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Key market trends driving demand for the use of advanced technologies in the chemical synthesis 

of complex small molecules 

The number of technology platforms utilized in the chemical synthesis of actives, intermediates and 

other complex substances across pharmaceutical and biotechnology markets has rapidly expanded 

since 2000. Prior to that time, most small molecule APIs were relatively simply in structure, and could 

be manufactured utilizing ‘classical’ chemistry technologies such as heterogenous or homogenous 

catalysis, and chiral chemistry. However growing demand for specialized or personalized therapeutics, 

as well as the pursuit of new chemical modalities during the drug discovery and design process, has 

increased the average complexity of API structures. It is estimated that the average number of steps 

required for the chemical synthesis of small molecule APIs has almost doubled in the last two decadesi. 

For some highly complex compounds, a dozen or more chemical process steps can now be necessary. 

In many cases, the use of such classical chemistries alone is either not desirable or feasible to 

synthesize such complex APIsii. That is why the majority of small molecule APIs now in clinical 

development can require the use of multiple different advanced technologies for a single synthetic 

sequence. Examples of these advanced technologies include high potency APIs, continuous processes, 

synthesis and conjugation with PEGs and mPEGs, carbohydrate chemistry, polymer APIs, microbial 

fermentation, biocatalysis, and cryogenic chemistry. It is challenging for any single pharmaceutical 

company or contract manufacturing organization (CMO) to develop a portfolio of advanced 

technologies that can accommodate the needs of all process steps involved in the production of such 

complex APIs.  

This growth in the number of technology platforms used in chemical synthesis reflects a shift in how 

new drug products are entering the clinical pipeline. Whereas most clinical trials were sponsored by 

the top 10 pharma companies in the late 1990s, this proportion had declined to around 30% in 2017. 

As the clinical programs of smaller companies advance, many are ultimately in-licensed by larger 

companies to support late stage clinical trials and commercial launch. Revenue from drug products 

developed organically by pharmaceutical companies under in-house projects declined from 64% in 

1997 to 37% in 2017. Meanwhile, drug product revenue arising from acquisitions increased from 10% 

to 46% over the same periodiii iv. Irrespective of whether the drug program originates with a small or 

large pharmaceutical company, a robust process should remain in place to manufacture the API during 

all stages of R&D, clinical development and commercial use.  

No segment of the market better illustrates the need to bring together a range of classical and 

advanced technologies to support the synthesis of complex APIs than those which are defined as being 

highly potent (HPAPIs). The majority of small molecule therapeutics now in development for the 

treatment of cancer, as well as other treatment areas such as narcotics and retinoids, have very low 

 



dosage level requirements.  Such HPAPIs, where occupational exposure limits (OELs) are below 1 

μg/m3, require the development of robust procedures to avoid cross-contamination risk across multi-

purpose facilities. Typically, these HPAPI projects can have several process steps, with at least some of 

these steps requiring reaction types such as peptide coupling, chiral resolution, biocatalysis, cryogenic 

chemistry or fermentation.  

The shift towards personalized medicines has also created growing demand for the production of 

APIs which, while not necessarily being highly potent, require modular pilot plants that utilize 

continuous processing methods to manufacture small quantities within a short period of time.  

In addition to the need to bring together a broad mix of classical and advanced technologies for these 

API or HPAPI projects, extensive process engineering and manufacturing capabilities is required.  In 

some instances, such as for polymeric APIs or drug products that utilize advanced drug delivery 

technologies including nanoparticles and liposomesv, it is also beneficial to be able to draw upon 

existing competencies in the design and cGMP manufacturing of pharmaceutical-grade polymers and 

finished drug products.  

For these and other reasons, many pharmaceutical and biotechnology companies now make it a 

priority to select CMO partners that have a strong portfolio of advanced technologies and other related 

competencies that can complement the requirements of their API projects.  

The selection of a CMO partner is increasingly being determined by the size, strength and flexibility 

of their advanced technology portfolio 

To be identified by a pharmaceutical or biotechnology company as a leading provider of a single 

advanced technology can require a CMO to make significant investments over consecutive decades. 

Furthermore, it is commonly desired that a CMO maintain multiple advanced technologies at each 

cGMP manufacturing site across its global network. For large, complex projects where multiple 

advanced technologies are required, it is common that only a few CMOs will have the necessary size, 

manufacturing network and financial strength to be considered.  

Should a pharmaceutical company identify a shortlist of prospective CMOs, a key factor in the final 

selection of a preferred partner will be the review of case studies that demonstrate a record of 

performance in combining these relevant technologies to address the requirements of similar past 

projects. The following three case studies demonstrate how the ability to provide a selection of 

advanced technologies, as well as other competencies such as drug delivery and the cGMP 

manufacturing of drug products, can be utilized to address the specific requirements of complex 

CMO projects.  

Combination of highly pure PEGs, catalysis technologies and downstream processing to create a 

cGMP process for a novel API  

The conjugation of drugs such as peptides or small molecules with a poly(ethylene glycol) derivate is 

known as PEGylation. The goal of PEGylation is to change the pharmacokinetics of the API to improve 

water solubility, reduce immunogenicity, and/or extend stability in the body. Such outcomes can 

result in a patient requiring fewer injections and reduced side effects during treatment to help 

improve the safety, efficacy and patient acceptability of the drug product. A key requirement for a 

successful PEGylation approach is the creation of high-purity PEG polymers that feature a very 



narrow molecular weight distribution (low polydispersity) and are free of genotoxic impurities for the 

conjugationvi.  

The production of highly pure PEGs or mPEGs for 

conjugations is especially challenging due to the 

combination of skills that are required, such as the very 

challenging handling of ethylene oxide, the high purity of 

the initiator, and the creation of a virtually water free 

environment in which the process must occur.  

In this project, competencies in the handling of ethylene 

oxide for the development and supply of highly pure PEGs 

was combined with the ability to manufacture APIs under 

cGMP conditions. The multi-step activation process after 

the initial polymerization step also involved a catalytic 

hydrogenation with a heterogeneous catalyst. To support 

the polymerization, activation and scale-up of the highly 

pure PEG under cGMP conditions to the commercial scale, 

a new pilot plant for highly pure PEGs and mPEGs was 

utilized. 

To ensure an integrated scale-up process, it is recommended that a selected CMO partner has 

additional PEGylation development, production and filling services which can be provided under cGMP 

conditions.  

Use of a modular plant for the continuous processing of an API at pilot scale under cGMP 

conditions 

The continuous processing of APIs and 

intermediates has gained considerable 

interest in the pharmaceutical industry over 

the last 20 years. Compared to batch 

processing, continuous processing allows 

improved control of process parameters and 

access to a larger process design space 

through new process windows; providing 

options for improved quality, higher safety, 

and better efficiency. 

For projects where continuous processes, 

also known as flow chemistry, has been identified by the pharmaceutical company as desirable, it is 

important to appoint a CMO partner that has brought multiple ingredients or other substances to 

market using continuous methodology. Ideally, such specialized expertise must demonstrate the 

ability of the CMO to support the customer in the evaluation and development of continuous 

processes for APIs and intermediates under either cGMP or non-cGMP conditionsvii.  

However, the ability to apply continuous processes in a cGMP environment can be highly challenging. 

In particular, the implementation of continuous processes at the pilot scale can require a modular 

Figure 1. PEG small scale unit in Hanau, Germany” 

Figure 2. Modular Continuous Pilot Plant in Hanau, Germany 



approach to minimize project-specific capital investment and avoid extended scale-up times. 

Through such a modular process, a CMO can help customers navigate beyond the traditional 

limitations of continuous processing to develop a fully-scalable and commercial process.  

In this case study, a Modular Continuous Pilot Plant (MCPP) located in Hanau, Germany was utilized. 

The MCPP is designed to accommodate a range of reaction types including hydrogenations across a 

wide range of temperature and pressures under cGMP conditions.  A range of hazardous compounds 

can also be accommodated. The MCPP is also harmonized with other relevant global sites to support 

the scale-up of continuous processes into large-scale commercial volumes.  

Furthermore, it is recommended that a CMO partner for the continuous processing of APIs and 

intermediates have established processes for flow chemistry milli-/micro reactors, tube and loop 

reactors, trickle bed reactors and continuous stirred-tank reactors (CSTR) for the formation and 

conversion of substances including organometallic intermediates (Grignards, organolithium and 

organoboron compounds), heterogeneous catalysis (hydrogenation), alkylations and saponifications. 

In addition, continuous workup and isolation methods such as extraction, distillation, simulated 

moving bed (SMB), crystallization and drying should be able to be applied to different processes.  

Combination of HPAPI, catalysis, cryogenic and 

organometallic chemistry technologies for highly 

potent API requiring a complex manufacturing 

process 

As stated above, an increasing number of CMO 

projects require the ability to combine the 

manufacturing of high potency APIs with other 

advanced technologies under cGMP conditions. 

With it being strongly recommended that a full risk 

analysis including setting of Occupational Exposure 

Limits (OELs) be conducted for each high potency 

chemical step, such complex projects can place 

significant demands upon the capabilities of some 

CMOs.  

In this case study, a large CMO facility known as 

Tippecanoe in the U.S. State of Indiana was utilized 

for the implementation of an eleven-step 

manufacturing process that combined HPAPI 

capabilities with multiple other advanced 

technologies including transition metal catalysis 

(hydrogenations, C-C or C-N-coupling reactions), cryogenic and organometallic chemistry (Grignards, 

organolithium, organoboron and boron compounds), and asymmetric chemistry (homogeneous 

catalysis).  

This project required the CMO to demonstrate significant manufacturing capacity for HPAPIs, which 
at this site was 170 m3 with OEL down to 0.1 μg. A complete systems approach was also 
demonstrated for the customer, including not just physical containment, but also skilled and 
experienced personnel for hazard and risk assessment, effective project management, training of 
employees working on the HPAPI project, and analytical and cleaning protocols, among other criteria.  

Figure 3. Large scale HPAPI facility (T29) in Tippecanoe 

Figure 4. Small scale HPAPI facility in Hanau, Germany 



 

Critically, all other required technologies were also available at the same Tippecanoe site. The ability 

to combine so many advanced technologies to support the production of HPAPIs requires a deep 

technical knowledge across all these fields, as well as a close interaction of the competency experts 

during development and scale-upviii.  

However other projects undertaken by the CMO at other sites have had user requirement 

specifications (URS) for the handling of HPAPIs with an OEL down to 5ng / m3. In such cases, the CMO 

should be able to demonstrate the enforcement of a strict hierarchy of containment controls 

including sealed rigid isolators, protective personal equipment, and a facility with airlocks and a 

pressure cascade towards outside areas.  

Summary 

Moving forward, the selection of CMO partners will largely be made based upon their ability to bring 

together a range of chemistries and advanced technologies that can address the specific 

requirements of an API, HPAPI or intermediate project. For many pharmaceutical companies, this 

technology-based selection criteria will be of equal, if not greater importance, than the ability of the 

CMO to demonstrate that it has the financial stability, trusted manufacturing sites and regulatory 

track record to provide global security of supply. 

For many large or complex API projects, only a few CMOs will have a portfolio with all of the 

necessary technologies to cover each defined process step to warrant consideration. For 

pharmaceutical and biotechnology companies with drug platforms that will encompass multiple 

clinical programs or indications, it will become attractive to enter into long-term supply relationships 

with CMOs that not only have such complementary technology portfolios, but a track record for 

project execution and commercial manufacturing capacity that minimize scale-up and regulatory risk.  

To support the increasing complexity of APIs and intermediates, Evonik is one CMO that has 

established a portfolio of more than a dozen advantaged technologies including HPAPI, continuous 

processing, PEGs and mPEGs, carbohydrate chemistry, polymer API, fermentation, catalysis, 

biocatalysis, chiral chemistry and cryogenic chemistry. The CMO business is structured so that these 

technologies, and other relevant competencies, can be efficiently combined together to address the 

requirements of complex projects. It is important that such CMO partners continue to make 

investments in its teams, processes and capacity to ensure chemistry, biotechnology and engineering 

capabilities continue to reflect the emerging requirements of pharmaceutical companies.  
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