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 Abstract: Simply, production of a drug needs two main steps; the first step is 
the chemical synthesis, and the second one is the pharmaceutical 
analysis. At the first step, the desired drug must be synthesized via 

the lowest possible production cost. The synthesis scheme must be 
designed to proceed the reaction with the highest yield, cheapest 
solvents, and mildest possible conditions. It should also be user 

friendly (for operators of the production unit), as fast as possible, 
with lower steps leading to a highly pure active pharmaceutical 

ingredient (API). The pharmaceutical analysis step contains a 
series of the main analytical tests such as instrumental (HPLC, GC, 
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XRD, and …), as well as physicochemical ones (like solubility, ash, 

heavy metals, …). These tests determine the quality of an API for 
being applied in the finish line formulation of a drug.      
In the present paper, we have simply described the two main steps 

for manufacturing a drug API which contains the synthesis step as 
well as the pharmaceutical analytical part. Also, some key notes for 

drug synthesis step will be presented.   
 

 Keywords: drug synthesis; pharmaceutical analysis; Drug manufacturing; 

pharmaceutical industry; API   

    
 Received: 2024.05.07 
 Accepted: 2024.06.24 
 Published: 2024.06.26 

   DOI: 10.58332/scirad2024v3i2a03 

Introduction  

Designing schemes to yield the pharmaceutically active components which are rarely 

available in the nature, will decrease their expensive prices. Especially, when the introduced 

scheme uses cheap materials, and it is easily operatable, green, or fine [1-3]. Such 

designation decreases the price of the expensive drugs in one hand, and increase the 

availability of these medicine to all, on the other hand [4]. Due to this, finding new methods 

for synthesizing of drug [5-8] and other organic compounds [9-15] have always been 

important for organic chemistry researchers. During years of attempts, chemical and 

pharmaceutical scientists all around the world have made attempts to develop methods for 

step-by-step synthesis of desired molecules or intermediates via cycloadditions, pericyclic 

reactions, coupling agents and many other approaches, and even performing theoretical 

works for understanding the mechanism of those reactions [16-26]. Also, some researchers 

reported the total synthesis of some precious drug APIs via retro synthesis schemes [27-30]. 

All of these attempts provoked the progress of science of construction of organic molecules, 

especially the pharmaceutically active ones [31-33]. Such scientific development results in 

abundance of rarely available pharmaceutically precious natural compounds as well as the 

manmade expensive drugs (which subsequently decrease their prices).  

Due to the above-mentioned facts and also due to the emergency needs of some drugs in 

the especial times (like need for antivirals during the outbreaks), in this paper, we have 

made attempt to systematically list the major steps of synthesis and analysis of the drug 

APIs. Also, there are some precious reports that focused on API production [34-38].      

 

Part 1: Notes for Synthesis of a drug  

In this section, we have tried to list the most important points for designing a good 

method for synthesis a drug API; what we have practically experienced during our works. 
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Dropwise addition, controlling the pH, temperature, solvent volume to reactants weight, and 

reaction time, good workup, recrystallization purification and validation of scaleup, are of 

those.   

 

Dropwise addition of a reactant or agent 

In practice, it is personally observed that in some cases, synthesis a key intermediate or API 

should be proceeded via a careful dropwise addition of a reactant to the reaction vessel to 

prevent emerging unwanted impurities or oily crude; while by changing the solvent, pH, 

temperature, or even addition of a catalyst or something like an antioxidant, the dropwise 

addition might not be required anymore [39,40].   

 

Careful control of the pH  

Sometimes, it is experimentally observed that a reaction must be progressed by a very 

careful control of the pH of the reaction mixture. One of the reasons for such situation is that 

in the lower pH range, the reaction is blocked; while, in the upper range, impurities appear. 

Especially, where, elimination of those impurities is very hard, and time consuming [41,42]. 

In one case, it is observed that the optimized pH rang is between 0.8.  

 

Control of the temperature   

One of the important parameters that is experimentally observed to be important in the 

successful synthesis of APIs with high purity (enough to be used in drug formulation), is 

controlling the temperature. Of course, in many cases, changing the reaction temperature 

from 15 ºC to 40 ºC (about 30 ºC) does not change the fate of the process (does not lead to 

emergence of impurities). However, in some reactions, a little change of the temperature 

(for example from 5 ºC to 8 ºC) lead to significant changes. Somehow, below 5 ºC the 

reaction is blocked; while, upper than 8 ºC, high amounts of impurities are observed. What I 

have personally observed in some hydrolysis or deprotection reactions. On the other hand, in 

some of the other processes, like stereoselective ones, very low temperatures are crucial. 

Also, sometimes, using higher temperatures could lead to increase the color of the crude and 

ones need to use inert atmosphere or decrease the temperature of the reactor. Thus, in 

some drug synthesis processes, careful control of the reaction temperature is required but 

not for all cases [43,44].    
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Solvent volume to reactants weight (SV/RW) ratio  

One of the other points about the drug synthesis is that in some cases, the reaction is 

progresses in a special solvent volume to reactants weight (SV/RW), while, at more SV/RW 

ratios the reaction is very slow, or even is blocked after a certain yield. Especially, at scaleup 

from laboratory batches to pilot or production unit batches, this effect is more observable. 

Sometime, it could not be made up by increasing the reaction temperature, or addition of 

excess amount of a reactant (mainly at the ends of a reaction) [45,46].    

 

Control of the reaction time  

Usually, when a reaction is progressed with a moderate level of speed, increase of the 

reaction time does not lead to significant increase in the impurity profile or color of the 

crude. But, in the case of fast reactions, careful control of the reaction time and its 

monitoring by thin layer chromatography (TLC) or even by HPLC is required. Somehow, after 

passing the normal reaction time, some impurities emerge or the color of the crude 

increases. On the other hand, if the reaction rate is slow, some other impurities like the 

decomposition products of intermediates might begin to form. Also, there is a possibility that 

during the scaleup, the rate of the reaction become slower and slower than the laboratory 

small scale. Thus, it would logical that the rate of drug synthesis reactions be in the 

moderate level [47,48].  

 

Workup and reaching to the crude 

After finishing the reaction leading to synthesis of a drug API, ones need to workup to reach 

to the crude. The workup process is a very important stage of the process which could 

change the fate of the reaction. A good workup could lead to a fine crude with high purity 

and significant yield; while, a weak and careless workup might result in impure, colored, and 

oily crude with low yield. Even if, the reaction progresses completely and purer, a bad 

workup could destroy the outcome of such nice reaction. At the end of the reaction, 

sometimes, crude begin to precipitate in a spontaneous manner. But sometimes, hours of 

patience are needed to see the reaction mixture becomes cloudy and subsequently it begins 

to precipitate. In some cases, the reaction mixture requires to be cooled to precipitate; 

while, in some other cases, cooling the reaction mixture leads it to be oily, two-phased, curd 

and doughy (especially where you have used anti-solvent). In such cases, increasing the 

temperature could make a single-phased reaction mixture (containing solvent and anti-

solvent) which results in appearance of precipitation. Also, in such cases, increasing the rate 

of stirring and seeding could be helpful. Here, we have designed a systematic scheme to 
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show how one could purify most types of crudes via recrystallization (Figure 1). Moreover, 

sometime altering the pH of the reaction mixture could help to precipitation of the crude 

without emergence of impurities [49,50]. It should be noted the ”solubility” in Figure 1 is 

defined in each case (it is not equal with the definition of solubility of pharmacopia or other 

related texts. 

 

 

Figure 1. A schematic scheme for purification of the crude via recrystallization. * For most of 

solvents, solubility decreases by reducing the temperature. In such cases, ice bath might lead to 
precipitation or two separated oil-in-solution phases. 

Purification via the change of pH has not been embedded in Figure 1. But, this map 

could also be used for purification of the crude in parallel with the pH change purification.      

 

Purification via crystallization or chromatography   

The purification step, is one of the most important stages of the drug synthesis, 

where the researcher has to purify the crude along with forming the desired probable 

crystalline form (if a special polymorph is requested). Also, it would be better that the 

purification proceeds along with formation of the reaction crude. It means, it is better that 

forming the desired crystalline form, and also the purification step be performed in the crude 

making step of the reaction. Totally, it would be beneficiary if the purification of the crude 

takes place via recrystallization instead of using the column chromatography. Because 
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applying the column chromatography could be time consuming, costly, and hard to do with 

the need of large amounts of organic solvents and silica gel to give a relatively small 

amounts of the drug API. Thus, if a crude could be purified by recrystallization process with 

a high yield, it would be better than chromatography [57,58].   

 

Formation of a pharmaceutically suitable crystalline form (desired polymorph)  

In many cases, a certain organic molecule (mainly an API) could be precipitated as several 

different crystalline forms (polymorphs). Usually, among several polymorphs, only one or two 

forms are pharmaceutically acceptable. Two main parameters which lead a crystalline form 

to be applied in drug formulations, is its thermodynamic stability, and its solubility. Usually, 

polymorphs with higher melting points which could be passed through long-term stability 

analyses, are considered as more stable ones. Also, the polymorphs that could be soluble in 

water, buffers, or other certain solvent or medias, are recognized as soluble ones. Such 

properties are analyzed via physicochemical solubility tests (presented in pharmacopeia 

texts) or dissolution tests (mainly by dissolution and HPLC instrument). Regarding the fact 

that among all polymorphs of a compound, only one or a few forms could be applied as API 

product, both formation and recognition of those are important [59,60].   

There are several parameters that are effective in formation of a certain polymorph of a 

drug. Type of solvent (and probable anti-solvent) [61], the time of dropping of anti-solvent 

[62], the temperature of precipitation [63], the type sediment used for seeding [64], the 

time and speed of stirring [65], freeze-drying, or even spray-drying could be effective in 

formation of a special crystalline form of a drug API. Moreover, formation of two or more 

polymorphs with different ratios (in one reaction vessel) have been practically observed in 

some cases. Finally, in some practices, after reaching to the targeted polymorph, grinding 

and micronization before formulation is needed for a better solubility or release [66].     

 

The effect of scaleup    

It sometimes observed that in cases, the synthesis of a drug API is acceptable in the 

laboratory scale (usually about 50 g to 100 g); while, during the scaleup in the pilot or 

industrial scale, the process would be more complicated. Somewhere, the rate of the 

reaction will be slower, or even it does not finish and large amounts of impurities remain in 

the reaction vessel. It leads the crude to be oily and impure, and the yield decreases 

significantly. In such situation the operator might increase the temperature to provoke the 

reaction progress, but sometime, such decision would result in emergence of impurities or 
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increase the color of the crude, or even make it oilier. Thus, the workup would be more 

complicated and difficult.           

On the other hand, in the large-scale reactors, some operations like fast changing the 

temperature could be difficult. Thus, reactions that need fast operation could show different 

behavior when scaleup. Therefore, all reactions leading to production of drug APIs should be 

validated by step-by-step scaleup [67].    

 

Part 2: Pharmaceutical analytical analyses 

As drugs are used for treatments of living things like the human race, their quality, 

purity and safeness are very important. In on hand, for many cases, impurities of the drugs 

are very hazard and dangerous for us. That is, analyzing the total and related purities and 

assay of drug APIs are crucial. On the other hand, other parameters such as organic solvent 

residues, water content, solubility, and the crystalline structure are important and effective in 

the quality of a drug. In this regard, in this section, we have tried to shortly describe the 

main parts of drug analyses (Figure 2).  

   

 Figure 2. the most common pharmaceutical analyses for APIs.   

 

Identification  

Identification of a synthesized drug API usually is confirmed by comparison of the 

standard and the sample via Fourier-transform infrared (FT-IR) spectroscopy or HPLC 
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retention time (RT). In some cases, where there are special groups like phosphate in the 

API, excess identification tests like phosphate identification might be required [68]. Also, in 

opposition of the usual organic synthesis papers, NMR tests is not required for identification 

of each current production batch.   

 

Appearance and solubility   

The first line of analysis of an API is the appearance test [69]. Where, the phase 

(state), shape (crystalline form or powder shape), color, probable pollutions and 

heterogenous particle are detected. After passing the appearance test, the solubility test will 

be run. It is notable that in all pharmacopeia texts, most of the organic drug API must be 

assessed by the solubility tests. In this experiment, a special weight of a drug API is 

dissolved in a certain volume of each of the group of solvents (for example 1 g in 1 ml of a 

solvent for the Very Soluble grade). If a powder could not be dissolved in the determined 

volumes of the selected solvents, or be dissolved in the solvents which are reported to be 

insoluble in those, then, the polymorph or even the type of that API would be under 

question. The very soluble, freely soluble, soluble, sparingly soluble, slightly soluble, very 

slightly soluble and insoluble, are of the main solubility grades of pharmacopeia [70]. Also, it 

is notable that during this test, no heating or sonicating process is allowed.   

 

Related purity, chiral purity and assay analysis  

As mentioned above, in many cases, impurities of the drugs are very hazard and 

dangerous for us. This issue is more highlighted in the case of genotoxic impurities. That is, 

analyzing the total and related purities as well as assay analysis of the synthesized drug APIs 

are very important.  

The related purity analysis is one of the most important analyses for assessing the quality of 

a synthesized API. This test is mainly carried out by using the high-performance liquid 

chromatography (HPLC) instrument. In this analysis, usually a 1000 ppm concentration of a 

produced drug is prepared as the concentrated sample and is injected to HPLC. Then, the 

sample is diluted to 10 ppm or 1 ppm (1/100 or 1/1000) and is injected to the HPLC as 

diluted sample (based on the instructions the dilute might be prepared via the standard 

stock solution). Subsequently, the amount of each impurity is calculated by comparing the 

area of each impurity peak with the area of the diluted sample peak. This is due to the 

deviation of area/concentration response at different concentrations (linearity validation) 

[71-73].  
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To investigate the chiral purity, usually the normal phase HPLC system with chiral pack 

columns is applied. Based on the instructions of the pharmacopeia, it could be calculated via 

simple purity integration or related purity method. In some cases, the specific optical 

rotation (SOR) analysis is used which is easier and cheaper than the HPLC methods.  

The chemical assay analysis is mostly carried out by using HPLC-UV; while, sometimes it is 

calculated by using the potentiometric titration analysis. Based on the pharmacopeia 

instructions, when using HPLC instrument for assaying a synthesized drug API, usually, a 100 

ppm of each sample and standard are prepared and injected. Then, after considering the 

related parameters such as water content, and salts percentages (like acetate or maleate) 

the area of sample is compared with the area of standard peak to give the assay of the 

sample. Usually, the accepted range of many drug APIs are between 98% to 102% (it could 

change by the instructions of pharmacopeia) [68].    

Finally, assessing the assay content of drugs by potentiometric titrations is carried out 

by using the pH meter titrator for compounds which have one acid molecule like HCl (or a 

basic agent) in their structure. Also, this method might have some deviations due to the non-

acidic molecules between the mostly acidic ones [37,74].   

 

Determination of the pharmaceutically suitable crystalline form  

The first and fastest line for recognition of a polymorph is appearance of a powder or 

the shape of a crystal. However, such observation is not trustable and must be supported by 

other approaches (even by using a microscope). The second test for confirming a polymorph 

of an API is the solubility test. In this experiment, a certain amount of a drug API is dissolved 

in a certain volume of each of the determined solvents or medias. Such test might give 

information about the polymorph of an API but it is not still enough. Sometimes, the FT-IR 

spectrum of the polymorphs of a drug compound might have different patterns. It is more 

observable when the polymorphs of the drugs have different hydrogen-bonding with 

different orientations [75].  

The most important approach for recognition of a certain polymorph of a drug API is the X-

ray diffraction (XRD) analysis [76,77]. With the aid of this technology and by considering the 

patterns of its spectra, the pharmaceutically suitable crystalline form of a drug (via 

comparing to the XRD of the standard polymorph) could be detected.  

 

Organic volatile impurity (OVI) and losing on drying (LOD)  

The residues of organic solvents which sometimes remain or even trapped in the 

crystals or powders of the synthesized drug, is one of the most important problems of drug 
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synthesis. The solvent residues are usually assessed by the Flame Ionization Detector Gas 

Chromatography (GC-FID). In this test, a certain amount of a drug compound is dissolved in 

a solvent (usually 50 mg in 1ml of DMF or DMSO and then 5 ml of water). After sample 

preparation, the vessel is heated and finally a headspace syringe sucks the steams of the 

upper atmosphere of the vial. The peak areas of the sample are compared by a standard 

calibration curve.  

The LOD method (which is mostly contained of measuring the weight loss during the 

drying process of a certain amount of a drug in the vacuum oven over heating), is proceeded 

at different temperatures. It means that in some cases, the drug is placed in a vacuum oven 

at 60 ºC (for instance); while another drug is dried at 100 ºC or even 120 ºC (just as an 

instance). Thus, the pressure, temperature, and time of drying is different for one type of a 

drug to another. Therefore, the LOD of a drug maybe contained of its water content 

(especially for those drugs in which their LOD temperatures are more than 100 ºC, at 

vacuum) plus the amount of the volatile solvents. But it does not contain the LOD methods 

of all drugs. Finally, development of LOD method for a special drug will be more difficult, 

when solvent is trapped in its crystal structure; where, destruction of its crystal is needed 

[78-81].  

 

Water content  

Due to the fact that the LOD test would contain the water content plus many other 

solvent residues, it could not be used for assessing of exact weight of water. Thus, the Karl-

fisher (KF) titration method is usually applied for measuring the amount for water in a drug 

API (reported as percent). The Karl-fisher titration method has been introduced 1935 by the 

German chemist Karl Fisher for determination of water content [82]. It contains a reaction in 

which I2 molecule is consumed by water and alcohol molecules. Thus, assessing the water 

content of a drug which has alcohol or amine in its structure would lead to false results. To 

avoid such wrong data, the water contents of alcoholic or aminic drugs should be carried out 

by using alcohol-free or other special Karl-fisher reagents [77,78].      

 

Conclusion 

In summary, we have simply described the process of manufacturing a drug by 

dividing it into two main sections containing the synthesis and the analysis parts. In the 

synthesis step, the most important requirements for development of synthesis a drug API 

have been listed. Then, our experiences about the general key points of drug synthesis and 

production were presented. Also, the more important parameters of pharmaceutical analyses 
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for assessing the quality of a drug API were described to give a total view for the synthesis 

researchers (for a better scheme designing).  

Finaly, it is notable that before designing a scheme for synthesis an API, one should consider 

the costs (for example the costs of solvents, catalysts, and energy of lower or upper 

temperatures), and the simplicity of the process (to be more user friendly for operators of 

the production unit), the total and related purities, the yield, the residual solvent, water 

content, and the crystalline form of the API.   

 

Acknowledgements 

This research has been funded by Mazandaran University of Medical Sciences Research 

Council, Sari, Iran, as the PhD thesis of Mr. Seyyed Amir Siadati with the grant number of 

18619. 

 

References 

[1] Baumann, M.; Moody, T.S.; Smyth, M.; Wharry, S.; A perspective on continuous flow 

chemistry in the pharmaceutical industry. Org. Process Res. Dev. 2020, 24, 1802-

1813. 

 DOI: 10.1021/acs.oprd.9b00524 

[2] Yang, H.; Yu, H.; Stolarzewicz, I.A.; Tang, W.; Enantioselective Transformations in the 

Synthesis of Therapeutic Agents. Chem. Rev. 2023, 123, 9397-9446. 

DOI: 10.1021/acs.chemrev.3c00010 

[3] Tan, D.; Loots, L.; Friščić, T.; Towards medicinal mechanochemistry: evolution of milling 

from pharmaceutical solid form screening to the synthesis of active pharmaceutical 

ingredients (APIs). Chem. Commun. 2016, 52, 7760-7781. DOI: 10.1039/C6CC02015A 

[4] Santi, M.; Sancineto, L.; Nascimento, V.; Braun Azeredo, J.; Orozco, E.V.; Andrade, L. H.; 

Santi, C.; Flow biocatalysis: A challenging alternative for the synthesis of APIs and 

natural compounds. Int. J. Mol. Sci. 2021, 22, 990. DOI: 10.3390/ijms22030990 

[5] Blakemore, D.C.; Castro, L.; Churcher, I.; Rees, D.C.; Thomas, A.W.; Wilson, D.M.; 

Wood, A.; Organic synthesis provides opportunities to transform drug discovery. 

Nature chem. 2018, 10, 383-394. DOI: 10.1038/s41557-018-0021-z 

[6] Kinner, A.; Nerke, P.; Siedentop, R.; Steinmetz, T.; Classen, T.; Rosenthal, K.; Lütz, S.; 

Recent advances in biocatalysis for drug synthesis. Biomedicines 2022, 10, 964. 

DOI: 10.3390/biomedicines10050964 

[7] Li, G.; Lou, M.; Qi, X.; A brief overview of classical natural product drug synthesis and 

bioactivity. Org. Chem. Front. 2022, 9, 517-571. DOI: 10.1039/D1QO01341F 



Scientiae Radices, 3(2), 89-107 (2024) 
 

100 
 

[8] Siadati, S.A.; Samadi, M.; Soheilizad, M.; Firoozpour, L.; Payab, M.; Bagherpour, S.; 

Dindari, B.; A clean industrial scheme for de-ketalization of EIDD-2801 intermediate in 

water to give molnupiravir (MK-4482) anti-COVID-19 agent (containing its 

pharmaceutical analytical analysis). Sci. Rad. 2023, 2, 202-216.  

DOI: 10.58332/scirad2023v2i2a05 

[9]  Hayashi, Y.; Time and pot economy in total synthesis. Acc. Chem. Res. 2021, 54, 1385-

1398. DOI: 10.1021/acs.accounts.0c00803 

[10] Hemmati, S.; Poor Heravi, M.R.; Nami, N.; Khalilzadeh, M.A.; Novel One-Pot Pseudo-

Five-Component Green Synthesis and Biological Activities In Vitro of 5, 5′-

(Arylmethylene) Bis (4-Hydroxythiazol-2 (3 H)-One) Using Triton-X-100 as High 

Efficient Catalytic System. Polycycl. Aromat. Comp. 2023, 43, 2540-2552. DOI: 

10.1080/10406638.2022.2048033 

[11] Johnson, D.S.; Li, J.J. (Eds.). (2013). The art of drug synthesis. John Wiley & Sons.  

[12] Yaghoobi, M.; Zareyee, D.; Khalilzadeh, M.A.; Strecker synthesis of α-aminonitriles 

using Au nanoparticles capped with porous SiO2 shell (Au@pSiO2) as a highly efficient 

and recyclable nanostructured catalyst. Inorganic and Nano-Metal Chemistry, 1-8. 

DOI: 10.1080/24701556.2022.2081194 

[13] Zhang, M.; Wang, N.; Liu, J.; Wang, C.; Xu, Y.; Ma, L.; A review on biomass-derived 

levulinic acid for application in drug synthesis. Crit. Rev. Biotechnol. 2022, 42, 220-

253. 

DOI: 10.1080/07388551.2021.1939261 

[14] Dastoorani, P.; Khalilzadeh, M.A.; Khaleghi, F.; Maghsoodlou, M.T.; Zardoost, M.R.; 

Siadati, S.A.; The Diels–Alder Reaction between Euparin and Dimethyl 

Acetylenedicarboxylate; a Joint Experimental and Density Functional Theory Study. 

Polycycl. Aromat. Comp. 2023, 1-13, DOI: 10.1080/10406638.2023.2212102 

[15] Hossaini, Z.; Rostami-Charati, F.; Ghambarian, M.; Siadati, S. A.; Synthesis of a new 

class of phosphonate derivatives using a three component reaction of trialkyl 

phosphites or triaryl phosphites in water. Phosphorus Sulfur Silicon Relat. Elem. 2015, 

190, 1177-1182. DOI: 10.1080/10426507.2014.978329 

[16] Kim, A. N.; Ngamnithiporn, A.; Du, E.; Stoltz, B.M.; Recent Advances in the Total 

Synthesis of the Tetrahydroisoquinoline Alkaloids (2002–2020). Chem. Rev. 2023, 

123, 9447-9496. DOI: 10.1021/acs.chemrev.3c00054 

[17]  Kącka‐Zych, A.; Jasiński, R.; Mechanistic aspects of the synthesis of seven‐membered 

internal nitronates via stepwise [4+ 3] cycloaddition involving conjugated nitroalkenes: 



Scientiae Radices, 3(2), 89-107 (2024) 
 

101 
 

Molecular Electron Density Theory computational study. J. Comp. Chem. 2022, 43(18), 

1221-1228. DOI: 10.1002/jcc.26885 

[18] Siadati, S. A.; An example of a stepwise mechanism for the catalyst-free 1, 3-dipolar 

cycloaddition between a nitrile oxide and an electron rich alkene. Tetrahedron let. 

2015, 56, 4857-4863. DOI: 10.1016/j.tetlet.2015.06.048 

[19] Jasiński, R.; Recent progress in the synthesis of nitroisoxazoles and their hydrogenated 

analogs via [3+ 2] cycloaddition reactions (microreview). Chem. Heterocycl. Compd. 

2024, 1-3. DOI: 10.1007/s10593-024-03262-x 

[20] Rostami-Charati, F.; Hossaini, Z.; Sheikholeslami-Farahani, F.; Azizi, Z.; Siadati, S. A.; 

Synthesis of 9H-furo [2, 3-f] chromene derivatives by promoting ZnO nanoparticles. 

Comb. Chem. High Throughput Screen. 2015, 18, 872-880. 

[21] Woliński, P.; Kącka-Zych, A.; Mirosław, B.; Wielgus, E.; Olszewska, A.; Jasiński, R.; 

Green, one-pot synthesis of 1, 2-oxazine-type herbicides via non-catalyzed Hetero 

Diels-Alder reactions comprising (2E)-3-aryl-2-nitroprop-2-enenitriles. J. Clean. Prod. 

2022, 356, 131878. DOI: 10.1016/j.jclepro.2022.131878 

[22] Siadati, S. A.; Effect of steric congestion on the stepwise character and synchronicity of 

a 1, 3-dipolar reaction of a nitrile ylide and an olefin. J Chem. Res. 2015, 39, 640-644. 

DOI: 10.3184/174751915X14448371200600 

[23] Siadati, S.A.; Davoudi, S.; Soheilizad, M.; Firoozpour, L.; Payab, M.; Bagherpour, S.; 

Kolivand, S.; The synthesis and the mechanism of a five-membered ring formation 

between an isothiocyanate and an amide leading to the yield of Enzalutamide 

anticancer API; a joint experimental and theoretical study. J. Mol. Struct. 2023, 1280, 

135057. DOI: 10.1016/j.molstruc.2023.135057 

[24] Bekhradnia, A. R.; Arshadi, S.; Siadati, S. A.; 1, 3-Dipolar cycloaddition between 

substituted phenyl azide and 2, 3-dihydrofuran. Chem. Pap. 2014, 68(2), 283-290.  

DOI: 10.2478/s11696-013-0440-7 

[25] Tiwari, V.; Denovo designing, retro-combinatorial synthesis, and molecular dynamics 

analysis identify novel antiviral VTRM1. 1 against RNA-dependent RNA polymerase of 

SARS CoV2 virus. Int. J. Biol. Macromol. 2021, 171, 358-365.  

DOI: 10.1016/j.ijbiomac.2020.12.223 

[26] Mohtat, B.; Siadati, S. A.; Khalilzadeh, M. A.; Zareyee, D.; The concern of emergence of 

multi-station reaction pathways that might make stepwise the mechanism of the 1, 3-

dipolar cycloadditions of azides and alkynes. J Mol. Struct. 2018, 1155, 58-64.  

DOI: 10.1016/j.molstruc.2017.10.034 



Scientiae Radices, 3(2), 89-107 (2024) 
 

102 
 

[27] Nicolaou, K.C.; Rigol, S.; Perspectives from nearly five decades of total synthesis of 

natural products and their analogues for biology and medicine. Nat. Prod. Rep. 2020, 

37, 1404-1435. DOI: 10.1039/D0NP00003E 

[28] Hayashi, Y.; Time economy in total synthesis. J. Org. Chem. 2020, 86, 1-23.  

DOI: 10.1021/acs.joc.0c01581 

[29] Ma, T.; Cheng, H.; Pitchakuntla, M.; Ma, W.; Jia, Y.; Total Synthesis of (−)-Principinol 

C. J. Am. Chem. Soc. 2022, 144, 20196-20200. DOI: 10.1021/jacs.2c08694 

[30] Kloss, F.; Neuwirth, T.; Haensch, V.G.; Hertweck, C.; Metal‐Free Synthesis of 

Pharmaceutically Important Biaryls by Photosplicing. Angew. Chem. Int. Ed. 2018, 57, 

14476-14481.  DOI: 10.1002/anie.201805961 

[31] Ötvös, S.B.; Kappe, C.O.; Continuous flow asymmetric synthesis of chiral active 

pharmaceutical ingredients and their advanced intermediates. Green Chem. 2021, 23, 

6117-6138. DOI: 10.1039/D1GC01615F 

[32] Campos, K.R.; Coleman, P.J.; Alvarez, J.C.; Dreher, S.D.; Garbaccio, R.M.; Terrett, N.K.; 

Parmee, E.R.; The importance of synthetic chemistry in the pharmaceutical industry. 

Science. 2019, 363, 6424. DOI: 10.1126/science.aat0805 

[33] Boström, J.; Brown, D.G.; Young, R.J.; Keserü, G.M.; Expanding the medicinal chemistry 

synthetic toolbox. Nat. Rev. Drug Discov. 2018, 17, 709-727.  

DOI: 10.1038/nrd.2018.116 

[34] Schneider, G.; Automating drug discovery. Nat. Rev. Drug Discov. 2018, 17, 97-113. 

[35] Kar, S.; Sanderson, H.; Roy, K.; Benfenati, E.; Leszczynski, J.; Green chemistry in the 

synthesis of pharmaceuticals. Chem. Rev. 2021, 122, 3637-3710.  

DOI: 10.1021/acs.chemrev.1c00631 

[36] Bloemendal, V.R.; Janssen, M.A.; Van Hest, J.C.; Rutjes, F.P.; Continuous one-flow 

multi-step synthesis of active pharmaceutical ingredients. Reaction Chem. Eng. 2020, 

5, 1186-1197. DOI: 10.1039/D0RE00087F 

[37] Dadras, A.; Rezvanfar, M.A.; Beheshti, A.; Naeimi, S.S.; Siadati, A.; An Urgent Industrial 

Scheme both for Total Synthesis, and for Pharmaceutical Analytical Analysis of 

Umifenovir as an Anti-Viral API for Treatment of COVID-19. Comb. Chem. High 

Throughput Screen. 2022, 25, 838-846. DOI: 10.2174/1386207324666210203175631 

[38] Simić, S.; Zukić, E.; Schmermund, L.; Faber, K.; Winkler, C.K.; Kroutil, W.; Shortening 

synthetic routes to small molecule active pharmaceutical ingredients employing 

biocatalytic methods. Chem. Rev. 2021, 122, 1052-1126.  

DOI: 10.1021/acs.chemrev.1c00574 



Scientiae Radices, 3(2), 89-107 (2024) 
 

103 
 

[39] Tvilum, A.; Johansen, M.I.; Glud, L.N.; Ivarsen, D.M.; Khamas, A.B.; Carmali, 

S.; Zelikin, A.N.; Antibody‐Drug Conjugates to Treat Bacterial Biofilms via 

Targeting and Extracellular Drug Release. Adv. Sci. 2023, 10, 2301340.  

DOI: 10.1002/advs.202301340 

[40] Seitz, L.; Reiling, N.; Vorreiter, C.; Sippl, W.; Kessler, S.; Hilgeroth, A.; Synthesis 

and Evaluation of Novel Substituted N-Aryl 1, 4-Dihydropyridines as 

Antituberculostatic Agents. Med. Chem. 2024, 20, 30-39.  

DOI: 10.2174/1573406419666230622121512 

[41] Johnson, D. S., & Li, J. J. (Eds.). (2013). The art of drug synthesis. John Wiley 

& Sons. 

[42] Lednicer, D. (2007). The Organic Chemistry of Drug Synthesis, Volume 7 (Vol. 

8). John Wiley & Sons. 

[43] Hayashi, Y.; Time economy in total synthesis. J. Org. Chem. 2020, 86, 1-23. 

DOI: 10.1021/acs.joc.0c01581 

[44] Yadavalli, V.D.N.; Kambhampati, R.S.; Green Aspects of Scale-Up Synthesis of 

Some APIs, Drug Candidates Under Development or Their Critical 

Intermediates. Appl. Nanotechnol. Green Synthesis 2020, 145-190. DOI: 

10.1007/978-3-030-44176-0_7 

[45] Siadati, S. A., Soheilizad, M., Firoozpour, L., Samadi, M., Payab, M., Bagherpour, S., & 

Mousavi, S. M. (2022). An Industrial Approach to Production of Tofacitinib Citrate (TFC) 

as an Anti-COVID-19 Agent: A Joint Experimental and Theoretical Study. J. Chem. 

2022, DOI: 10.1155/2022/8759235 

[46] Phimmavong, S.; Effect of Concentration on Reaction Speed. Int. J. Adv. Sci. Res. 

2020, 1, 21-29. DOI: 10.47667/ijpasr.v1i1.9 

[47] Girigani, S.; Singh, H.; Kola, S.R.; Dayanand Yelmeli, V.; Regula, V.G.; Shah, S.; Kumar, 

P.; An improved and robust scale-up process aided with identification and control of 

critical process impurities in darunavir ethanolate. Res. Chem. Intermed. 2020, 46, 

267-281. DOI: 10.1007/s11164-019-03948-4 

[48] Rossetti, I.; Compagnoni, M.; Chemical reaction engineering, process design and scale-

up issues at the frontier of synthesis: Flow chemistry. Chem. Eng. J. 2016, 296, 56-70. 

DOI: 10.1016/j.cej.2016.02.119 

[49] Zhang, W.; Lassen, K.; Descorme, C.; Valverde, J.L.; Giroir-Fendler, A.; Effect of the 

precipitation pH on the characteristics and performance of Co3O4 catalysts in the total 



Scientiae Radices, 3(2), 89-107 (2024) 
 

104 
 

oxidation of toluene and propane. Appl. Catal., B. 2021, 282, 119566.  

DOI: 110.1016/j.apcatb.2020.119566 

[50]  Levenstein, M. A.; Kim, Y. Y.; Hunter, L.; Anduix-Canto, C.; Niño, C. G.; Day, S. J.; 

Kapur, N.; Evaluation of microflow configurations for scale inhibition and serial X-ray 

diffraction analysis of crystallization processes. Lab on a Chip 2020, 20, 2954-2964.  

DOI: 10.1039/D0LC00239A 

[51] Orekhov, D.; Research and Development on the Manufacturing Process of 

Dexmedetomidine from Chiral Precursors: Resolution–Racemization–Recycle Synthesis 

Strategy. OPR&D. 2024, 28, 1032-1054. DOI: 10.1021/acs.oprd.3c00388 

[52] Giblin, G.; Heseltine, A.; Kiesman, W.; MacPherson, D.; Ramsden, J.; Vadali, R.; Witty, 

D.; Synthesis of vixotrigine, a use-dependent sodium channel blocker. Part 1: 

development of bulk supply routes to enable proof of concept. OPR&D 2020, 24, 

2802-2813.  

DOI: 10.1021/acs.oprd.0c00382 

[53] Machado, T.C.; Kuminek, G.; Cardoso, S.G.; Rodriguez-Hornedo, N.; The role of pH and 

dose/solubility ratio on cocrystal dissolution, drug supersaturation and precipitation. 

Eur. J. Pharm. Sci. 2020, 152, 105422. DOI: 10.1016/j.ejps.2020.105422 

[54] Orehek, J.; Češnovar, M.; Teslić, D.; Likozar, B.; Mechanistic crystal size distribution 

(CSD)-based modelling of continuous antisolvent crystallization of benzoic acid. Chem. 

Eng. Res. Des. 2021, 170, 256-269. DOI: 10.1016/j.cherd.2021.04.007 

[55] Ma, Y.; Qin, X.; Yan, H.; Li, J.; Li, C.; Lian, M.; Gong, J. Research Progress in the 

Industrial Crystallization of Citrate—A Review. Crystals 2023, 13, 118.  

DOI: 10.3390/cryst13081186 

[56] Bethel, P. A.; Chan, L. C.; Cooper, K.; Ensor, G. J.; Evarts, J.; Garrey, R.; Whittaker, D. 

T.; Development of commercial manufacturing processes for acalabrutinib. OPR&D 

2022, 26, 3303-3311. DOI: 10.1021/acs.oprd.2c00304 

[57] Stocker, M.W.; Harding, M.J.; Todaro, V.; Healy, A.M.; Ferguson, S.; Integrated 

purification and formulation of an active pharmaceutical ingredient via agitated bed 

crystallization and fluidized bed processing. Pharmaceutics 2022, 14, 1058.  

DOI: 10.3390/pharmaceutics14051058 

[58] Wichrowski, N.J.; Fisher, A.C.; Arden, N.S.; Yang, X.; An overview of drug substance 

manufacturing processes. AAPS Pharm. Sci. Tech. 2020, 21, 1-6.  

DOI: 10.1208/s12249-020-01806-w 



Scientiae Radices, 3(2), 89-107 (2024) 
 

105 
 

[59] Guo, W.; Li, C.; Du, P.; Wang, Y.; Zhao, S.; Wang, J.; Yang, C.; Thermal properties of 

drug polymorphs: A case study with felodipine form I and form IV. J. Saudi Chem. Soc. 

2020, 24, 474-483. DOI: 10.1016/j.jscs.2020.04.003 

[60] Bommaka, M.K.; Chaitanya Mannava, M.K.; Rai, S.K.; Suresh, K.; Nangia, A.K.; 

Entacapone polymorphs: crystal structures, dissolution, permeability, and stability. 

Cryst. Growth Des. 2021, 21, 5573-5585. DOI: 10.1021/acs.cgd.1c00381 

[61] Jia, S.; Yang, P.; Gao, Z.; Li, Z.; Fang, C.; Gong, J.; Recent progress in antisolvent 

crystallization. Cryst. Eng. Comm. 2022, 24(17), 3122-3135.  

DOI: 10.1039/D2CE00059H 

[62] Yu, Z.Q.; Tan, R.B.H.; Anti-Solvent Crystallization. Crystals 2020, 10, 748.  

DOI: 10.3390/cryst10090748 

[63] Cheng, S.; McKenna, G.B.; Isothermal crystallization and time–temperature 

transformation of amorphous nifedipine: a case of polymorphism formation and 

conversion. Mol. Pharma. 2021, 18, 2786-2802.  

DOI: 10.1021/acs.molpharmaceut.1c00331 

[64] Tanaka, K.; Takiyama, H.; Impurities Assisted with Control of Polymorphs during 

Seeded Crystallization. J. Chem. Eng. Japan 2020, 53, 160-166. DOI: 

10.1252/jcej.19we202 

[65] Fang, L.; Gao, Z.; Gao, Z.; Huang, W.; Wan, X.; Rohani, S.; Gong, J.; Controlled 

crystallization of metastable polymorphic pharmaceutical: Comparative study of 

batchwise and continuous tubular crystallizers. Chem. Eng. Sci. 2023, 266, 118277. 

DOI: 10.1016/j.ces.2022.118277 

[66] Rasenack, N.; Müller, B.W.; Micron‐size drug particles: common and novel micronization 

techniques. Pharma. Dev. technol. 2004, 9, 1-13. DOI: 10.1081/PDT-120027417 

[67] Standley, E.A.; Bringley, D.A.; Calimsiz, S.; Ng, J.D.; Sarma, K.; Shen, J.; Yu, G.; 

Synthesis of rovafovir etalafenamide (part i): Active pharmaceutical ingredient process 

development, scale-up, and impurity control strategy. Org. Process Res. Dev. 2021, 

25, 1215-1236. DOI: 10.1021/acs.oprd.1c00059 

[68] Ma, C.; Oketch-Rabah, H.; Kim, N.C.; Monagas, M.; Bzhelyansky, A.; Sarma, N.; 

Giancaspro, G.; Quality specifications for articles of botanical origin from the United 

States Pharmacopeia. Phytomedicine. 2018, 45, 105-119.  

DOI: 10.1016/j.phymed.2018.04.014 

[69] Gupta, N.V.; Reddy, G.V.; per IP, BP and USP. Int. J. Drug Dev. Res. 2015, 7, 0975-

9344.  



Scientiae Radices, 3(2), 89-107 (2024) 
 

106 
 

[70] Vertzoni, M.; Alsenz, J.; Augustijns, P.; Bauer-Brandl, A.; Bergström, C. A. S.; Brouwers, 

J.; Reppas, C.; UNGAP best practice for improving solubility data quality of orally 

administered drugs. Eur. j. pharm. sci. 2022, 168, 106043.  

DOI: 10.1016/j.ejps.2021.106043 

[71] Siadati, S. A.; Payab, M.; Beheshti, A.; Development of a reversed-phase HPLC method 

for determination of related impurities of Lenalidomide. Chem. Rev. Let. 2020, 3, 61-

64. 

[72] Siadati, S.A.; Amin, M.; Meghdad, M.; Beheshti, A.; Development and validation of a 

short runtime method for separation of trace amounts of 4-aminophenol, phenol, 3-

nitrosalicylic acid and mesalamine by using HPLC system. Current Chem. Let. 2021, 

10, 151-160. DOI: 10.5267/j.ccl.2020.12.002 

[73] Beheshti, A.; Kamalzadeha, Z.; Haj-Maleka, M.; Payab, M.; Rezvanfar, M.; Siadati, S.A.; 

Development and validation of a reversed-phase HPLC method for determination of 

assay content of Teriflunomide by the aid of BOMD simulations. Current Chem. Let. 

2021, 10, 281-294. DOI: 10.5267/j.ccl.2021.3.001 

[74] Rele, R.V.; Tiwatane, P.; A Non-aqueous Potentiometric Titration Method for Validation 

of Imatinib mesylate from Pharmaceutical Dosages. Asian J. Res. Chem. 2019, 12, 

307-310. DOI: 10.5958/0974-4150.2019.00056.7 

[75] Mansouri, M.A.; Ziemons, E.; Sacre, P.Y.; Kharbach, M.; Barra, I.; Cherrah, Y.; 

Bouklouze, A.; Classification of polymorphic forms of fluconazole in pharmaceuticals by 

FT-IR and FT-NIR spectroscopy. J. Pharma. Biomed. Anal. 2021, 196, 113922.  

DOI: 10.1016/j.jpba.2021.113922 

[76] Goloveshkin, A.S.; Korlyukov, A.A.; Vologzhanina, A.V.; Novel polymorph of favipiravir—

an antiviral medication. Pharmaceutics. 2021, 13, 139.  

DOI: 10.3390/pharmaceutics13020139 

[77] Yadav, A.R.; Mohite, S.K.; Different techniques and characterization of polymorphism 

with their evaluation: A Review. Asian J. Pharma. Tech. 2020, 10, 213-216.  

DOI: 10.5958/2231-5713.2020.00035.5 

[78] Beheshti, A.; Payab, M.; Seyyed-Ali-Karbasi, V.; Siadati, S.A.; An unexpected aerobic 

oxidation of α-amino boronic acid part of Borteomib, leading to (thermal) 

decomposition of this very expensive anti-cancer API. Current Chem. Let. 2022, 11, 

227-236.  

DOI: 10.5267/j.ccl.2021.12.001 

[79] Djozan, D.; Norouzi, J.; Application of On-Line Sorbentless Cryogenic Needle Trap 

Extraction Coupled with GC-FID for Analysis of Some Organic Volatile Impurities in 



Scientiae Radices, 3(2), 89-107 (2024) 
 

107 
 

Solid Pharmaceuticals. J. Chromatogr. Sci. 2022, 60, 309-315.  

DOI: 10.1093/chromsci/bmab081 

[80] Gokarn, R.; Rajput, D.; Wanjari, A.; Rathi, B.; Pharmaceutical Standardization of 

Shatavari Granules. Indian J. Med. Res. 2015, 3, 60-64. 

[81] Joseph, E.; Residual moisture determination in lyophilized drug products. Pharma. Tech. 

2019, 43, 30-39. 

[82] MacLeod, S.K.; Moisture determination using Karl Fischer titrations. Anal. chem. 1991, 

63, 557A-566. 

[83] Harris, K.R.; Temperature and pressure dependence of the viscosity of the ionic liquid 

1-butyl-3-methylimidazolium acetate. J. Chem. Eng. Data. 2020, 65, 804-813.  

DOI: 10.1021/acs.jced.9b01018 

[84] Schwan, M.; Nefzger, S.; Zoghi, B.; Oligschleger, C.; Milow, B.; Improvement of solvent 

exchange for supercritical dried aerogels. Front. Mater. Sci. 2021, 8, 662487.  

DOI: 10.3389/fmats.2021.662487 

   

 

    
 
Copyright: © 2024 by the authors. Submitted for possible open access publication under the terms and 

conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 
 

 

 

https://creativecommons.org/licenses/by/4.0/

