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Azide Chemistry in Modern API
Development: A Risk Worth Managing.
In the past decade, the pharmaceutical
landscape has seen a remarkable rise in the
approval of small-molecule APIs featuring
nitrogen-rich scaffolds. From triazoles and
tetrazoles to aziridines and amines, nitrogen-
containing heterocycles are no longer niche.
In fact, over 80% of FDA-approved small-
molecule drugs between 2013 and 2024
include at least one nitrogen heterocycle in
their core structure.!

Many of these structures, and the synthetic
routes to access them, depend critically

on azide chemistry. Azides serve as
indispensable intermediates for forming

C-N bonds, introducing masked amines,

and enabling modular construction of
bioactive motifs. However, despite their
utility, azides are also known for their toxicity
and explosive potential, which are in part
linked to the volatility of the most dangerous
species, hydrazoic acid.
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In this delicate balance between reactivity
and risk, Dipharma brings over 75 years
of experience in managing high-energy
processes, starting with the continuous
production of nitroglycerin in the 1940s.
Today, that legacy lives on in our ability to
design, scale, and control some of the most
hazardous transformations in the Pharma
industry.

This white paper outlines how Dipharma has
developed a comprehensive and forward-
thinking approach to azide chemistry,
integrating process design, containment
strategies, and regulatory compliance. Our
goal is to not only ensure safety and
quality, but to empower pharmaceutical
partners with access to complex
chemistry that others may avoid.

In high-risk chemistry,

expertise isn't optional,
it's essential.
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FIGURE 1: Prevalence of nitrogen-containing heterocycles in FDA-approved small-molecule drugs (2013-2024).
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The Role of Azide Chemistry in APl Synthesis

Azide chemistry is a cornerstone in the synthesis

of modern pharmaceuticals. Its unique reactivity
allows for the efficient formation of carbon-nitrogen
bonds, often under mild conditions, enabling

access to complex heterocyclic structures critical for
bioactivity.

Azides are widely used as precursors to amines,

key building blocks in medicinal chemistry. More
importantly, they serve as essential intermediates in
the synthesis of tetrazoles, triazoles, isocyanates,
and other nitrogen-rich functional groups. These
motifs are found in numerous active pharmaceutical
ingredients (APIs) due to their metabolic stability,
hydrogen bonding capabilities, and electronic
tunability.

Among the FDA-approved small-molecule drugs
from the past decade, several rely on azide-derived
heterocycles. Candesartan cilexetil, an angiotensin
Il receptor antagonist, features a tetrazole moiety
synthesized through a [3+2] cycloaddition of an
intermediate nitrile and an azide reagent. Similarly,
rufinamide, an antiepileptic, contains a triazole core
accessible via Copper(l)-Catalyzed Azide—-Alkyne
Cycloaddition (CUAAC). These transformations, once
considered exotic, are now fundamental to scalable
pharmaceutical manufacturing.

In development pipelines as well, medicinal chemists
increasingly turn to azide chemistry for lead
optimization and scaffold elaboration. Whether
through multicomponent reactions, regioselective
cycloadditions, or masked nucleophile strategies,
azides enable synthetic shortcuts that align

with green chemistry principles and regulatory
expectations.

However, the strategic value of azides comes

with non-trivial risk. Their energetic nature and
potential to generate hazardous by-products,
such as hydrazoic acid or metal azides, demand strict
control at every stage, from lab to commercial scale.
This is precisely where Dipharma’s expertise
becomes a competitive advantage: we make
azide chemistry not only accessible, but safe and
dependable. Dipharma's expertise spans the full
range of these transformations, from discovery-
scale to GMP manufacturing, with customized
containment and analytical strategies.

The table below illustrates representative cases
where azides play a pivotal role, highlighting both
chemical reactivity and Dipharma’s process design
approach.

API Heterocycle Key Dipharma Strategy Therapeutic
/ Target Transformation Highlights Area
Candesartan Tetrazole [3+2] Cycloaddition Semi-batch control + HPLC Cardiovascular
(R-N, + nitrile) monitoring of N, quench (ARB)
. Organic azide intermediate
. . . CuAAC (Azide-Alkyne .
Rufinamide 1,2,3-Triazole Click Reaction) Eandllng + NaN, removal CNS / Orphan
y aq. washes
. Ay azd Acyl substitution (amide Thermal profiling + direct Antiplatelet
Cilostazol transient ; N :
— azide) and cyclization quenching strategy agent

intermediate

TABLE 1: These APIs represent established industrial routes where common azide-enabled transformations play a critical
synthetic role in accessing pharmacologically relevant heterocycles.
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Safety Challenges in Azide Handling

While azides are indispensable synthetic tools in Their energetic character, volatility, and potential
modern API development, they are also associated to form toxic or explosive species make them one
with significant safety concerns that cannot be of the most risk-sensitive functional groups in
underestimated. pharmaceutical chemistry.

Three classes of hazards are particularly relevant:

n Toxic Vapors: Hydrazoic Acid (HN,)

Hydrazoic acid is a volatile and highly toxic compound formed under acidic or aqueous conditions
when azides are present. It poses both inhalation and explosion risks, especially at scale.
Concentrations as low as 0.1 ppm in air can lead to severe health effects. In addition to its volatility,
HN, can also condense in cooler areas of the plant equipment, such as off-gas ducts, condensers,
or vent lines, creating localized risk zones that may not be detected through standard headspace
analysis. Dipharma addresses this issue through strategic thermal management and regular cleaning
of cold-trap sections to avoid accumulation of hazardous condensates.

Shock-Sensitive Metal Azides

Transition metals such as copper, lead, and zinc can form metal azides, highly sensitive compounds
that may detonate upon impact, friction, or heat. This risk extends to equipment surfaces, filters,

and waste lines in multi-purpose facilities. In addition to chemical reactivity, physical handling also
presents a risk. Organic and metallic azides may be sensitive to friction or mechanical shock, especially
when dried or confined in static equipment. Dipharma employs strict procedural

controls, including the avoidance of friction sources and contact with metal in critical

steps, minimized dead volumes, and antistatic materials where appropriate.
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Certain azide-bearing compounds (e.g., diazidomethane, triazidomethane) are prone to spontaneous
decomposition and can lead to explosive events if improperly handled. Even trace formation of these
intermediates can trigger this type of phenomenon under poorly controlled conditions. Another
lesser-known but critical hazard involves the formation of polyazidomethanes when alkyl azides are
combined with halogenated solvents such as dichloromethane. These species can form explosively
unstable intermediates, especially under heated conditions. Dipharma mitigates this risk by carefully
selecting compatible solvents and verifying the absence of side-reactivity through mechanistic
screening during route scouting.

B Reactive Intermediates: Diazidomethane and Organic Polyazides

To navigate these risks, Dipharma has developed
a comprehensive safety protocol grounded in decades

of experience: This multi-layered
strategy allows

* Screening and testing of energetic profiles Dipharma to handle
(e.g., BAM Fallhammer, DSC, ARC) _Complfex azide-

¢ Design of containment and scrubbing systems '“Y°|V|“9 _steps
to neutralize hydrazoic acid with confidence,

« Avoidance of metal contact through dedicated delivering scalable,
glassware or lined reactors regulatory-c_ompllant

¢ Dedicated analytical methods (HPLC, IC) for early processes_vy|thout
detection of HN,, azides, and key intermediates compromising

* Process development under flow or semi-batch safety.

conditions to reduce accumulated energy and improve
heat dissipation

TOXIC VAPORS
A hazardous by-product
of azide decomposition

SHOCK SENSITIVITY
Prone to detonation
due to impact or friction

AZIDE CHEMISTRY
RISK MAP

This infographic highlights key hazards
associated with azide chemistry and importance
of risk mitigation strategies during handling

and synthesis. Based on Dipharma'’s extensive
experience in safe azide management.

METAL AZIDES
Highly energetic and
sensitive to shock,
friction and heat

ORGANIC AZIDES
May become unstable
and potentially explosive

REACTIVE INTERMEDIATES
High reactivity and instability
due to their energetic properties

FIGURE 2: Multifaceted risk profile of azide chemistry across process stages.
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Dipharma’s Approach to Safe Azide Chemistry

At Dipharma, the ability to safely manage azide chemistry is not just a feature, but a legacy built on decades
of innovation in high-energy synthesis. Our first large-scale continuous process was the production of
nitroglycerin in the 1940s. Today, we apply that same mindset of containment, control, and risk awareness to
every azide-enabled transformation we undertake.

o
o

.m+
q75

YEARS

Process Design with Safety at Its Core

Dipharma'’s development strategy begins with
a comprehensive risk assessment based on
both theoretical and experimental evaluation.
Energetic profiling, through BAM Fallhammer,
DSC, ARC and calorimetric studies, guides the
design of all process conditions. Generation
of sensitive intermediates is minimized at RoS
selection stage. If unavoidable, minimum
handling and strategies to avoid accumulation
(e.g. immediate quenching) are applied.

Whenever feasible, azidation steps are
transferred to continuous flow reactors,
limiting the hold-up volume and allowing for
precise temperature and pressure control.
This significantly reduces the potential for
uncontrolled events, especially in cases
involving hydrazoic acid or diazidomethane
precursors.

These practices are aligned with the
expectations outlined in the EMA's Guideline
on Setting Health Based Exposure Limits
(HBEL) and the ICH Q11 guideline for
development and manufacturing of drug
substances, which recommend proactive risk
identification and control strategies in the

design space of APIs.?

Analytical Control: Detecting the Invisible

Real-time monitoring is fundamental to Dipharma’s process safety philosophy. We deploy multiple
orthogonal analytical methods depending on the risk profile of the route:

* lon Chromatography (IC): Detection of azide FDA guidance also emphasizes the need for
anions (N,-) in aqueous and water-miscible or  robust analytical control and impurity profiling

properly treated organic phases throughout the drug substance lifecycle.
e HPLC-UV and HPLC-MS: Quantification of In particular, the FDA Q3D guideline on
azide species and reactive intermediates elemental impurities provides a framework
* This suite of methods enables tight IPC (in- for monitoring residual metals, critical in
process control) strategies, even for labile preventing metal azide formation.*

or volatile components. Contamination risk
from metal azides is mitigated by avoiding
transition metal contact and regularly
passivating equipment.
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Tailored Containment and Waste Treatment

Handling azides safely extends beyond the

reactor. Dipharma has developed:

» Custom quenching systems (e.g., aqueous
sodium hydroxide scrubber, chemical
scavengers)

* Dedicated exhaust and neutralization units
for HN, off-gassing

* Equipment segregation for azide chemistry to
avoid cross-contamination

* Waste stream tracking with specific protocols
for azide-containing residues

In addition to containment strategies and
analytical control, Dipharma also pays careful
attention to reagent selection and
risk-minimization techniques, two often
underestimated phases of azide chemistry.
Dipharma’s process development teams
leverage detailed safety testing

(BAM Fallhammer, ARC, DSC) and reactivity
modeling to define the optimal azide strategy,
balancing reactivity and containment

at every scale.

The following box summarizes our holistic approach to managing the full lifecycle of azide
transformations. Selecting the appropriate reagent for azide introduction is a critical step in
balancing reactivity, selectivity, safety, and scalability. Dipharma has hands-on experience with a
full spectrum of azide sources, each suited for specific substrates and process contexts:

Reagent Chemical Name
NaN, Sodium azide
TMSN, Trimethylsilyl azide
DPPA Diphenylphosphoryl

azide
HN, (in situ) (Hf?/c?rrrle\(l);?\l?idacid)
TN, Triflyl azide

Key Benefits

Widely available, efficient nucleophile

for SN2, SNAr, and tetrazole formation.

Suitable for organic solvents
and moisture-sensitive substrates.
Less basic than NaN,.

Effective in Curtius rearrangements
and peptide synthesis. Safe under
Mitsunobu conditions.

Enables direct diazotizations and
1,3-dipolar cycloadditions (e.g.,
triazole formation).

Highly reactive electrophilic azide for
diazotransfer on amines and alcohols.

Considerations

Generates hydrazoic acid (HN,) in
acidic or aqueous conditions. Highly
toxic and potentially explosive.

Hydrolyzes to HN,, flammable and
toxic. Must be stored dry and handled
under inert atmosphere.

Produces phosphorus by-products.
Violent decomposition possible under
confined heating.

Extremely toxic and explosive, even in
diluted form. Requires vapor control
and headspace safety measures.

Not shelf-stable; moisture-sensitive
and detonates when isolated. Best
used in situ.

TABLE 2: Azide sources used by Dipharma.

Smart Quenching: Neutralizing Risk at the Source

Once azidation steps are complete, safe
destruction of residual azides and by-products
(including hydrazoic acid and organic azides) is
essential. Dipharma applies tailored quenching
protocols to mitigate downstream risk. While
nitrous acid is sometimes used to quench
residual azides, Dipharma avoids this option
in processes where even trace nitrosamine
formation could pose a genotoxicity
risk. Safer alternatives, such as thiosulfate,
bicarbonate, or electrophilic scavengers are
preferred and validated under both safety and
regulatory guidelines:
* Basic aqueous wash and quench: Reduces
HN; volatilization, especially in acidic extractions
* Phosphine-based quench: Exploits
Staudinger reduction with triphenylphosphine
to quench residual azides
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¢ Electrophilic quench (e.g. nitriles):
Used in situ for trapping excess azide in
cycloaddition chemistry

Every quench step is validated through
analytical controls (IC, HPLC), ensuring no
residual energetic species remain in the product
stream or effluent.

Why it matters: At Dipharma, managing
azides isn't limited to executing a reaction.

We design the entire lifecycle, from selection
to destruction, with deep chemical knowledge,
robust analytics, and full requlatory foresight.

That's how we enable clients to pursue
complex transformations with peace of mind.
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Case Studies: Industrial Applications of Azide Chemistry

Dipharma has built a long-standing expertise in The examples below illustrate how we combine
azide chemistry, delivering robust processes across deep chemical understanding with strict safety

a wide range of azide applications, with industrial engineering to deliver robust processes—even for
implementations that span from preclinical the most challenging azide transformations.

intermediates to validated commercial APIs.

Case Study 1 > Tetrazole Formation in Candesartan Intermediate (CAN-5)

e API class: Angiotensin Il Receptor Blocker (ARB) Dipharma Strategy:
* Transformation: [3+2] Cycloaddition * Residual azide monitoring upon quench
(RN, + nitrile - tetrazole) * Semi-batch dosing and rapid quenching

e Scale: Commercial, GMP-compliant
¢ Challenge: Formation of hydrazoic acid and need
for real-time control

OUTCOME

protocols
» Custom aqueous sodium hydroxide scrubbers
to neutralize vapors

Safe, reproducible process with <10 ppm residual azide; no scale-up incidents

o b O O
6M e 6

N 117 123°C
Nl

CAN-4 CAN-5

o) OH O
N N

NaOH, H,0
68-72°C
-72° I NH
0 N\ 7/
candesartan
/\/
NaN., H.O 4N_
/\/\/\/\Sn 3 M, /\/\/\/\Sn /N+
>cl e SN
/\/\/\) 13°C /\/\/\)
TOT-Cl TOTA

FIGURE 3: Synthetic steps relevant to azide manipulation in candesartan manufacturing.
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Case Study 2 > Azidation Step in Cilostazol Synthesis

* API class: Platelet aggregation inhibitor Dipharma Strategy:
* Transformation: Acyl substitution (amide « Reaction calorimetry (DSC) to define safe
chlorination = transient acyl azide - cyclization) temperature window

* Challenge: Use of hydrophobic solvents and o Immediate downstream quenching of azide
exothermic behavior residues

e |PC controls using HPLC for conversion and

OUTCOME azide traces

Process safely transferred from R&D to pilot plant,
maintaining tight impurity profiles and thermal stability

Cl N Cl N
N~ TMSN \/\/\(/ N
\/\/\n/ \/Y TSN, /|/\|
Toluene Cl

-3 Q O/ ciL-4
0] N_

3 \/\/\(/ N
S 1
Om N—N

FIGURE 4: Synthetic scheme for cilostazol

cilostazol manufacturing.
Case Study 3 > Triazole Construction in Rufinamide Route
* API class: Antiepileptic drug Dipharma Strategy:
e Transformation: CUAAC (“Click” azide—alkyne

* In-solution handling of azide-containing
intermediates

* Removal of excess azide with tailored aqueous
washes, prior to using copper

* Azide traces monitoring via a customized HPLC
method

cycloaddition)
* Challenge: Handling of azido intermediates at
multi-kg scale

OUTCOME

High-purity triazole intermediate, Cu and azide levels below ICH limits,
scalable to GMP batch size

The above-mentioned
cases reflect the breadth

of Dipharma'’s capabilities,

5o o F Ney from handling single azide

F F O?BZ?—ISI\(I)aOH i F agcorb:c5aHC|d N/ N 0 SUbSJ,[itUtior?S to ,manag,ing
F =

multi-functionalized, high-
H ,0, EtOAC EtOAc MeOH

Cl 30hrs, 40°C 40°C, 24 hrs RUFI2 0\\ energy systems. Our approach
RUFI-0 || is always the same: predict,
\ control, contain. That's

RUFI-1 how we transform reactive
intermediates into reliable,
FIGURE 5: Synthetic steps relevant to azides manipulation in rufinamide preparation. scalable solutions.
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Regulatory Compliance and Quality Assurance

In pharmaceutical manufacturing, safety is only
as strong as the systems that support it. This

is especially true when dealing with reactive

intermediates such as azides.

At Dipharma, regulatory compliance and quality
assurance are not post-process validations, they
are embedded in every stage of development.
Our systems are designed to meet or exceed the
expectations set by international authorities such
as EMA, FDA, and PMDA, ensuring that even the

Alignment with
Global Regulatory
Frameworks

Dipharma’s azide-related
operations are aligned with the
principles outlined in:

* ICH Q11: For the development
and manufacture of drug
substances, including the
management of critical process
parameters and intermediates

e EMA HBEL Guidance
(EMA/CHMP/CVMP/
SWP/169430/2012 Rev.
2): Supporting risk-based
containment for potentially
genotoxic or highly potent
materials

e |CH Q3D: On elemental
impurities, relevant for
controlling the risk of metal
azide formation

* ICH M7: For the control of
mutagenic impurities, with
relevance to azide-derived
degradants or by-products

These frameworks guide our
approach to impurity profiling,
process control, and safe
handling, all fully integrated into
our GMP systems.

© Dipharma Francis S.r.l. 2026

most sensitive chemistries are handled with full
transparency, traceability, and control.

In the handling of energetic and hazardous reagents
such as azides, regulatory compliance is not merely

guidance.

Comprehensive
E—|:|| Analytical

& Documentation

Package

Every azide-involving process is
accompanied by a full analytical
dossier, including:

e Validated analytical methods
(HPLC, IC) with method transfer
capabilities

e Toxicological risk
assessments aligned with ICH
M7 and EMA thresholds

e Batch records and IPCs
demonstrating full traceability
and process reproducibility

e Change control protocols
for equipment, raw materials,
or process parameters

e Documentation supporting
CEP/DMF filings, already
accepted by multiple authorities
worldwide

a formal requirement, it is a critical component of
patient safety, operational integrity, and market
access. At Dipharma, we treat compliance and
quality as dynamic processes, evolving in step with
both internal risk assessments and international

Integrated Quality
by Design (QbD)
Philosophy

&

Dipharma applies QbD principles
from the earliest stages of azide
chemistry development, using
tools such as:

* FMEA and HAZOP analyses to
anticipate failure modes

* Design of Experiments
(DoE) to optimize safe process
windows

e Calorimetric profiling for
thermal behavior mapping

¢ Modular containment
systems that can scale with
process demands

These strategies ensure that
requirements of safety, identity,
strength, quality and purity

are not just audited, they're
embedded.

Dipharma’s Contributors

¢ Michela Zuffo

¢ Lloyd Simons
¢ Catherine Stewart Operations Coordinator

¢ Brad Loertscher
C Roberto Fanelli
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R&D Technical Project Leader
Director of R&D, North America

R&D Group Leader
Catalogue APIs Business Unit Leader
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Conclusion: Defusing Risk, Unlocking Innovation

Azide chemistry, once considered too hazardous

for industrial use, is today a key enabler in the
synthesis of advanced pharmaceutical compounds.
From tetrazoles and triazoles to masked amines and
beyond, azide-enabled transformations unlock access
to chemical space that is rich in bioactivity, but also
rich in risk.

At Dipharma, we don’t shy away from these
challenges, we turn them into opportunities.
Our 75-year legacy in managing high-energy and
hazardous chemistry is not just history; it's an active
advantage we bring to every partnership.

Through tailored process design, real-time analytics,
integrated safety systems, and global regulatory
alignment, we offer our clients the confidence to
pursue complex chemistry that others might avoid.

At Dipharma, we believe trust is the result of doing
chemistry right, safely, skillfully, and repeatedly.
That's what makes us more than a supplier:
Experience you can trust!

If your next project involves azide chemistry, or
any high-energy transformations, Dipharma is
ready to support you from lab to launch.

Whether it's process development, scale-up,

analytical validation, or requlatory filing,
we are with you every step of the way.

Since 1949

CDipharma

@ KNOW-HOW

Safe use of azides, from reagent
selection to risk evaluation.

ANALYTICAL
CONTROL

Monitoring ensures safety and detects
hazardous species.

SAFETY, QUENCH AND
WASTE TREATMENT

The Trusted

API Partner

5-.,.Our approach
= includes

. .
......
.........

PROCESS
DESIGN

Safety of process conditions is strictly
evaluated. Unstable intermediates are
handled only in solution.

REGULATORY
COMPLIANCE E—T”
Processes align with EMA, FDA and ICH

standards, integrating QbD and impurity
control from early development.

Dedicated quenching and waste
strategies prevent accumulation
of toxic or unstable residues.
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Please visit our website

to learn more and contact us
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https://www.dipharma.com/contacts/

