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Abstract: Pharmaceutical impurities are unintended substances in finished drug products, that may arise during
manufacturing, degradation, or through interactions with excipients or packaging materials. As they are neither
the drug substance nor an excipient, they can potentially impact safety, efficacy, and overall quality of the prod-
uct. We describe the synthesis routes of different paclitaxel related impurities. Paclitaxel is a highly oxygenated
taxane diterpenoid with a complex tetracyclic core and eleven stereocenters. We utilize quantitative nuclear
magnetic resonance (QNMR) as a primary method for value assignment, complemented by comparison to com-
pendial standards when available and developed certified reference materials (CRM) in accordance with ISO
17034, ensuring traceability to the Sl (Systéme international d’unités).
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Sigma Aldrich Production GmbH, located in Buchs SG,
Switzerland, and operating as part of Merck KGaA, Darmstadt,
Germany, has a longstanding tradition in the development and cer-
tification of Certified Reference Materials (CRMs) for industries,
including pharmaceutical, food, and environmental analytics.
Embedded within Merck KGaA'’s global reference material organ-
ization, the Buchs R&D team combines local expertise with ac-
cess to a broad international network of scientific resources. Since
establishing qNMR as a relative primary method for value assign-
ment in 2009, the team has continuously expanded and refined its
analytical toolkit to enable accurate quantification of organic mol-
ecules via 'H, *'P, and "YF NMR spectroscopy. Accredited under
both ISO 17034 (Reference Material Producer) and ISO 17025
(Testing and Calibration Laboratories), the group operates at the
highest level of metrological rigor, ensuring full SI-traceability of
all certified values. The group leverages synthetic and certification
expertise to develop CRMs for bespoke customer needs ranging
from complex impurities and metabolites to contaminants and
pollutants, developing and certifying reference materials for mol-
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ecules that are not otherwise commercially available, including
structurally complex targets such as paclitaxel related impurities.

1. Introduction

Certified Reference Materials (CRMs) are substances with
well-defined properties, used as standards in analytical measure-
ments. They are produced in accredited laboratories according
to ISO 17034, and the analytical methods used for the char-
acterization follow ISO/IEC 17025.21CRMs used for instrument
calibration, method validation and quality control and are critical
to ensure the accuracy, integrity and comparability of analytical
results. CRMs are used in fields ranging from food safety, en-
vironmental monitoring, to clinical, forensic and pharmaceutical
analysis.

CRMs provide measurement integrity and accuracy through
traceability to the SI (Systéme International d’Unités) via pri-
mary measurement standards from NMIs (National Metrology
Institutes) and primary measurement methods. CRMs are ac-
companied by a reference material certificate according to ISO
33401081 that states a content and measurement uncertainty, in-
tended use, metrological traceability, expiry date, storage instruc-
tions and handling instructions. CRMs are used for instrument
calibration, method validation or quality control. The use of
CRMs is important across various fields, including food safety,
environmental monitoring or potential chemical contaminants re-
leased from packaging materials. They play a crucial role ensuring
the integrity and comparability of analytical results.

Pharmaceutical impurities are unintended components in ex-
cipients, drug substances, or drug products that can potentially
impact their safety, quality, and efficacy.l*>! The presence of im-
purities can arise from various sources, including the manufactur-
ing process, degradation of the active pharmaceutical ingredient
(API), and interactions with excipients or packaging materials.
The International council on harmonization, (ICH), has estab-
lished guidelines!®7] with a comprehensive framework for clas-
sification, reporting and control of impurities in drug substances

"Reference Materials R&D, Millipore Sigma, 811 Paloma Drive, Suite A, Round Rock Texas 78665, USA; ?Reference Materials R&D, Sigma Aldrich Production GmbH,

Industriestrasse 25, 9470 Buchs, Switzerland
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and drug products.[*51 Pharmaceutical impurities can be broadly
classified into several categories based on their origin, chemical
nature, and formation pathways. The main categories are: Organic
or inorganic impurities, 8! residual solvents,[®) mutagenic/genotox-
ic impurities,'%11 and chemical substances that can migrate into
a product.[!2]

The thresholds for reporting, identification and qualification
of organic impurities in active substances are also indicated in the
ICH quality guideline Q3A (R2)1I (Table 1).

Table 1. Reporting, identification and qualification of organic impurities
in active substances. 'The amount of drug substance administered per
day; 2Higher reporting thresholds should be scientifically justified;

SLower thresholds can be appropriate if the impurity is unusually toxic.

Maximum  Reporting Identification Qualification

daily dose!  Threshold*? Threshold3 Threshold?

< 2 g/day 0.05 % 0.10 % or 1.0 mg 0.15 % or a
per day intake 1.0 mg per
(whichever is the  day intake
lower) (whichever is

the lower)
>2g/day 0.03% 0.05 % 0.05 %

Pharmaceutical impurities relevant to a specific drug mono-
graph are listed in pharmacopeial compendia (e.g. USP, EP, ...).
They are frequently, but not always available as pharmacopeial
reference standards. Additional impurities may be relevant to spe-
cific manufacturing routes and may not be listed in the compen-
dial monograph. NMR and qNMR can be used for certification
of pharmaceutical impurities, in conjunction with comparison to
compendial impurity standards, where available.

2. Syntheses of Paclitaxel Impurities

Paclitaxell!3-181 is a widely used anticancer drug derived from
natural sources with an approximate global market value of about
$8 billion.[' Clinically, paclitaxel is approved for multiple can-
cers, including recurrent ovarian cancer, breast cancer, non-small
cell lung cancer, pancreatic cancer, and various other solid tu-
mours. It is approved in numerous countries including in the EU
and the US and is on the WHO list of essential medicines.[20]

Paclitaxel was first isolated and purified from the bark of Taxus
brevifolia, (yew tree), which contains endophytic fungi that syn-
thesize paclitaxel. Its structure was characterized in 1971. The
anticancer activity of paclitaxel was demonstrated in the mouse
melanoma B16 model in 1976. Subsequently, Horwitz et al.[33]
found that paclitaxel inhibited cancer cell proliferation by stabi-
lizing microtubules, especially in melanoma cells and ovarian
cancer cells. Paclitaxel was initially approved by the U.S. Food
and Drug Administration (FDA) in 1992 for the treatment of ovar-
ian cancer and in 1994 for the treatment of metastatic breast can-
cer. In subsequent years, it has also been approved to treat non-
small cell lung carcinoma, AIDS-related Kaposi’s sarcoma and
cancers of the lung, bladder, oesophagus, prostate, and pancreas,
either alone or in combination with other anticancer drugs.
Paclitaxel, despite its remarkable anticancer efficacy, presents
several clinically significant limitations. Its highly lipophilic na-
ture renders it nearly insoluble in water, necessitating formulation
with Cremophor EL, polyoxyethylated castor oil, a solvent that
itself induces severe hypersensitivity reactions and peripheral
neuropathy. Furthermore, dose-limiting toxicities, including my-
elosuppression, neutropenia, and neurotoxicity, restrict its thera-
peutic dosing window. Drug resistance poses another major chal-
lenge, driven by overexpression of P-glycoprotein efflux pumps,
B-tubulin mutations, and multidrug resistance (MDR) pathways

that reduce intracellular drug accumulation and binding efficacy.
Several clinically important analogues have been developed to
overcome paclitaxel’s limitations (Fig. 1): Docetaxel, cabazitaxel,
and nab-paclitaxel (a solvent-free, albumin-encapsulated form of
paclitaxel).

Cabazitaxel
SML2487

Docetaxel
PHR1883

Paclitaxel
PHR1803

Fig. 1. Structures of paclitaxel and related substances, docetaxel and
cabazitaxel (variations in the C-7, C-10 and C-3’ positions).

A persistent challenge in paclitaxel’s history has been the sup-
ply. Taxus brevifolia is slow growing, and its paclitaxel content
is exceedingly low (only 0.01-0.05%). To treat a single patient,
approximately 2 g of paclitaxel is required, and this amount can
be extracted from the bark of 3 to 10 trees. On average, taxol has
a yield of 0.015% approximately. It takes 2000-2500 yew trees
to produce just one kilogram of taxol, raising substantial environ-
mental concerns.

Structurally, paclitaxel is a highly oxygenated taxane diterpe-
noid possessing a tetracyclic [6-8-6-4] core with a bridged bicyc-
lo[5.3.1] undecane ring system bearing eleven stereocenters, three
of which are quaternary, making it one of the most synthetically
challenging natural products ever tackled.

To address these challenges, several production strategies
have been developed:

Semi-synthesis: The dominant industrial approach (ca. 80%
of the market share) converts 10-deacetyl-baccatin III (10-DAB)
PHR3007* or Baccatin III 1 from renewable yew needles/twigs
to paclitaxel via the Holton—Ojima method!2!-23! (Fig. 2). *For
numbering the Merck Catalogue product numbers are used if
available.

TESO,  Ph

10-Deacetylbaccatin Il (10-DAB)
PHR3007

OTES

Paclitaxel

2',7-Bis-TES-Paclitaxel
3 PHR1803

Fig. 2. Holton and Ojima’s semi-synthesis of paclitaxel.

Plant cell fermentation: Commercially supplied by Phyton
Biotech (US) and Samyang Genex (Korea), accounting for ca.
10% of the market.[24]

Total chemical synthesis: A landmark achievement
first accomplished independently by Nicolaou et al3¢ and
Holton ez al.137:381 in 1994. To date, ten total syntheses and three
formal syntheses have been completed by over 60 research groups
worldwide. Total synthesis remains unsuitable for industrial pro-
duction due to low yields and excessive synthetic steps.
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Endophytic fungi fermentation: Microorganisms such as
Taxomyces andreanae (discovered in 1993) and over 20 genera of
endophytic fungi have been found to produce paclitaxel, offering
a potentially sustainable biosynthetic route.

The European Pharmacopeia monograph lists 18 impurities
for paclitaxel, with two different assays depending on the produc-
tion strategy, fermentation or semi-synthetic process. Sixteen of
these impurities are currently available as CRMs by Merck. The
impurities share the same taxane scaffold but differentiate in the
C-7, C-10, C-13 and C-3’ positions. Six commercially available
starting materials were used to synthesize them (Fig. 3).

O HO

HO,

HO,  Ph
> L
OH P “ac o
PR

o}

Paclitaxel imp. G

(3R,4S)-3-Hydroxy-4-

Paclitaxel phenyl-2-azetidinone

PHR1803 PHR9158 B-Iaitam
oOHO
TESO, Ph
o 0. [e) Boc
HO' Phoﬂg \Ac
o (3R,4S)-tert-Butyl 2-oxo-4-phenyl-3-
10-Deacetylbaccatin Il Baccatin i (triethylsilyloxy)azetidine-1-carboxylate
Boc-TES-B-lactam
(10-DAB) (Paclitaxel imp. N) 5

PHR3007 PHR9170

Fig. 3. Starting materials used for the synthesis of 16 known paclitaxel
impurities.

The strategy to synthesize impurities B, C, O, P, Q, and R
was based on Holton and Ojima’s semi-synthetic route (Fig. 4).
In a convergent 5-step synthesis, f-lactam 4 was silylated with
triethylsilyl chloride (TESCIl) and acetylated with the corre-
sponding acetyl chloride to obtain f-lactams 7a-c. These were
used in the esterification with silylated 7-TES-Baccatin III 8 to
produce the bis-TES-precursor 9a-c that converted readily to the
corresponding impurity (imp.) after deprotection of both alcohols.
This strategy provided good yields for impurities B PHR2111
(Cephalomannine), C PHR2113 and R 95346. Intermediate 9b
(R = n-pentyl) was further reacted in three steps, silylation of the
tertiary alcohol, N-alkylation and desilylation in all three silylated
positions, to get imp. F 95001.

Acylation of the f-lactam and posterior esterification pro-
duced lower yields for imp. O 01517, imp. P 95185 and imp. Q
95394 leading to development of an alternative synthetic route.

For the syntheses of imp. O 01517, imp. P 95185 and imp.
Q 95394 we decided to postpone the acylation step in the C-3’-
amino position until the last step. The route began with the TES-
protection of Baccatin III PHR9170 to obtain 7-TES-Baccatin
8 followed by esterification with Boc-TES-fB-lactam S to obtain
intermediate 10. Double desilylation and Boc-deprotection of 10
readily led to the key precursor, N-debenzoyl-paclitaxel 11. This
precursor was acylated with the corresponding acyl chloride to
afford the desired impurities O 01517, P 95185, and Q 95394.
The strategy had two main advantages: a shorter 4-step synthetic
route, and a common precursor 11 that could be used to access
all six impurities in just one step. N-Debenzoyl-paclitaxel 11 has
been synthesized on a 100 g scale. With this key intermediate
on hand, we could produce all six impurities: imp. B PHR2111,
imp. C PHR2113, imp. O 01517, imp. P 95185, imp. Q 95394,
and imp. R_95346.

The epimerization in the C-7 OH position was used to synthe-
size three impurities, each case starting from a unique starting ma-
terial. Imp. D 94999 was synthesized from imp. B PHR2111, imp.
E PHR9149 was synthesized directly from paclitaxel PHR1803,

and imp. H PHR2112 was synthesized from imp. G PHR9158.
We got the best results using silver carbonate for the epimeri-
zation reaction in the C-7 position, the yields varied from 32 to
64 % depending on the substrate. Under the reaction conditions a
mixture of both C-7 epimers was obtained, from which the desired
product had to be recovered by chromatographic purification from
the unwanted epimer.

Imp. G PHR9158 also served as the starting material for the
synthesis of imp. J 94771. Sequential protection of the C-2’ and the
C-7 positions with tert-butyldimethylsilyl chloride (TBDMSCI)
and TESCI, respectively, left only the C-10 position hydroxyl
group available in intermediate 14, esterification with diketene
acetone adduct afforded precursor 15, which upon subsequent de-
silylation yielded impurity J 94771.

In addition to imp. E PHR9149, two further impurities were
synthesized from paclitaxel as the starting material, imp. K and
imp. L. Paclitaxel imp. K PHR9150 was obtained in excellent
yields via consecutive protection in the position C-3’- and C-7 po-
sitions, introducing benzoyl and triethylsilyl moieties, respective-
ly, to afford intermediate 16, which upon selective deprotection
of the benzoyl group delivered the target compound. Paclitaxel
imp. L PHR9146 was readily prepared by protection of the C-3’
position with TBDMSCI, followed by acylation with acetic anhy-
dride to gain intermediate 17, which upon subsequent desilylation
afforded the desired imp. L PHR9146.

Paclitaxel imp. I 02127 was synthesized from 10-deacetylb-
accatin IIT PHR3007 and B-lactam 4 as the starting materials.
This impurity contains two lactam moieties at the C-10- and
C-3’-positions. The acylated lactam 18 was synthesized follow-
ing the same route as for lactams 7a-c, while 10-deacetylbacca-
tin III PHR3007 was selectively silylated in the C-7-position to
give 7-TES-10-deacetylbaccatin 111 19. Double esterification with
lactam 20, followed by triple desilylation, yielded imp. I 02127.

The described regioselective protecting strategy, orthogonal
deprotection and regioselective epimerization reactions allowed
us to develop the syntheses of the paclitaxel impurities on a
multigram scale with the given isolated yields and purities rang-
ing from 97.0 to 99.5%, as determined by liquid chromatography
(LO).

3. Methods - Quantitative 'H NMR (qQNMR) for Mass
Fraction Assignment (Internal Standard Approach)
Mass balance remains the standard approach for pharmaceu-
tical reference standards, gqNMR offers a strong alternative when
the impurity profile is incomplete or not fully covered by pharma-
copeial methods. A classic comparison study showed that gNMR
and mass balance gave very similar purity values for macrolide an-
tibiotics, with gNMR providing a rapid and straightforward meas-
urement route.[25] A review of gHNMR further notes that gNMR
can be particularly robust when chromatographic methods fail to
detect all impurities, and that it can deliver comparable or even
lower uncertainty than mass balance in some cases.[20 This is es-
pecially valuable for more complex molecules that generate many
NMR signals, since gqNMR can still identify suitable, well-sepa-
rated resonances for accurate quantification. For pharmaceutical
standards, mass balance remains the routine regulatory method,
whereas QqNMR provides a direct and elegant orthogonal approach
when API-related impurities are not listed in the pharmacopoeia.

3.1 Reference Materials, Chemicals, and Solvents
Quantification was performed by '"H qNMR, illustrated here
using 7-epi-paclitaxel (paclitaxel impurity E PHR9149, lot no.
BCCN9990127) as a representative example. Metrological tracea-
bility to the SI was established using NIST PS1 Primary Standard
(benzoic acid) for quantitative NMR as the primary calibrator.[28]
The internal standard thymol (TraceCERT®, product no. 50409, lot
no. BCCG736629) used for routine measurements is directly val-
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ue-assigned against NIST PS1 and therefore provides SI traceable
gNMR results. The internal standard was selected to ensure chemi-
cal compatibility with the analyte, complete signal separation, and
adequate relaxation behaviour, consistent with established gNMR
workflows.[3% Dimethyl sulfoxide-d, (DMSO-d,) was used as the
NMRsolvent.T relaxationtimes weredeterminedpreviously forthe
analyte/ internal standard mixture in a qualification experiment
and were used to set the quantitative acquisition parameters. Signal
evaluation was performed using consistent integration limits and
baseline correction. 7-Epi-paclitaxel was synthesized internally;
solvent and internal standard were purchased from Merck KGaA,
Darmstadt, Germany.[3!]

The quantification procedures for the other paclitaxel related
impurities followed the same principle and differed only in the
choice of internal standard, NMR solvent, relaxation delay (D1),
and integration settings.

3.2 High-Precision Weighing and Sample Preparation

Gravimetric operations were performed using an ultra-micro-
balance (Mettler-Toledo, Greifensee) with 0.0001 mg readability,
calibrated with OIML class E2 weights. To minimize electrostat-
ic and environmental influences, weighing was carried out us-
ing appropriate antistatic measures and draft protection. Ambient
climate parameters (temperature, pressure, humidity) were mon-
itored throughout the weighing procedure and used for air buoy-
ancy correction of the weighing results.

For each JNMR series, five to ten independent samples were
prepared by weighing the analyte and internal standard into the
same vial, followed by complete dissolution in DMSO-d, and
transfer to S mm NMR tubes. The analyte-to-standard mass ratio
was adjusted to obtain approximately a 1:1 integral ratio for the
selected quantification signals, considering the number of con-
tributing protons.

3.3 Preliminary Tests

Prior to quantification, pretests were performed to confirm
identity!33l and chemical compatibility (spectrum recorded imme-
diately after preparation and after 12-24 h), and to ensure that
the selected integration regions were free from overlap or hidden
impurity contributions. Where needed, 2D NMR and/or comple-
mentary chromatographic checks were used to exclude interfer-
ences; the pretest concept targets detection of minor signals at
approximately 0.05% relative intensity.l33!

The spin—lattice relaxation times (T1) of the analyte and in-
ternal standard (thymol) resonances were determined previously

OH (CHa
Aco, 2. GH SH

j HaC
o] I:JH o Rl Thymol

; L HE 50409
B 0 b € O\AC

OH Ph—{

o}
Paclitaxel imp. E
PHR9149

MJ* i lnil

H:0 (DMSO)
| “ A I “ I LA
T T T T T T T T T T

ro
e 1
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I3
‘e o* a _
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Fig. 5. 2D NMR H/H-COSY Spectrum of paclitaxel imp. E PHR9149 in
DMSO-d,

in the analyte/internal standard mixture using inversion recovery
experiments (qualification study), as T1 depends on solvent com-
position and mass-fraction, then reused to set D1 for quantitative
acquisitions.

3.4 NMR Instrumentation and Acquisition Parameters

Measurements were carried out at 25 °C (298.2 K) on either a
Bruker 600 MHz instrument equipped with a room-temperature
broadband probe or a JEOL 600 MHz instrument equipped with a
room-temperature Royal HFX probe. 'H single-pulse experiments
(90° pulse, no decoupling) were carried out with the following pa-
rameters: spectral width 20 ppm, acquisition time = 5.0 s, number
of data points = 120,190, number of scans = 16, and relaxation
delay = 55 s (total recycle time = 60 s), corresponding to approxi-
mately 10 times the longest T1 measured in the mixture.

Calculation of the mass fraction of the analyte was performed
using an analyte resonance at 5.9 ppm and a thymol resonance at
6.9 ppm, both resonances correspond to one proton each.

3.5 Data Processing and Integration

All spectra were processed with exponential apodization (line
broadening: 0.3 Hz) and one-fold zero filling. Manual phasing,
baseline correction, and integration were performed consistently
with fixed, peak-specific ppm windows applied across all sam-
ples. Identical integration limits were used for both analyte and

Fig. 6. Example of a quanti-
tative '"H-gNMR spectrum of
7-epi-paclitaxel (PHR9149) and
internal standard thymol (50409).
Highlighted signals correspond
to the internal standard; asterisks
(*) indicate signals used for quan-
tification. 2D NMR studies were
performed to assure there were
no interferences present under
the chosen chemical shift range.

DMSOD

T T T T
8 6 4

T T T T
2 [ppm]
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internal standard signals; *C satellite peaks were excluded from
the integration of both signals to ensure comparability.

3.6 Calculation of Mass Fraction (g/g) by Internal
Standard 'H-qNMR

The mass fraction of the analyte W aisie (g/g) was calculated
from the integral ratio, corrected for the number of contributing
protons, molecular masses, and gravimetric masses, and scaled by
the certified mass fraction of the internal standard (traceable via
PS1). The measurement model was applied as:

I

analyte )

Nref _Manalyte' mref

Wanalyte -

(1)

'Pref

Iref Nanalyte Mref msample

with (I) = integrated peak area, (N) = number of protons con-
tributing to the integrated resonance, (M) = molar mass,
(m) = weighed mass, and (P ) = certified mass fraction of the
reference material (g/g).

3.7 Homogeneity Assessment

Bulk homogeneity was assessed by sampling a total of 5-10
samples from different positions of the bulk container, top, middle,
and bottom followed by gqNMR determination. The homogeneity
contribution was evaluated using one-way analysis of variance
(ANOVA) and incorporated into the uncertainty budget as u, .
3.8 Stability Assessment

Stability was monitored by gqNMR over time under recom-
mended storage (2-8 °C) and under associated accelerated storage
temperature (25 °C) to simulate transport and support long term
assessment. After 12 months, results at 25 °C were compared to
those stored at 2—8 °C, and the observed difference was used to
estimate u_, (ongoing study).

3.9 Uncertainty Evaluation

For CRM certification, the combined standard uncertainty was
calculated by combining characterization, homogeneity, and sta-
bility contributions, consistent with ISO 33405:202434 and ISO
1703411 concepts. Expanded uncertainties were reported using a
coverage factor k (for 7-epi-paclitaxel k = 2.8).

The uncertainty budget for the gNMR characterization includ-
ed contributions from the purity of the reference, weighing (in-
cluding buoyancy correction), molecular masses, and integration
repeatability/operator effects.

The uncertainty contributions are illustrated by the following
cause-effect diagram:

4. Conclusion

In analytical practice, primary compendial substances are typ-
ically used directly, or laboratories prepare secondary working
standards for routine analysis. However, official reference mate-
rials are not available for all known pharmaceutical impurities.
In this work, we present the synthesis and certification of pacl-
itaxel-related impurities that are not listed as official compendi-
al substances. The developed synthesis routes yielded the target
compounds successfully and in sufficient quantity for certification
purposes. For mass fraction assignment, quantitative 'H NMR
(QNMR) was employed as a relative primary method, providing
direct metrological traceability to the SI through the use of prima-
ry reference material from a National Metrology Institute (NMI).
The certification was carried out in accordance with ISO 17034,
following the requirements for accredited reference material pro-
ducers.

To date Merck has developed around 2,800 CRM pharma im-
purities related to more than 1,000 different APIs with the product
portfolio continuously expanding.
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of uncertainty contributions in
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