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ABSTRACT

This paper presents a comprehensive analytical strategy for the impurity profiling of the antiretroviral drug Efavirenz. It details the
development and validation of a stability-indicating High-Performance Liquid Chromatography (HPLC) method for the detection and
quantification of impurities. The report further describes the application of hyphenated and spectroscopic techniques, including Liquid
Chromatography-Mass Spectrometry (LC-MS) and Proton Nuclear Magnetic Resonance ("H NMR) spectroscopy, for the definitive
structural elucidation of unknown process-related and degradation-derived impurities. The entire analytical workflow, from forced
degradation studies to the isolation of unknowns via preparative HPLC, is discussed within the stringent regulatory framework
established by the International Council for Harmonisation (ICH) Q3A/B guidelines. This integrated approach provides a robust
framework for ensuring the quality, safety, and efficacy of Efavirenz drug substance and product.
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1. INTRODUCTION

Efavirenz (EFV) is a potent non-nucleoside reverse
transcriptase inhibitor (NNRTI) that serves as a critical
component of highly active antiretroviral therapy (HAART)
for the treatment of Human Immunodeficiency Virus Type 1
(HIV-1) infection.! Chemically defined as (4S)-6-chloro-4-(2-
cyclopropylethynyl)-4-(trifluoromethyl)-1H-3,1-benzoxazin-
2-one, Efavirenz acts via non-competitive binding to a
hydrophobic pocket of the HIV-1 reverse transcriptase
enzyme, thereby inhibiting the conversion of viral RNA to
DNA and disrupting the viral replication cycle.! Its efficacy,
convenient once-daily dosing regimen, and inclusion in fixed-
dose combinations have cemented its role in global HIV
treatment protocols for over a decade.* The fundamental
properties of Efavirenz are summarized in Table 1.

Table 1: Physicochemical and Therapeutic Properties of

Therapeutic Class Non-Nucleoside Reverse
Transcriptase Inhibitor
(NNRTI) 2

Mechanism of Action Non-competitive inhibition of

HIV-1 reverse transcriptase *

Maximum Daily Dose 600 mg ®

Efavirenz

Property Description

IUPAC Name (4S)-6-Chloro-4-(2-
cyclopropylethynyl)-4-
(trifluoromethyl)-1H-3,1-
benzoxazin-2-one !

CAS Number 154598-52-4 !

Molecular Formula !

Molecular Weight 315.68 g/mol 2

In the context of pharmaceutical manufacturing, an impurity is
defined as any component present in a drug substance or drug
product that is not the defined Active Pharmaceutical
Ingredient (API) or an excipient.” The presence of such
extraneous substances, even at trace levels, can have profound
implications for patient health and therapeutic outcomes.
Impurities may exhibit inherent toxicity, reduce the efficacy of
the API by lowering its effective dose, or compromise the
stability of the final dosage form by catalyzing degradation
reactions.® Consequently, the comprehensive characterization
of impurities is a non-negotiable aspect of drug development
and quality control.

Impurity profiling is the systematic analytical process of
detecting, identifying, and quantifying the spectrum of actual
and potential impurities within a pharmaceutical product.’
This process provides a critical "fingerprint" of the drug
substance, reflecting the quality of the raw materials, the
control over the synthetic process, and the stability of the
molecule. It is a cornerstone of modern pharmaceutical
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analysis, ensuring that drug products meet the stringent safety
and quality standards mandated by global regulatory
authorities.!!
The control of impurities in new drug substances and products
is governed by a harmonized set of guidelines established by
the International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH).
Specifically, the ICH Q3A(R2) guideline pertains to
impurities in new drug substances, while Q3B(R2) addresses
impurities in new drug products.'® These guidelines establish a
risk-based framework based on a series of thresholds that
trigger specific analytical and safety assessment activities:
® Reporting Threshold: The level at or above which an
impurity must be reported in a regulatory submission.
® Identification Threshold: The level at or above which
the chemical structure of an impurity must be
determined.
® Qualification Threshold: The level at or above which
an impurity's biological safety must be established,
typically through toxicological studies or by
demonstrating its presence at similar levels in clinical
trial batches.
These thresholds are not fixed values but are directly linked to
the maximum daily dose of the API, reflecting the principle
that patient exposure is the ultimate determinant of risk.!* For
Efavirenz, with a maximum daily dose of 600 mg (which is 2
g/day), the specific thresholds from the ICH Q3A guideline
can be calculated, as shown in Table 2.
Table 2: ICH Q3A Thresholds for Impurities in New Drug
Substances Applied to Efavirenz

Parameter ICH Threshold ( | Calculated
2 g/day dose) Threshold for
Efavirenz (600
mg dose)
Reporting 0.05% 0.05% 0.3
Threshold mg/day)
Identification 0.10% or 1.0 | 0.10% 0.6
Threshold mg/day mg/day)
(whichever is
lower)
Qualification 0.15% or 1.0 | 0.15% 0.9
Threshold mg/day mg/day)
(whichever is
lower)
Data derived from
ICH Q3A(R2)
guidelines."

The translation of these regulatory percentages into concrete
mass values reveals the formidable challenge facing the
analytical chemist. The identification threshold of 0.10% for

Efavirenz corresponds to a daily patient intake of just 0.6 mg
of an unknown substance. This quantitative link between
regulatory policy and analytical practice underscores the
necessity for developing and validating highly sensitive and
specific analytical methods. These methods must be capable of
reliably detecting, quantifying, and ultimately identifying
impurities at levels significantly below these mandated
thresholds to ensure full compliance and safeguard patient
safety.

2. THE GENESIS OF EFAVIRENZ IMPURITIES: A

CHEMICAL PERSPECTIVE

The impurity profile of a drug substance is a direct reflection
of its chemical history. Impurities are not random
contaminants but are predictable products of the synthetic
route, degradation pathways, and storage conditions. A
thorough understanding of the chemistry of Efavirenz is
therefore paramount to anticipating, identifying, and
controlling its related impurities.
2.1. Analysis of Synthetic Pathways and Potential Process-
Related Impurities
The synthesis of Efavirenz is a complex, multi-step process
that has been described in various patents.!” A common and
illustrative pathway begins with p-chloroaniline as the starting
material.?° The key transformations typically involve:

e Protection of the amino group of p-chloroaniline,
for example, with pivaloyl chloride.

e Friedel-Crafts acylation to introduce a
trifluoroacetyl group ortho to the protected amine.

e Addition of the cyclopropylethynyl moiety to the
ketone, often using a Grignard reagent, which
establishes the crucial quaternary stereocenter. This
step requires a chiral auxiliary, such as (1R,2S)-N-
pyrrolidinylnorephedrine, to achieve the desired
(S)-configuration.?

e Deprotection of the amino group to yield the key
intermediate, (2S5)-(2-Amino-5-chlorophenyl)-4-
cyclopropyl-1,1,1-trifluoro-3-butyn-2-ol, commonly
referred to as Efavirenz aminoalcohol or AMCOL.?!

e Cyclization of AMCOL with a carbonyl-delivering
agent to form the final benzoxazinone ring structure
of Efavirenz. Agents such as triphosgene,
carbonyldiimidazole (CDI), or diphenylcarbonate
are used for this final ring closure. !

Each of these steps presents an opportunity for the formation
of process-related impurities. These can include unreacted
starting materials, residual intermediates like AMCOL, and
by-products from incomplete or side reactions.?’ For instance,
incomplete chiral induction can lead to the presence of the
pharmacologically inactive (R)-enantiomer, a critical
stereochemical impurity.?

Furthermore, the reagents and solvents used in the synthesis
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can themselves become sources of impurities. A notable
example is the formation of (4-Chlorobutyl) Carbamate, an
impurity that arises from a reaction involving tetrahydrofuran
(THF), a common solvent in the cyclization step.?* This direct,
traceable link between a process parameter (the choice of
solvent) and the generation of a specific impurity
demonstrates that manufacturing control extends beyond
monitoring reactions to a fundamental understanding of the
entire chemical environment. This knowledge allows for
proactive control strategies to minimize impurity formation at
its source rather than relying solely on downstream

purification.
2.2. Forced Degradation Studies and Elucidation of
Degradation Pathways

To understand the intrinsic stability of Efavirenz and to
identify potential degradation products that may form during
storage or administration, forced degradation (or stress testing)
studies are performed as mandated by ICH guideline
Q1A(R2).2 These studies involve subjecting the drug
substance to harsh conditions, including acid and base
hydrolysis, oxidation, heat, and light, to accelerate
decomposition.?’

Published stability studies on Efavirenz consistently show that
the molecule is particularly labile under alkaline and thermal
conditions, exhibiting extensive degradation. In contrast, it is
relatively stable to acidic, oxidative, and photolytic stress.?’
The primary degradation pathway under hydrolytic conditions
involves the cleavage of the carbamate ester bond in the
benzoxazinone ring. This reaction yields the Efavirenz
aminoalcohol (AMCOL) as the initial major degradant. Under
more extreme pH conditions, AMCOL can undergo a
subsequent rearrangement to form a quinoline derivative.®
While this hydrolytic pathway is well-documented, the
degradation profile of Efavirenz is considerably more
complex. One comprehensive study, employing a range of
stress conditions, identified a total of twelve distinct
degradation products.?® The formation of numerous products,
particularly under acidic stress (HCI), suggests that multiple,
competing degradation mechanisms are at play, potentially
involving the trifluoromethyl and cyclopropylethynyl
moieties. This finding reveals a hidden complexity in the
molecule's stability. It implies that relying on the analysis of
only one or two "marker" degradants like AMCOL could lead
to an incomplete and potentially misleading assessment of the
drug's stability profile. A truly robust stability program must
therefore utilize a comprehensive set of stress conditions to
uncover the full spectrum of potential degradants, and the
analytical method must be proven capable of separating all of
them.

2.3. A Profile of Known Efavirenz-Related Compounds
Through the analysis of synthetic routes and degradation

studies, a library of known Efavirenz-related compounds has
been established. These serve as crucial reference points for
method development and validation. A summary of these
principal impurities is provided in Table 3.
Table 3: Summary of Known Process-Related and
Degradation Impurities of Efavirenz

Impurity CAS Molecular Source
Name Number Formula
Efavirenz 209414- | CisH13CIFNO2 Process &
aminoalcohol 27-7 Degradation®
(AMCOL)
Efavirenz 391860- CisHoCIFNO | Degradation®
quinoline 73-4
analog
(Rac)- 177530- | Ci4H9CIF3NO2 Process®
Efavirenz 93-7
(R)-
enantiomer)
Efavirenz 205755- | CisH11CIFsNO2 Process?’
pentyne 86-8
analog
8-Hydroxy 205754- | Ci1sHOCIF3NO:; Metabolite’
Efavirenz 33-2
Methyl 353270- | CisH11CIFsNO: |  Process®
Efavirenz 76-5
Efavirenz 211563- | CisHisCIFNO: Process®
amino alcohol 40-5
methyl
carbamate
3. QUANTITATIVE ANALYSIS AND STABILITY

ASSESSMENT VIA HPLC
High-Performance Liquid Chromatography (HPLC) is the
cornerstone analytical technique for impurity profiling in the
pharmaceutical industry. Its ability to separate complex
mixtures with high resolution and provide precise
quantification makes it indispensable for routine quality
control and stability testing.! A properly developed and
validated stability-indicating HPLC method is required to
ensure that all significant impurities can be separated from the
API and from each other, allowing for an accurate assessment
of a drug's purity profile over time.

3.1. Development and Optimization of a Stability-Indicating
RP-HPLC Method

The development of a stability-indicating method is a
systematic process aimed at achieving optimal separation of
the API from all known impurities and potential degradation
products.’? For Efavirenz and its related compounds, which
are predominantly non-polar, Reversed-Phase HPLC (RP-
HPLC) is the chromatographic mode of choice.> The
optimization process focuses on several key parameters that
govern chromatographic selectivity:
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e Stationary Phase: The choice of column is a strategic
decision. While octadecylsilane (C18) columns are
widely used and provide excellent separation based on
hydrophobicity, alternative stationary phases can offer
unique advantages.> For instance, a phenyl-bonded
phase can provide alternative selectivity for aromatic
compounds like Efavirenz and its quinoline degradant
through supplementary - interactions, potentially
resolving peaks that co-elute on a C18 column.’* This
use of columns with different, or orthogonal, separation
mechanisms is a powerful strategy to ensure all
impurities are detected.

® Mobile Phase Composition: The ratio of the aqueous
component (e.g., water or a buffer) to the organic
modifier (e.g., acetonitrile or methanol) is adjusted to
control the retention time and resolution of the analytes.

® Mobile Phase pH: For ionizable compounds, pH is a
critical parameter for controlling retention and peak
shape. Efavirenz itself is not strongly ionizable, but the
pH can affect the ionization state of certain impurities
and the stability of the silica-based column.?

Based on published literature, a robust and reproducible
stability-indicating method for Efavirenz has been established.
The optimized parameters for such a method are detailed in
Table 4.
Table 4: Optimized Parameters for a Validated Stability-
Indicating HPLC Method for Efavirenz

Parameter Condition

Column Agilent Eclipse XDB CI8
(150 mm x 4.6 mm, 5 um
particle size) *

Mobile Phase Isocratic mixture of
Acetonitrile and Water (60:40
viv) 33

Flow Rate 1.2 mL/min 33

Detection Wavelength 240 nm (UV) ¥

Column Temperature Ambient 3

Injection Volume 20 pL %

3.2. Rigorous Method Validation in Accordance with ICH
Q2(R1) Guidelines
Once an HPLC method is developed, it must undergo rigorous
validation to demonstrate that it is suitable for its intended
purpose, as prescribed by the ICH Q2(R1) guideline.’® This
validation process assesses a range of performance
characteristics to ensure the data generated are reliable,
accurate, and precise. For a stability-indicating impurity
method, the key validation parameters include:
® Specificity: This is the most critical parameter for a
stability-indicating method. It is demonstrated by
showing that the method can produce a clean, well-

resolved peak for the API, free from interference from
excipients, known impurities, and all degradation
products generated during forced degradation studies.*
Peak purity analysis using a photodiode array (PDA)
detector is often employed to confirm the homogeneity
of the API peak in stressed samples.
® Linearity: The method must demonstrate a linear
relationship between the concentration of an analyte and
the instrumental response (peak area). This is typically
assessed over a range from the quantitation limit to 120-
150% of the specification limit for the impurity.*
® Accuracy: Accuracy is determined by measuring the
recovery of a known amount of impurity spiked into a
sample matrix. The results should be close to 100%,
indicating that the method provides a true measure of the
impurity's concentration.
® Precision: This parameter assesses the degree of scatter
between a series of measurements. It is evaluated at two
levels:  repeatability  (intra-day  precision) and
intermediate precision (inter-day and inter-analyst
variability). The results are expressed as the Relative
Standard Deviation (%RSD), which should be below a
pre-defined limit (typically < 2% for assays and < 10%
for low-level impurities).*
® Limit of Detection (LOD) and Limit of Quantitation
(LOQ): The LOD is the lowest concentration of an
impurity that can be detected, while the LOQ is the
lowest concentration that can be quantified with
acceptable precision and accuracy. The LOQ must be at
or below the reporting threshold.*?
® Robustness: The method's reliability is tested by
making small, deliberate variations in method
parameters (e.g., mobile phase composition 2%, flow
rate 10%) and ensuring that the results remain
unaffected.”
The validation results for the Efavirenz HPLC method
described in Table 4 are summarized in Table 35,
demonstrating its suitability for quality control purposes.
Table 5: Summary of HPLC Method Validation Results

per ICH Q2(R1)

Parameter Acceptance Observed Result
Criteria

Specificity No interference at | Method effectively

the retention time | separated

of Efavirenz Efavirenz from all
degradation
products *3

Linearity (Range) | Correlation =0.999 over 12.5-
coefficient () > | 200.0 pg/mL 3
0.999
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Accuracy (% | Typically  98.0- | 99.7% *

Recovery) 102.0%

Precision %RSD < 2.0% 1.1% 32

(%RSD)

Limit of | - 3.6 ng/mL *

Detection (LOD)

Limit of | - 11 ng/mL 33

Quantitation

LOQ)

Robustness System suitability | Method was robust
parameters remain | to minor changes
within limits in flow rate and

mobile phase 3

4. ISOLATION AND STRUCTURAL
CHARACTERIZATION OF UNKNOWN IMPURITIES
While a validated HPLC method is sufficient for quantifying
known impurities and detecting unknown ones, it cannot, on
its own, reveal the chemical structure of a new
chromatographic peak. When an unknown impurity is detected
at a level exceeding the ICH identification threshold (0.10%
for Efavirenz), a multi-technique analytical investigation is
required to elucidate its structure definitively. This process
typically involves physical isolation followed by spectroscopic

characterization.

4.1. Preparative HPLC: From Analytical Detection to
Physical Isolation

The first step in characterizing an unknown impurity is to
obtain a pure, isolated sample in sufficient quantity (typically
several milligrams) for spectroscopic analysis, particularly for
NMR. This is achieved using preparative HPLC, a technique
that scales up the principles of analytical HPLC to purify and
collect components of a mixture.>

The workflow involves a logical scale-up from the analytical
method. The diameter of the chromatographic column is
increased significantly, and the flow rate is adjusted
proportionally to maintain similar separation characteristics
while accommodating a much larger sample load.*' A
concentrated solution of the crude material containing the
unknown impurity is injected onto the preparative column.
The eluent is monitored, and the fraction corresponding to the
retention time of the unknown peak is collected using an
automated fraction collector.*? Multiple injections may be
required to accumulate the necessary mass. Once collected,
the pooled fractions, which contain the pure impurity
dissolved in the mobile phase, must be processed to isolate the
compound. This is typically done through solvent removal
techniques like rotary evaporation for organic solvents and
lyophilization (freeze-drying) for aqueous mixtures, yielding
the pure impurity as a solid powder ready for further
analysis.*!

4.2. High-Resolution LC-MS/MS: Unveiling Molecular

Formula and Fragmentation Clues

Liquid Chromatography-Mass Spectrometry (LC-MS) is an
exceptionally powerful hyphenated technique that provides
critical structural information about impurities, often without
the need for prior isolation.’ By coupling the separation power
of HPLC with the mass analysis capabilities of MS, it can
provide two key pieces of information for an unknown peak
eluting from the column:

e Elemental Composition (Molecular Formula):
By using a High-Resolution Mass Spectrometer
(HRMS), such as a Time-of-Flight (TOF) or
Orbitrap analyzer, the mass of the impurity's
molecular ion can be measured with extremely high
accuracy (typically to within 5 parts-per-million).
This accurate mass measurement allows for the
unambiguous determination of the impurity's
elemental composition, providing the first and most
crucial clue to its identity.*

e Structural Fingerprint (Fragmentation Pattern):
Tandem Mass Spectrometry (MS/MS) provides
deeper structural insights. In this technique, the
molecular ion of the unknown impurity is
selectively isolated within the mass spectrometer
and then fragmented into smaller, characteristic
product ions by colliding it with an inert gas (a
process called collision-induced dissociation, or
CID).** The resulting pattern of fragment ions
serves as a structural fingerprint. By interpreting
this pattern, chemists can deduce the presence of
specific functional groups and how they are
connected, effectively piecing together the
molecular structure.*

The known fragmentation pattern of Efavirenz serves as a vital
roadmap for interpreting the MS/MS spectra of its related
impurities. In positive electrospray ionization mode, the
protonated molecule ([M+H] at m/z 316) characteristically
loses fragments corresponding to carbon dioxide (), hydrogen
fluoride (HF), and portions of the cyclopropylethynyl group.’!
In negative ion mode, the deprotonated molecule ([M-H] at
m/z 314) shows a prominent loss of trifluoromethane () to
yield an ion at m/z 244.*8 Deviations from these patterns in an
unknown impurity's spectrum can pinpoint the location of
structural modification.

4.3. 'H NMR Spectroscopy: The Definitive Tool for
Structural Confirmation

While LC-MS provides powerful clues about an impurity's
identity, Nuclear Magnetic Resonance (NMR) spectroscopy is
the gold standard for unambiguous structure elucidation.’
Unlike MS, which provides information about mass and
fragments, 'H NMR provides a detailed map of the proton
framework of a molecule, revealing precise atom-to-atom
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connectivity.’! Because NMR is a less sensitive technique than
MS, it requires a pure, isolated sample of the impurity
(typically >1 mg) obtained from preparative HPLC.
The interpretation of a '"H NMR spectrum relies on three key
pieces of information:
® Chemical Shift (): The position of a signal along the x-
axis (in ppm) is determined by the local electronic
environment of the proton. Electronegative atoms or
groups "deshield" a nearby proton, causing its signal to
shift downfield (to a higher ppm value), while electron-
donating groups "shield" it, causing an upfield shift.>!
® Integration: The area under each signal is directly
proportional to the number of protons it represents. This
provides the relative ratio of different types of protons in
the molecule.’!
® Spin-Spin Coupling (Multiplicity): The signal for a
proton is split into a characteristic pattern (e.g., a singlet,
doublet, triplet) by the influence of non-equivalent
protons on adjacent carbon atoms. This splitting pattern,
governed by the n+1 rule, reveals which protons are
neighbors in the molecular structure, providing
invaluable connectivity information.>
The power of these techniques lies in their orthogonal and
synergistic nature. LC-MS is a high-sensitivity tool that can
generate a strong structural hypothesis from a complex
mixture, providing the molecular formula and key fragments.
NMR, while requiring a larger, pure sample, provides the
definitive, unambiguous proof of the proposed structure by
mapping out the complete bonding framework. The failure or
ambiguity of one technique can often be resolved by the other,
making their combined use a robust strategy for solving
complex structural puzzles.

5. INTEGRATED CASE STUDY: FROM
CHROMATOGRAPHIC ANOMALY TO CONFIRMED
STRUCTURE
To illustrate the practical application of this integrated
analytical workflow, this section presents a hypothetical but
realistic case study based on the known degradation behavior

of Efavirenz and the analytical data available.

5.1. Detection and Isolation of a Novel Degradation Product
Scenario: A sample of Efavirenz bulk drug substance is
subjected to forced degradation under alkaline hydrolytic
conditions (e.g., 1 N NaOH at 80°C for 6 hours).”” The
resulting solution is analyzed using the validated stability-
indicating  HPLC method detailed in Section 3. The
chromatogram shows a significant decrease in the area of the
main Efavirenz peak and the appearance of a new, major
degradation peak at an earlier retention time. The earlier
elution indicates that the degradant is more polar than the
parent drug, which is consistent with a hydrolytic reaction that
introduces polar functional groups like -OH or -.

This unknown impurity exceeds the 0.10% identification

threshold, mandating its structural elucidation. To proceed, the

analytical HPLC method is scaled up to a preparative system.

The crude, degraded mixture is repeatedly injected, and the

fraction containing the unknown peak is collected. The pooled

fractions are then subjected to lyophilization to remove the

aqueous-organic mobile phase, yielding 15 mg of the isolated

impurity as a pure white powder.

5.2. Interpretation of Mass Spectrometric and NMR Data

The isolated powder is now subjected to spectroscopic

analysis to determine its structure.

LC-MS Analysis: A small portion of the isolated impurity is

dissolved and analyzed by LC-HRMS.

® HRMS: The high-resolution mass spectrum shows a
protonated molecular ion [M+H] with an accurate mass
corresponding to the elemental composition . A
comparison to the molecular formula of Efavirenz ()
reveals a net loss of a CO group (mass = 28.01 Da) and a
net gain of two hydrogen atoms. This is definitive
evidence of carbamate hydrolysis, where the
benzoxazinone ring has opened.
® MS/MS: The molecular ion is subjected to MS/MS
fragmentation. The resulting spectrum is compared to
that of an authentic reference standard of Efavirenz
aminoalcohol (AMCOL). The fragmentation patterns,
including key losses and characteristic product ions, are
found to be identical, providing strong evidence that the
unknown degradant is indeed AMCOL. The key mass
spectral data are summarized in Table 6.
Table 6: Mass Spectral Data (HRMS and MS/MS) for
Efavirenz and the Isolated Impurity

Analyte Molecular Observed Key MS/MS
Formula [M+H] Fragments
(HRMS) (m/z)
Efavirenz 316.0245 272 (loss of
), 252, 244,
2323
Isolated 289.0503 Matches
Impurity known
fragments for
AMCOL ®

H NMR Analysis: The remaining 15 mg of the isolated
impurity is dissolved in deuterated dimethyl sulfoxide
(DMSO-d$ 6%) and analyzed using a 500 MHz NMR
spectrometer.
® The spectrum is compared to that of pure Efavirenz.
Several key differences are immediately apparent. The
broad singlet corresponding to the carbamate N-H
proton in Efavirenz is absent. In its place, new broad
signals appear that are characteristic of a primary amine
(-) and a tertiary alcohol (-OH). Addition of a drop of to
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the NMR tube causes these new signals to disappear due
to proton-deuterium exchange, confirming their identity
as labile protons.

® The signals corresponding to the aromatic protons and
the protons of the cyclopropyl ring are still present but
show significant changes in their chemical shifts,
consistent with the electronic changes resulting from the
opening of the benzoxazinone ring.

® A complete analysis of the chemical shifts, integrations,
and coupling patterns allows for the unambiguous
assignment of every proton in the proposed structure of
AMCOL. The data are presented in Table 7.
Table 7: H NMR Spectral Data and Structural

Assignments for Efavirenz and the Isolated Impurity

(AMCOL)

Assignment | Efavirenz Isolated Key
(Approx. , | Impurity Observations
ppm) (AMCOL)

(Approx. ,
ppm)

N-H ~11.5 (s, IH) | Absent Confirms ring

(carbamate) opening

AromaticH | 7.0-7.6 (m, | 6.7-7.3 (m, | Upfield shift
3H) 3H) due to

electronic
changes

Cyclopropyl | 0.8-1.5 (m, | 0.7-1.4 (m, | Minor shifts,

H 5H) 5H) moiety intact

- (amine) Absent ~5.5 (s, 2H, | New signal,

exchanges confirms
with ) amine
formation

-OH Absent ~6.5 (s, 1H, | New signal,

(alcohol) exchanges confirms

with ) alcohol
formation

5.3. Assignment and Characterization of the Unknown
Impurity Structure

The analytical evidence is now overwhelming and congruent
across multiple, independent techniques.

1. HPLC showed the formation of a more polar degradant
under basic conditions.

2. HRMS provided the exact elemental composition,
confirming hydrolytic ring opening.

3. MS/MS showed a fragmentation pattern identical to that
of the known AMCOL standard.

4. H NMR provided definitive proof of the molecular
structure, confirming the presence of the amine and
alcohol functional groups and the overall proton
connectivity.

This step-by-step accumulation of evidence allows for the
definitive identification of the unknown impurity as (2S)-(2-
Amino-5-chlorophenyl)-4-cyclopropyl-1,1,1-trifluoro-3-
butyn-2-0l, also known as Efavirenz aminoalcohol or
AMCOL.® This process exemplifies the rigorous scientific
investigation required to characterize pharmaceutical
impurities, ensuring that the identity of any significant related
substance is known with the highest degree of certainty.

6. CONCLUSION
The comprehensive impurity profiling of Efavirenz is a critical
undertaking that directly impacts the safety and efficacy of
this essential antiretroviral medication. This investigation has
demonstrated that ensuring the purity of Efavirenz requires a
sophisticated and integrated analytical strategy that extends far
beyond simple chromatographic analysis. A  deep
understanding of the drug's synthetic pathways and
degradation mechanisms is the foundation upon which a
robust control strategy is built, allowing for the anticipation of
potential process-related and degradation impurities. The
cornerstone of routine quality control is a well-developed and
rigorously validated stability-indicating HPLC method. Such a
method, proven to be specific, accurate, precise, and robust
according to ICH Q2(R1) guidelines, is essential for the
quantitative monitoring of known impurities and the detection
of new ones in both bulk drug substance and finished
pharmaceutical products. The synergy of these orthogonal
techniques provides a powerful framework for solving
complex analytical challenges, transforming an unknown
chromatographic peak into a fully characterized chemical
entity. This multi-technique approach is not merely an
academic exercise; it is a regulatory necessity and a
fundamental component of pharmaceutical quality assurance.
By implementing this integrated strategy, manufacturers can
ensure the consistent quality of Efavirenz, mitigate risks
associated with impurities, and ultimately safeguard the health
of patients who rely on this life-saving therapy.
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