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ABSTRACT

This thesis describes improved methods for the characterization of pure and formulated
solid active pharmaceutical ingredients (APIs) by solid-state nuclear magnetic resonance
(SSNMR) spectroscopy. APIs can be prepared in many different solid forms and phases that
affect their physicochemical properties and suitability for oral dosage forms. The development
and commercialization of dosage forms require analytical techniques that can determine and
quantify the API phase in the final drug product. $3C solid-state NMR spectroscopy is widely
employed to characterize pure and formulated solid APIs; however, *C SSNMR experiments on
dosage forms with low API loadings are often challenging due to low sensitivity and interference
from excipients. Here, fast magic angle spinning (MAS) 'H SSNMR experiments are shown to
be applicable for the rapid characterization of low drug load formulations. Diagnostic *H
SSNMR spectra of APIs within tablets are obtained by using combinations of frequency-
selective saturation and excitation pulses, 2D experiments, and *H spin diffusion periods. *H
SSNMR provides a one to three orders of magnitude reduction in experiment time compared to
standard 3C SSNMR experiments, enabling diagnostic SSNMR spectra of dilute APIs within
tablets to be obtained within a few minutes.

We introduce fast MAS *H{**N} Frequency Selective (FS)-HMQC experiments,
analogous to solution SOFAST HMQC experiments, which provides a factor 2-3 improvement
in sensitivity which corresponds to a factor 4 to 9 reductions in experiment times compared to
conventional HMQC SSNMR experiments. Using this method *H-4N through bond and through
space correlation spectra can be acquired in minutes on model compounds and a few hours from
more challenging samples. The *H{**N} FS RESPDOR experiments were then used to measure

the N-H interatomic distances for two pharmaceutically important compounds. These
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measurements were used to determine the protonation states of APIs and assign them as salts or

cocrystals.
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CHAPTER 1. GENERAL INTRODUCTION

This thesis describes the use of SSNMR spectroscopy to characterize pure and formulated
APIs. In chapter 2, pure APIs and commercial dosage forms are characterized using fast MAS ‘H
SSNMR. Fast MAS improves the resolution of the *H SSNMR spectra, enabling the direct
detection of *H NMR signals from the API signals within commercial tablets. It is shown how
fast MAS 'H SSNMR confirms the presence of the desired form of the API in the dosage form.
A thorough comparison between the advantages of using fast MAS *H SSNMR over 13C
SSNMR is presented under this chapter. Furthermore, it was possible to detect dilute
polymorphic of APIs within model formulations using *H SSNMR.

In chapter 3, *H{**N} FS HMQC and FS RESPDOR experiments are used to characterize
multicomponent APIs. Here, modified pulse sequences are used for frequency selective dipolar
HMQC (FS D-HMQC) experiments which can be acquired in a few minutes. It is also shown
here that the FS HMQC experiments can be performed on other nuclei such as 'O and *Cl,
which are often found in pharmaceutical compounds. Furthermore, FS RESPDOR experiments
are used to determine the NH bond lengths of two APIs and distinguish them as salt and
cocrystal.

Introduction to solid APIs

A significant portion of all APIs is small organic molecules which are typically
formulated as solid drugs. Solid APIs may exist in many different physical forms.* These
different physical forms include salts, polymorphs, hydrates, solvates, amorphous forms, and
cocrystals. A detailed schematic of the most common polymorphic forms of APIs is shown in

Figure 1.

www.manaraa.com



‘ = counter ion = solvent/H,0

B ¢

- = coformer

amorphous form | form Il

oed®

.v..v. g

solvates/hydrates salts cocrystals

Figure 1. Different possible solid-state forms of APIs reproduced from Adv. Drug Deliv. Rev.
2017,117, 86-110

Unique solid forms are synthesized by changing crystallization/precipitation conditions
(solvents, anti-solvents, temperature, heating, grinding, cooling, etc.) and/or reacting the APIs
with acids, bases or other coformers. Different polymorphic forms of APIs have unique
arrangements of their three-dimensional molecular structure within the crystallographic lattice.?
The different placement of the molecules within a lattice alters the intermolecular interactions
and strongly impacts the physical properties such as stability, melting point, solubility and
bioavailability. For these reasons solid-state chemists and formulation scientists extensively
search for methods to crystalize or precipitate different solid forms of APIs with suitable
physicochemical properties required in dosage forms.® The objective is to find a solid form of an
API that will be stable over long time periods and offers the required water solubility and
bioavailability. Note that unique solid API forms are also patentable, hence, intellectual property

considerations also drive the discovery and characterization of solid APIs.
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Polymorph screening

Salts and cocrystals are found to be the very commonly analyzed polymorphs.*
Therefore, they need to be discovered before performing any characterization or detailed
analysis. For the early discovery of new solid forms of the APIs, a validated screening process of
salts/cocrystals must be implemented. The main goal of the screening strategy is to find
salts/cocrystals or other polymorphs with desirable physical and chemical properties such as
solubility, crystallinity, hygroscopicity, and bioavailability before issuing the patents for the new
forms.®

Solid forms of APIs

Currently, salt formation is one of the main methods of modifying APIs to enhance
physical properties. Approximately half of commercial medicines found in the market are
administered as salts and one-third of the APIs that are used in tablet formulation are found to be
in the solid form.®® Salt formation involves acid-base chemistry where there is a complete
proton transfer from the acid to the API. Salt formation often improves the solubility and
bioavailability of API molecules and by using different acids the physical properties such as the
melting point, stability, release kinetics, and hygroscopicity can be altered. This approach has
been routinely used when a drug candidate shows low solubility and release rates.® Crystalline
salts can also exist in multiple forms such as anhydrous, hydrated and solvate forms.'° However,
a major drawback of salts is that the APl molecules must possess acid or basic ionizable groups
to favor the proton transfer. Cocrystal formation is an alternative method to improve the
pharmacokinetic properties of APIs.!! In this process of co-crystallization hydrogen bonding
motifs are involved instead of proton transfer between the free base and the counterions. In
cocrystals, the interaction between the API and the counterion is freely reversible and covalent.

In literature, there are multiple definitions for a cocrystal. A general definition for a cocrystal as
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mentioned in literature can be quoted as, “an API, neutral or ionic form or a zwitterion, along
with a neutral coformer, held together through noncovalent, freely reversible interactions”.* The
complete proton transfer between GDC-0022, which is an API developed at Genetech Inc. and
Tosylic acid to form a salt is shown in Figure 2A below. The formation of hydrogen bonding
between GDC-0022 and Fumaric acid to form a cocrystal is shown in Figure 2B.

(A) GDC-0022 Tosylate Salt
£ =TOTA

Figure 2. Crystal structures of (A) GDC-0022 Tosylate salt and (B) GDC-0022 Hemi-Fumaric
acid cocrystal.

Generally, acid coformers have a range of acid dissociation constants (pKa) which may
be used to predict cocrystal or salt formation. The counterion is selected based upon the pKarule
which takes into account the degree of ionization of the acidic or the basic functional groups in
the drugs.*? When the difference in the pK, of the API and the coformer (ApKa) is greater than 2-
3, a proton transfer between the AP1 molecule and acid coformer takes place to form a salt. If the
ApKGa is lesser than 2, a cocrystal should almost always form. However, when the 0 < ApKa <3
the prediction of salt/cocrystal formation is ambiguous and either a cocrystal or a motif with
intermediate proton transfer could form. Therefore, ApKa alone is not an accurate way to predict

the formation of a salt or a cocrystal.t3!4
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A significant proportion of the APIs used in formulations is small organic molecules.
These molecules can be crystallized in different forms to produce another important class of
multicomponent APIs known as polymorphs.® Polymorphism could be defined as the ability of a
compound to exist in two or more crystalline forms in which the molecule has different packing
or conformational arrangements.*® Polymorphs of a given API have unique crystal structures
with different special atomic arrangements. A given polymorphic form of an API shows different
physical and chemical properties due to the differences in the crystal structure. Sulfathiazole and
theophylline are classic examples of molecules exhibiting polymorphism.'"8 Different
polymorphs of a compound are typically obtained by varying crystallization conditions and/or by
heating solid phases. For all these reasons, it is crucial to identify all the possible solid forms of
an API to identify the phase most suitable for the commercial formulation. As described below,
SSNMR spectroscopy is a commonly applied tool to identify, quantify, and characterize the
structure of different solid API forms.

Once the formulation scientists have identified the most suitable solid form of an API
(salt, cocrystal or polymorph) that will be used in a formulation it is crucial to ensure that the
desired solid form of the API remains in the final drug product. Different API forms can form
because the API may be subjected to elevated temperatures, pressures and come in contact with
different solvents during the manufacturing process, all of which could induce a phase
transformation to a new polymorph, or result in dissociation of the APl from the acids used to
make salts or cocrystals.®

Characterization of solid APIs

Accurate characterization of solid forms of APIs such as salts, cocrystals, and
polymorphs is a critical part of the drug development process. Specifically, characterization

techniques are required to determine the molecular structures of solid APIs, detect API-excipient
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interactions, quantify API loads, and identify the existence of other solid forms of the API. If
large single crystals (edge lengths > 100 um) are available, then single-crystal x-ray diffraction
(SCXRD) is the preferred technique for determination of the molecular structure of solid APIs.?°
However, widespread use of SCXRD is hindered by the difficulty of producing diffraction
quality crystals. Powder X-ray diffraction (PXRD) is often used to “fingerprint” different solid
forms of APIs, however, determining the molecular structure from PXRD is very challenging.
However, both of these diffraction techniques do not assist in locating the atomic positions
responsible for hydrogen bonding.?* They are also generally inapplicable to formulated APIs
since the excipients often make up the bulk of a tablet and will interfere or obscure diffraction
peaks from the API. Infrared (IR) spectroscopy is widely applied to probe covalent and hydrogen
bonding in APIs.?2 However, the resolution of IR spectra is often insufficient and there is not
enough information available from this technique to determine a molecular structure. SSNMR is
an important analytical tool that is extensively used to characterize pharmaceutical compounds,
which will be discussed in the next section.

Application of SSNMR to drug formulations

The primary use of SSNMR spectroscopy in the pharmaceutical field is to fingerprint and
quantify solid drug substances. SSNMR spectroscopy can answer various important questions
related to pharmaceutical compounds such as is the material crystalline or amorphous? What
crystalline form (polymorph) is present? How many different solid forms are present in a
mixture? Questions related to mobility and dynamics can also be addressed with the help of
SSNMR.?® SSNMR spectroscopy is a non-destructive method and non-invasive technique that is
both quantitative and selective. SSNMR spectroscopy is quantitative because the NMR signal is

proportional to the number of nuclei present in the sample. Therefore, quantification of different
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crystalline forms such as polymorphs, solvates, and also mixtures of crystalline and amorphous
components can be performed.?* Furthermore, the ability to selectively label compounds with
favorable nuclei is useful for looking at drug excipient interactions and changes taking place in a
formulation.

Polymorph identification and amorphous form characterization

SSNMR is recognized for its capability to identify different crystalline forms of drug
molecules. H, 3C, ©*N and 170 isotropic chemical shifts are very sensitive to even slight
structural differences that occur in different solid forms. Therefore, different solid forms of
formulations and commercial drug products will have different SSNMR spectra.?>?® Two-
dimensional SSNMR has been routinely used to characterize amorphous pharmaceuticals such as
ASDs. These experiments give important information related to the interaction between the APIs
and polymer molecules that are used for the stabilization of the ASDs.?’

Quantification of drug loads

Several examples have been reported in literature where SSNMR is used to quantify the
drug load of an API. Recent studies have used *H, *C and °F SSNMR to quantify both
crystalline and amorphous forms of API in bulk and dosage forms.?-% In addition, studies have
shown that APIs at levels low as 1 % w/w can be detected using NMR.3! Also, SSNMR is used
to quantify important phenomena such as the disproportionation of APIs in commercial tablets.*?

Dynamics

SSNMR has been extensively used to look at the dynamics of amorphous materials and

lyophilized systems. Generally, the relaxation times of different species in the APIs are used to

understand the mobility and phase separations taking place within the system.

www.manaraa.com



Information from SSNMR spectra and SSNMR techniques

An important piece of information from NMR spectra is the isotropic chemical shift. The
isotropic chemical shift depends on the surrounding electronic environment. The chemical shift
IS a very sensitive parameter to conformational electronic changes at various sights of a
molecule, which is useful to identify different forms of molecules depending on the type of
interactions and bonding patterns. The NMR linewidths also provide valuable information about
the nature of the system analyzed. Generally, the NMR linewidths of amorphous materials are
order magnitude broader than those of crystalline materials due to the distribution of chemical
shifts. The line widths and line shapes of crystalline materials can provide information about the
morphology.3* Relaxation time is also another important parameter that reports on correlations
between various parameters such as dynamics and temperature dependence.® Also, relaxation
times have been exploited to predict the particle size distributions and other properties such as
chemical stability and dissolution rates.®® Multi-dimensional NMR experiments on
pharmaceutical drug molecules are useful to identify the connectivity between the APIs and
excipients as well as the assignment of peaks which helps determination of miscibility in
multicomponent APIs such amorphous solid dispersions.®’

SSNMR and X-ray crystallography are two techniques of choice for the characterization
of structural properties of commercial synthetic drugs or novel supramolecular complexes. The
implementation of SSNMR techniques on pharmaceutical compounds relies not only on the
pulse sequence schemes but also on technological developments in probes, high field magnets,
and high-power sources. Sensitivity is often a critical factor when analyzing pharmaceutical
compounds with dilute APIs. Each nucleus has its own advantages and disadvantages regarding

the sensitivity of the NMR experiment. Various techniques such as selective isotropic
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enrichment and dynamic nuclear polarization (DNP)*% are used to improve the sensitivity of
the NMR experiment and to widen the applications of SSNMR on pharmaceutical compounds.
Magic angle spinning

In solution NMR the linewidths are typically narrow because the molecules isotopically
tumble in the liquid medium. However, for most of the compounds in the solid-state, there is no
such tumbling or negligible mobility of the molecules. Therefore in the solid-state basically two
main interactions that are averaged out in solution NMR are present. They are the dipole-dipole
couplings and chemical shift anisotropy (CSA).*’ Also, other factors that contribute to broad
NMR signals are structural disorder and strong homonuclear dipolar interactions. Magic angle
spinning (MAS) is a technique that is commonly used in the field of SSNMR nowadays.*! 3
MAS averages anisotropic interactions that broaden the NMR spectra of powdered samples. By
far, fast MAS has been the primary and most efficient resolution enhancement technique in
SSNMR.

The magic angle is tilted from the axis of the principal magnetic field B, by 54.73°,
which corresponds to the orientation of the body diagonal of a cube. Mechanical rotation of the
powdered samples around this axis at a frequency exceeding the magnitude of the interactions (in
kHz), averages out the anisotropic interactions that have a dependence of the (3cos?6 — 1)/2
term, that is the second-order Legendre polynomial which gives the dependency towards the
orientation 6 with respect to the applied external magnetic field B,. A schematic of the
orientation of the sample at the magic angle with respect to B, is given in figure 3. Figure 3 also
contains the 400 MHz (Bo = 9.4 T) Bruker Avance Il HD spectrometer equipped with broadband

double resonance HX 1.3 mm fast MAS and 4 mm HX probes.
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Figure 3. Schematic of the magic angle (left) reproduced from Annu. Reports NMR Spectrosc.
2014, 81, 109-144 and 400 MHz (Bo = 9.4 T) magnet (right)

Solid-state NMR distance measurements

The development of NMR methods for accurately measuring bond distances between
nuclei pairs is a significant application of SSNMR in the structural analysis of pharmaceutical
compounds. The RESPDOR* technique is one of the common ways of measuring distances
between a spin % nucleus such as *H or **C and a quadrupolar nucleus such as **N.* One of the
main applications of the NMR experiments used to determine the bond lengths is the
determination of the protonation state of an APl and discrimination of different polymorphic
forms.

High resolution *H NMR experiments

Due to the high natural abundance (~100 %), high sensitivity due to high y and its
ubiquitous nature in many organic solids, *H NMR plays a crucial role in structural analysis of
small pharmaceutical compounds. Due to the rapid isotropic tumbling of molecules in the liquid
state, very narrow *H NMR line widths are observed. However, in the solid-state, as a result of

the strong homonuclear dipolar couplings on the order of 10 — 40 kHz, broad *H SSNMR spectra
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(around tens of kHz) are observed.*® Therefore, in most cases *H SSNMR gives rise to
featureless spectra, making the peak assignments hard. For *H MAS NMR experiments the
proton line width is usually inversely proportional to the sample spinning frequency. Moderate
spinning frequencies (below 10 kHz) are insufficient to average out strong dipolar couplings,
resulting in poor resolution and limited structural information.*’ Introduction of faster MAS
rates (up to 50 kHz) has been extensively used to obtain well-resolved *H NMR spectra of solid
compounds. However, recent advancements in the probes, high field magnets, and manufacture
of smaller diameter rotors (0.7 mm) have enabled the use of ultra-fast MAS frequencies (up to
110 kHz) and have opened up a wider range of applications for tH SSNMR in comparison to
other analytical or diffraction-based techniques.*34°

13C SSNMR experiments

The 13C isotope is a dilute spin with a natural abundance of ~1.1% and a moderate y (ca.
1/4 of *H). Consequently, the relative NMR receptivity of the $3C nucleus is ca. 6000 times
lower than that of H. In the recent developments of pharmaceutical research, one of the most
common experiments is the 3C cross-polarization CP/MAS.>® Although, this makes *C SSNMR
experiments time consuming, one advantage of using *3C over 'H is that the strong homonuclear
dipolar couplings that broaden in the NMR spectra will be absent, which makes the peak
assignments easier due to the higher resolution. The sensitivity of a 3C NMR experiment is
usually improved by polarization transfer from the *H spins during the CP step. This
phenomenon involves the application of two RF fields to both the nuclei to fulfill the Hartmann-
Hahn condition during the contact time.>* Sample rotation at moderate MAS frequencies (~10
kHz) averages out the chemical shift anisotropy, providing SSNMR spectra with resolution

comparable to solution 3C NMR spectra. To remove heteronuclear dipolar interactions with
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protons, high power heteronuclear decoupling with a *H RF field above 80 kHz is applied during
acquisition.>
14N SSNMR experiments

Due to the ubiquity of nitrogen in organic solids, nitrogen NMR is widely applied for the
characterization of pharmaceuticals and other organic molecules. The two NMR active nuclei of
nitrogen are °N and 4N where ©®N (I = %) has a natural isotopic abundance of ~0.37% while N
(1 = 1) is ~99% abundant. N has a lower gyromagnetic ratio and it being a spin-1 quadrupolar
nucleus, is very sensitive to the electric field gradients (EFG), which is determined by the
symmetry at the nuclear site, through the quadrupolar interaction.®® The quadrupolar nature of
14N makes the acquisition and analysis of *N NMR spectra difficult. 2*N SSNMR spectra are
broadened by the first order quadrupolar interaction, often resulting in spectra that have breadths
on the order of several MHz. However, indirect detection of 24N can be achieved using
experiments such as heteronuclear multiple quantum coherence (HMQC) or heteronuclear single
quantum coherence (HSQC) where the coherence transfer from neighboring *H or 3C to N is
achieved thorough J or residual dipolar coupling (RDCs).>*>" These sequences offer improved
sensitivity and resolution as compared to the direct detection of N SSNMR signals.

SSNMR experiments on APIs with other NMR active nuclei

%F s also a very suitable nucleus to do SSNMR experiments on because it is 100 %
naturally abundant and has large y providing receptivity only lower to that of *H. Another
advantage of using °F NMR to look at pharmaceutical drug molecules is that the most common
excipients do not contain any fluorine atoms. Therefore, *F SSNMR experiments can be used to
obtain characteristic fingerprint spectra of the APIs within dosage forms. In the literature 3C-°F

and *H-'°F heteronuclear correlation (HETCOR) SSNMR experiments have been shown to be
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very useful to identify APl forms and probe interactions between amorphous APIs and polymers
in tablets,>-90

35CI SSNMR is also a good probe of the chloride anion environments in APIs that exist as
HCI salts. **Cl SSNMR has been extensively used to distinguish polymorphs.5! In the literature
studies have shown that 3*CI SSNMR experiments can be helpful for the structural
characterization of HCI salts of AP1s.5? 170 SSNMR is also another nucleus that has gained close
attention currently in the fields of pharmaceuticals. Recent studies have shown that O-H bond
distances can be probed on *’O labeled APIs.%

DFT-based crystal structure prediction

Theoretical methods are nowadays commonly used to predict the crystal structures,
physical properties and SSNMR spectra of solid APIs. Computational crystal structure prediction
(CSP) is used to predict all the possible solid structures of APIs. Recent studies have shown how
SSNMR can be combined with plane-wave density functional theory (DFT) calculations to
validate the crystal structures of potential pharmaceutical compounds and differentiate
polymorphs based on the chemical shift.%*®° These DFT calculations are generally supported by
gauge including projected augmented wave (GIPAW) approach to get a clear comparison
between the experimental and theoretical chemical shift values and has enabled the rapid
development of chemical shift-based NMR crystallography. Plane-wave DFT GIPAW
calculations can accurately predict the slight differences in chemical shifts that occur between
different API forms. However, the computational cost when analyzing larger crystal structures is
one downside in this approach. To overcome this issue, the development of machine learning
models has emerged as an efficient method for crystal structure validation and predicting the

accurate crystal structures of pharmaceutically important compounds.®
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