 81 

10) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 0.6 mL/min 

(29 min) 

90 uL 

(Et3N) 

8-9 80 70 

11) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 0.6 mL/min 

(29 min) 

97 uL 

(DBU) 

8-9 80 62 

12) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 0.6 mL/min 

(29 min) 

90 mg 

(K2CO3) 

8-9 80 65 

13) 176mg 

(0.067M) 

98 ul 

(0.11M) 

98 uL 5+10 mL 0.6 mL/min 

(29 min) 

212 mg 

(Cs2CO3) 

8-9 80 74 

14) 176mg 

(0.067M) 

86 ul (1.5) 

(0.1M) 

86 uL 

(1.5 equiv) 

5+10 mL 0.6 mL/min 

(29 min) 

111 mg 8-9 80 88 

15) 176mg 

(0.067M) 

75 ul (1.3) 

(0.087M) 

75 uL 

(1.3 equiv) 

5+10 mL 0.6 mL/min 

(29 min) 

111 mg 

(1.05 equiv) 

8-9 80 90 

16) 176mg 

(0.067M) 

75 ul 

(0.087M) 

75 uL 5+10 mL 0.6 mL/min 

(29 min) 

127 mg 

(1.2 equiv) 

8-9 80 92 

17) 176mg 

(0.067M) 

75 ul 

(0.087M) 

75 uL 5+10 mL 0.6 mL/min 

(29 min) 

111 mg 

 

8-9 80 94 

 

 

The completion of Heck alkenylation under an hour is an exciting prospect, which prompted 

us to test few other substrates (substituted styrenes) to further validate the methodology. 

Substituted styrenes such as 4-methylstyrene and 4-bromostyrene were coupled with I-dU 

using the developed flow protocol in a H2O:EtOH solvent system. With excellent yields 

obtained for both the substrates, flow chemistry application to nucleoside modification 

certainly has major benefits and warrants further exploration of this platform.  



 

Scheme 7: Substrate scope for Heck alkenylation of nucleosides using flow technology. 

 

Successfully converting flask chemistry (Suzuki or Heck reactions of nucleosides) into a flow 

protocol requires a lot of careful planning and analysis of conditions for obtaining the desired 

outcome. All the reactions undertaken till now were single step catalytic processes with 

isolation of the product via simple filtration rather than column chromatographic purification. 

We, therefore, decided to explore the possibility of applying the developed protocol to the 

synthesis of an antiviral drugs, Brivudine (BVDU). BVDU is an important antiviral drug used 

for the treatment of Herpes Simplex virus (HSV) and commonly prepared in 3 steps as per the 

literature reports (research groups of Len,37 Kapdi41). Synthesis of BVDU initiates with the 

Heck alkenylation of I-dU with methyl acrylate followed by the hydrolysis of the ester to acid 

(carboxyvinyl uridine, CVU) and finally NBS promoted decarboxylative bromination (see SI 

material). Several challenges are associated with this protocol such as: purification (for 2 out 

of the 3 steps) using column chromatography leading to an enormous amount of solvent usage, 

requirement of inert atmosphere and with the whole process taking ~2 days for execution 

(~70% overall yield)  making it industrially unattractive.      



 

Scheme 8: Literature details on the BVDU synthesis. 

Intervention of flow chemistry to tackle the above problem certainly is an attractive alternative 

to the flask reaction. However, we identified that along with the employment of flow chemistry, 

all the steps could be performed simultaneously without performing purification procedures 

for each step as was done in the previous reports. This would help reduce the solvent usage 

drastically and the final isolation of BVDU (end of the 3rd step) could be performed without 

the employment of column chromatography. Such a strategy would also certainly reduce the 

time required for the synthesis as well as boost the overall yield of the desired product.  

Scheme 9 details the strategy employed for BVDU synthesis that initiates with the Heck 

alkenylation of I-dU with methyl acrylate using SerrKap palladacycle (1.0 mol%), K3PO4 (1.2 

equiv.) in H2O:EtOH (1:1) solvent system at 80 oC. Previously developed flow reaction 

conditions were employed by maintaining the pressure at 8-9 kPa using an air-pump and a rate 

of 0.6 mL/min to provide complete conversion of the cross-coupled product in 29 minutes. 

This certainly is a major advancement compared to the reaction times reported in the literature 

(8-10 hrs) as well as the mild reaction conditions employed. The reaction mixture thus obtained 

was subsequently carried forward without the isolation of the intermediate (Heck reaction 

coupled product). The second step of the reaction scheme involves the base-catalyzed 



hydrolysis of the coupled acrylate ester to the corresponding acid using NaOH as the base in 

H2O:EtOH solvent system at 15-16 kPa and a rate of 1.0 mL/min. Ester hydrolysis is an 

extremely rapid reaction either under flask conditions or flow. The step I catalytic mixture 

when subjected to the basic hydrolysis conditions provided complete conversion of the ester to 

the corresponding acid (flask condition: 3 hrs; plugged flow: 17 mins 30 sec).  

The final step of the reaction sequence is an important one involving the base-mediated 

decarboxylation followed by bromination using N-bromosuccinimide (NBS) as the bromine 

source. A flask reaction was initially performed by carrying forward the reaction solution 

obtained after step II with the addition of K2CO3 as the base and NBS for bromination. It was 

observed that within 15 minutes of addition of all the reagents, a white coloured solid started 

precipitating out of the reaction mixture. Analysis of the precipitated solid revealed it to be the 

desired product BVDU. The reaction mixture was allowed to stir for 30 minutes, and the 

solution was filtered to obtain BVDU as a white solid after washing with water and EtOH. This 

simple procedure provided analytically pure BVDU in 86% yield in an overall reaction time 

not exceeding 3 hours (compared to 2 days for the conventional reaction conditions reported 

in literature) and saving large amounts of solvents and making the process practical and easy 

for scale-up (Scheme 9).  



 

Scheme 9: BVDU synthesis using a combination of plugged flow and batch reaction 

conditions. 

 

3. Conclusion: Modification of natural nucleosides using conventional catalytic processes has 

several limitations and are not suitable for the development of rapid synthetic  transformations. 

Herein, we have been able to successfully overcome several problems such as: a) reduction in 

by-products, b) dramatic reduction in the reaction time, c) column-free isolation of products 



for the modification of I-dU and I-dC via Suzuki-Miyaura and Heck coupling reactions with 

an IKA plugged-flow reactor. The developed methodology was further tested for the synthesis 

of a commercially useful antiviral drug, Brivudine (BVDU) introducing plugged flow reactor 

for the first two processes followed by the conventional synthetic step, but all done in a one-

pot procedure without the isolation of intermediates and still obtaining >85% isolated yield of 

the analytically pure product. To the best of our knowledge, this work is the first example of 

flow chemistry utilizing the affordable bench-top IKA reactor. Looking ahead, these advances 

in flow system will embed catalysis as a green sustainable, cost-effective method for the 

manufacturing of nucleoside-based drug molecules. 

4. Acknowledgements: The authors would like to thank IKA India for allowing us to use the 

flow equipment described herein.  

5. Experimental Section:  

General Procedure for Suzuki Miyaura Cross-Coupling of 5-iodo-2'-deoxyuridine 1a  and 

(Hetero)aryl boronic acid R. 

A  Fresh solution of 5-iodo-2'-deoxyuridine 1a (177 mg, 0.5 mmol), SerrKap palladacycle ( 

4.5 mg 1 mol%), and Anhydrous potassium phosphate (111 mg, 0.525 mmol, 1.05 eq) in 7.5 

ml water: Ethanol (2:1) injection loop A (loop volume ≈ 7.5 ml) and A  Fresh solution of 

(Hetero)aryl boronic acid R (0.65 mmol, 1.3 eq) in 7.5 ml water: Ethanol (2:1)  injection loop 

B (loop volume ≈ 7.5 ml), were injected through the 3D printed Circular Disk reactors (CDRs) 

at 60 °C (Flow rate ≈ 2.0 mL/min, pressure ≈ 35-36 kPa) with a residence time of (8 min 45 

sec) (4 CDRs) to give the product 3a-j. The resulting solution was concentrated under reduced 

pressure to get insoluble precipitated on cooling which was further washed out by 2 x 5 ml n-

hexane and 2 x 5 ml cold ethanol and recrystallized the product in water: ethanol (1.1) to give 

the desired cross-coupled product 3a-j solids. 

General Procedure for Suzuki Miyaura Cross-Coupling of 5-iodo-2'-deoxycytidine 1b 

and (Hetero)aryl boronic acid R. 



A  Fresh solution of 5-iodo-2'-deoxycytidine 1b (177 mg, 0.5 mmol), SerrKap palladacycle ( 

4.5 mg 1 mol%), and Anhydrous potassium phosphate (111 mg, 0.525 mmol, 1.05 eq) in 10 ml 

water: Ethanol (3:2) injection loop A ( loop volume ≈ 10 ml) and A  Fresh solution of 

(Hetero)aryl boronic acid R (0.65 mmol, 1.3 eq) in 10 ml water: Ethanol (3:2) injection loop B 

(loop volume ≈ 10 ml), were injected through the 3D printed Circular Disk reactors (CDRs) at 

60 °C (Flow rate ≈ 0.6 ml/min, pressure ≈ 8-9 kPa) with a residence time of (29 min) (4 CDRs) 

to give the product 4a-j. The resulting solution was concentrated under reduced pressure to get 

insoluble precipitated on cooling which was further washed out by 2 x 5 ml n-hexane and 2 x 

5 ml cold ethanol and recrystallized the product in ethanol-water (1:1) to give the desired cross-

coupled product 4a-j solids. 

 

General Procedure for Heck alkenylation of 5-iodo-2'-deoxyuridine1a with styrene 5a-c. 

A  Fresh solution of 5-iodo-2'-deoxyuridine 1a (177 mg, 0.5 mmol), SerrKap palladacycle ( 

4.5 mg 1 mol%), and Anhydrous potassium phosphate (111 mg, 0.525 mmol, 1.05 eq) in 7.5 

ml water: Ethanol (1:2) injection loop A ( loop volume≈7.5 ml) and A  Fresh solution of styrene 

5a-c (0.85 mmol, 1.7 eq) in 7.5 ml water: Ethanol (1:2)  injection loop B (loop volume≈ 7.5 

ml), were injected through the 3D printed Circular Disk reactors (CDRs) at 80 °C (Flow rate ≈  

0.6 ml/min, pressure ≈ 8-9  kPa) with a residence time of (29 min) (4 CDRs) to give the addition 

product 6a-c. The resulting solution was concentrated under reduced pressure to get insoluble 

precipitated on cooling which was further washed out by 2 x 5 ml n-hexane and 2 x 5 ml cold 

chloroform and recrystallized the product in ethanol-water (1:1) to give the desired cross-

coupled product 6a-c solids. 

Multi-gram scale-up of Suzuki-Miyaura cross-coupling of 5-iodo-2-deoxyuridine with 2-

benzofuranyl boronic acid using SerrKappalldacycle under semi-continuous flow 

conditions. 



 

A Fresh solution of 5-iodo-2'-deoxyuridine 1a (354 mg, 1 mmol), SerrKap palladacycle (9 mg 

1 mol%), and Anhydrous potassium phosphate (222 mg, 1.05 mmol, 1.05 eq) in 15 ml water: 

Ethanol (2:1) was prepared and A Fresh solution of 2-benzofuranyl boronic acid 2k (1.3 mmol, 

1.3 eq, 0.086 M) in 15 ml water: Ethanol (2:1) was prepared. each 5 ml solution was injected 

through injection loop A (loop volume ≈ 5 ml) and injection loop B (loop volume ≈  5ml) 

respectively, were injected through the 3D printed Circular Disk reactors (CDRs) at 60 °C 

(Flow rate ≈ 2.0 mL/min, pressure ≈ 35-36 kPa) with a residence time of (8 min 45 sec) (4 

CDRs) to give the product 3k. The resulting solution was collected in a test tube and the 

experiment was repeated several times as shown in Table 3 to get the desired product. The 

resulting solution was concentrated under reduced pressure to get insoluble precipitated on 

cooling which was further washed out by 2 x 50 ml n-hexane and 2 x 50 ml cold ethanol and 

recrystallized the product in water: ethanol (1.1) to give the desired cross-coupled product 3k 

solids. 

 

BVDU synthesis using a combination of plugged flow and batch reaction conditions. 

A Fresh solution of 5-iodo-2'-deoxyuridine 1a (177 mg, 0.5 mmol), SerrKap palladacycle ( 4.5 

mg 1 mol%), and Anhydrous potassium phosphate (111 mg, 0.525 mmol, 1.05 eq) in 7.5 ml 

water: Ethanol (1:2) injection loop A (loop volume ≈ 7.5 ml) and A  Fresh solution of methyl 

acrylate 5d (77 ul, 0.85 mmol, 1.7 eq) in 7.5ml water: Ethanol (1:2)  injection loop B (loop 

volume ≈ 7.5 ml), were injected through the 3D printed Circular Disk reactors (CDRs) at 80 

°C (Flow rate ≈ 0.6 ml/min, pressure ≈ 8-9  kPa) with a residence time of (29 min) (4 CDRs) 

to give the product 6d. The resulting 15 ml solution was collected and used for the next step 

without any purification. Solution of 6d 3 ml in injection loop A (loop volume ≈ 3 ml) and 3 

ml of 1 M NaOH solution in injection loop B (loop volume ≈ 3ml) were injected through the 



3D printed Circular Disk reactors (CDRs) at 30 °C (Flow rate ≈ 1ml/min, pressure ≈ 15-16 

kPa) with a residence time of (17.5 min) (4 CDRs) to give the 6 ml solution which was stirred 

in a flask for 5 min. the second step was repeated 5 times to get the total resulting 30 ml solution 

of product . This resulting solution was adjusted to pH 4-6 with dropwise addition of 1 M HCl 

7. Then in the resulting solution of 7, N-bromosuccinimide (89 mg, 0.5 mmol, 1 eq), Anhydrous 

potassium phosphate (212 mg, 1 mmol, 2 eq) was added and stirred at room temperature for 

20 min. Observed Milky white precipitate was washed out with 2 x 5 ml cold ethanol and then 

2 x 5 ml water to obtain BVDU 8 as a white solid (143 mg 86 %). 

Spectral analysis of the synthesized compounds have been submitted in the Supporting 

Information. 

Spectral analysis of the synthesized compounds have been submitted in the Supporting 

Information.  

6. Conflict of Interest: SH  is the inventor of the IKA FLOW that was commercialised and 

sold by IKA. 
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