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The authors describe the methods by which precise
analyses of stable-isotopic abundances can be used
in security and forensic applications for
pharmaceutical materials. These methods include
product and process authentication of raw materials,
pharmaceutical intermediates, drug substances,
formulated drug products, and synthetic pathways.
Collectively, these
methods can be used
to investigate and
mitigate patent
infringement.In the
future, more
complete examples
will be presented
containing full
isotopic results and
the application of the
methods described in
this article.
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Pharmaceutical
Technology

easurements of the abundances of naturally oc-

curring stable isotopes in pharmaceutical mate-

rials can be used to quantitatively characterize the

sources of the products and the synthetic processes
used to produce them (1, 2). Since 2001, industry has had in-
creased interest in the use of stable-isotopic analyses in in-
dustrial pharmacology. The results of reconnaissance stud-
ies have led to detailed examinations of the mechanisms that
determine the observed isotopic compositions. The initial,
observational work started with a field study to differentiate
individual batches of drug products (3). This work led to an
investigation of stable isotopic analyses as monitors of process
consistency during drug manufacturing. In that study, vari-
ous batches of two over-the-counter analgesic drugs were an-
alyzed for isotopic consistency. Batch-to-batch variations in
stable-isotopic compositions indicated that either the sources
of the starting materials or aspects of the manufacturing
process had changed.

To follow up, blind isotopic studies were initiated by the Di-
vision of Pharmaceutical Analysis of the US Food and Drug
Administration (St. Louis, MO) to determine whether isotopic
analyses of drugs could be used to identify the manufacturing
source. In the first of two studies, researchers demonstrated
that stable-isotopic analyses could distinguish among individ-
ual manufacturers and batches of four active pharmaceutical
ingredients (APIs) produced by nine manufacturers (4). A sec-
ond study examined the ability of stable-isotopic analyses to
differentiate manufacturer sources of an API as it was trans-
ported across national borders. All six manufacturers of the
API (naproxen) were recognized successfully (5).

The results demonstrate the utility of stable-isotopic analy-
sis for monitoring and identifying pharmaceutical products
and manufacturers, thus providing a new tool for product
security and drug authentication. It also can be used to mon-
itor process consistency (i.e., the changes or modifications
that occur during the various synthetic steps in a pharma-
ceutical drug-manufacturing process).

Another area that is of interest for stable-isotopic analysis
is its use as a forensic tool in cases of process patent protec-
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Figure 1: A, as a function of f,, the fraction of A remaining
unconsumed. As shown in Equation 3, A, quantifies the extent to
which atoms derived from reactant A and incorporated in the product
are depleted in the heavy isotope. The line shown in this figure was
calculated using the exact form of the equation relating fand the
isotopic composition of a product (14). To provide a quantitative
example, the sum of the isotope effects at all positions in A (= X¢,)
was assumed to be 10%o and the reactant was assumed to contain 5
atoms of the fractionated element. At the outset of the reaction (f, =
1), the depletion amounts to Se/n = 10/5 = 2%.. If A is consumed
quantitatively (f, = 0), there is no fractionation (A, = 0).

tion. Two sets of variables are pertinent: the stable-isotopic
compositions of the starting materials and synthetic inter-
mediates, and the isotopic fractionations that occur during
production. Understanding the extent of isotopic fractiona-
tion that occurs at each step in a synthetic route can provide
valuable insight into which process was used.

In this article, the authors focus on means of constraining
the major variables (e.g., the precursors and synthetic path-
ways) that determine the isotopic compositions of pharma-
ceutical materials. Ideally, isotopic compositions of pharma-
ceutical products will be predictable and the synthetic processes
used will be recognizable. In a broader sense, these studies of
process authentication bear on process-patent protection and
on process analytical chemistry, including process consistency.

Experiment

To fully elucidate the isotopic fractionations that occur be-
tween reaction steps, it is ideal to have at least 0.1 mg of all
intermediates and products for each stable-isotope ratio being
measured.

Analyses. Carbon and nitrogen isotope analyses. For analyses of °C
and "N ratios, ~0.1-mg solid samples were weighed and
placed into tin cups that were crimped tightly closed. The
analytical system used was an elemental analyzer—isotope-
ratio mass spectrometer (EA-IRMS), and consisted of an el-
emental analyzer (EA, Carlo Erba 1108, Carlo Erba, Italy), a

continuous-flow interface (Conflo II, Thermo Fisher Scien-
tific, Bremen, Germany) and an isotope-ratio mass spec-
trometer (Finnigan MAT Delta Plus XL, Thermo Electron,
Waltham, MA). The oxidation furnace of the EA was oper-
ated at 1020 °C, the reduction furnace temperature was at
650 °C, and the chromatographic column was heated at 60
°C. Isotope ratios are reported in terms of 8"°C values rela-
tive to the international Vienna Pee Dee Belemnite (VPDB)
standard and 8" N values relative to the international Air,
both of which are IAEA standards. The & notation is ex-
plained later in this article.

Sulfurisotope analyses. Individual solid samples of 0.08—0.10 mg
were mixed with 0.5 mg V,0;, weighed into tin cups, and sealed.
The analysis was accomplished using a second EA-IRMS, that
was composed of an elemental analyzer (Eurovector, model
3000r), an interface (Dilutor, Micromass Ltd.), and an isotope-
ratio mass spectrometer (Isoprime, Micromass Ltd.). The ox-
idation furnace of the EA was operated at 1030 °C. The gas
flows were 10 mL O,/min and 150 mL He/min. Isotope ratios
are reported in terms of S values relative to the international
Canyon Diablo troilite (CDT) standard.

Hydrogen and oxygen isotope analyses. Before analysis, solid sam-
ples were equilibrated for several days at ambient tempera-
ture with water vapor by exposure to the laboratory atmos-
phere to fully exchange labile H/D sites and any water present
in a hydrated form (6-9). Following equilibration, ~0.2 mg-
samples were weighed into silver boats which were then
crimped tightly. For solid samples, researchers used a ther-
mal conversion—elemental analyzer (TCEA, Finnigan,
Thermo) interfaced to an isotope-ratio mass spectrometer
(TCEA-IRMS, Finnigan Delta Plus XL, Thermo). The same
system was used for liquid samples, but a direct liquid-injec-
tion port was fitted in place of the autosampler. The TCEA
pyrolyzes the samples at 1350 °C to quantitatively generate
H, and CO, which are separated chromatographically at 85
°C. Isotope ratios are reported in terms of 8D values and 8'*O
values relative to the international Vienna Standard Mean
Ocean Water (VSMOW) standard.

Terminology for isotopic relationships between precursors and
products. Isotopic calculations are based on only two systems
of equations. The first system uses mass balances and the sec-
ond involves integrated forms of rate equations that pertain
only to kinetically controlled isotopic fractionations. Equa-
tions describing mass balances are exact when cast in terms
of fractional abundances [e.g., "C/(**C + “C)]. In contrast,
the assessments of differential rates are based on isotope ra-
tios (e.g., *C/"*C). When these systems must be blended, ei-
ther approximations or equations with multiple terms are
used. Additional information is available in reference 10.

The relevant isotopic parameters are stoichiometry (1),
isotopic abundance (8), the magnitude of the isotopic effect
(e), and a variable related to the conversion of reactants to
products (f). The following is an explanation of these terms.

Stoichiometry (11). The symbol, n, represents the stoichiome-
try of the reaction, specifically the number of atoms of a given
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Figure 2: Carbon skeletons of reactants and products in a
hypothetical four-step synthetic reaction scheme. This example
illustrates the effects of the four key isotopic variables (n, 8, f, €) on
the isotopic compositions of the three synthetic intermediates (C, E,
G) and of the final product, | (3). For all eight reactants (left), the
given numerical values are 3, f, and e. For all four products (right),
the numerical values are the isotopic compositions actually
observed (3p) and that are expected in the absence of isotope
effects and incomplete consumption of reactants ([5,*]).

element (e.g., carbon) in a molecule involved in the reaction.
Isotopic abundance (3). A measure of isotopic abundance, 8, is
usually reported as the difference in parts per thousand, or per-
mil (%o), from an international standard. The & can be nega-
tive or positive, depending on whether the sample is enriched
or depleted in the heavy isotope relative to the standard. In the
case of carbon, for example, the difference is calculated as:

8"C (%0) = ([(Ryp)/(Rya)] —1)+(1000)

in which Ry, is the °C/"*C ratio of the sample and R, is the
C/"C ratio in the standard. Thus, 3 is linearly proportional
to the isotopic ratio in the sample. Standards are available
from the International Atomic Energy Authority and a stan-
dard for each isotope is used to determine the zero point of
an abundance scale for that isotope. Standards include aver-
age seawater for H and O, calcium carbonate for C, air for N,
and a meteorite for S. When the sample is depleted in the heavy
isotope relative to the standard,  is negative. When the sam-
ple is enriched, it has a positive value. If it has the same iso-
topic abundance, then 8 = 0 (11).

Magnitude of the isotopic effect (€). The € value is a measure of
the magnitude of an isotope effect. Its value depends on de-
tails of the reaction and on the relative mass difference be-
tween isotopes. Effects are largest for D versus H and smaller
for heavier elements. In general, the values of € are specific
to individual positions within the molecules involved. They
are largest at the reaction site, much smaller at neighboring

positions, and usually not measurable elsewhere. Like 9, € re-
lates to the isotopic difference between two materials (e.g.,
reactant and product) and is usually expressed in permil. For
kinetic isotope effects in the system used in this article, € =
—10%o, which means that a reaction site bearing the heavy
isotope reacts 10 parts per thousand (or 1%) more slowly
than a site bearing a light isotope. For equilibrium isotope
effects, €5 = 15%0 would mean that, at equilibrium, A was
enriched in the heavy isotope by 15 parts per thousand rela-
tive to B. In this instance, A and B refer to specific atomic po-
sitions that can be related by a chemical equilibrium.

Variable related to the fractional conversion of reactants to products (f).
The fis a measure of the reaction’s progress. It is the most im-
portant variable governing fractionations caused by isotope
effects. Its value ranges from 1 to 0 and depends on factors
such as temperature, pressure, or the availability of reactants.
In equilibria (A <= B), findicates the position of the equi-
librium, with f; = 1 indicating a complete conversion to B
and, at any position, f, + f; = 1. In irreversible reactions, fy
indicates the portion of reactant X which remains uncon-
sumed, with fy —> 0 as the reaction proceeds to completion.

The precision of isotopic analyses is typically calculated by
two methods. Pooled standard deviations of raw data are typ-
ically computed from sets of duplicate or triplicate measure-
ments (12). From those pooled standard deviations, standard
deviations of mean values pertaining to specific substances are
calculated. More specifically, the standard deviation of a mean
value is the pooled standard deviation divided by n*?, in which
n is the number of measurements performed on a given sam-
ple (13). For carbon, nitrogen, oxygen, and sulfur, the resulting
95% confidence intervals for a result are typically in the range
of +0.1 to +0.4%eo. For hydrogen, the 95% confidence inter-
val is typically #3%so.

Discussion
The precise quantitation of stable-isotopic compositions in
pharmaceutical intermediates and products requires both mass
balance and isotopic fractionation equations that are applica-
ble to both single and multistep reaction sequences. We start
from the most basic requirement of mass balance and then
consider isotopic fractionations in a single reaction. Finally, we
discuss applications to the protection of process patents.
Mass balance. For A + B — C, in which reactants A and
B are quantitatively converted to product C, two mass bal-
ances can be written:

my + my = Mg (1]
myd, + mpdy = mcdc (2]

in which, m,, my, and m are molar amounts of carbon (or
any other element) in A, B, and C and the isotopic compo-
sitions of that carbon (or any other element) in A, B,and C
are given by §,, 85, and 8. Equation 1 is a mass balance (i.e.,
carbon in = carbon out) whereas Equation 2 is an isotopic
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mass balance (*C in = C out).
Under the conditions postulated

Table I: Properties of a four-step synthetic sequence.*

(quantitative conversion), the iso- Reactants Conditions Products
topic composition of C can be = 1 2 n, 8,,%0 8,%0| f f, €, %0 S€5%0 8p*, %0 dp, %00
computed from thoseof AandB A B 5 3 -300 -150|025 005 -100 -300 | C -244 -255
(10, 11). T  c D 8 6 -255-100|050 005 -300 -50 | E -182 -204
Isotopic fractionation. For isotopic ¢ ¢ 44§ 504 150|010 030 -150 50 | G 172 191
fractionations, calculations must
. G H 20 6 -19.1 -30.0|0.20 0.10 -15.0 -15.0 | -20.2 -22.0
take into account factors such as re-

action completeness and isotope ef-
fects. These effects will cause the
isotopic composition of C to differ
from that computed using the mass
balance equation and assuming
quantitative conversion of reactants
to products.

To provide a concrete example, assume that A is present in
excess whereas B, the limiting reactant, is quantitatively con-
verted to product. In that case:

1,(8, — A,) + ndy = ncdc (3]

in which #,, 1, and n represent the numbers of carbon atoms
(or any other element of interest) in A, B, and C. Because A
is not quantitatively converted to product, the isotopic com-
positions of the A-derived positions in C can differ from those
in the initial reactant. In this case, the isotopic offset is ex-
pressed as AA. As Figure 1 shows, its value depends on the
isotope effects and on the fraction of A that remains uncon-
sumed. If the reaction conditions, particularly the magnitude
of the excess of A, are consistent, AA will be constant. Be-
cause the 7 values are known exactly, AA can be determined
from Equation 3 after isotopic analysis of the reactants and
product (i.e., determination of 3,, 8;, and ).

Values of 8,, 8y, and 3. do not affect the values of AA. Ac-
cordingly, once AA is known for a given reaction and a set of
conditions, it is necessary only to know two of the & values to
compute the third. Thus, for example, when AA, 8, and 8, are
known, the isotopic value of the product (3) can be calculated.

If neither A nor B is consumed completely during the
course of the reaction, and if the rate of the chemical reac-
tion (or position of the chemical equilibrium) is sensitive to
isotopic substitution on both reactants, it is necessary to con-
sider values of AA and AB:

1,8, — Ay) + 1p(85 — Ap) = ncdc (4]

If reaction conditions cannot be manipulated so that f,
and f; (and thus A, and Ap) can be independently driven to
completion (i.e., zero), it will be possible to determine only
the sum, n,A, + nyA,. From theoretical considerations (14),
A, and A can be evaluated separately for all values of f, and
1 if the isotope effects are known.

Of course, isotopic fractionations such as those previously
described accumulate during the different steps of a multi-

*The sequence of reactants and products is given by the exact forms of the integrated rate equations (14).
The numbers of carbon atoms and the carbon-isotopic compositions of reactants 1 and 2 in each step are
given by ny, n,, 84, and &,. The fractions of each reactant unconsumed in each step are given by f; and £.
The sums of all carbon isotope effects pertaining to each reactant are given by e, and Ze,. The isotopic
compositions that successive products would have in the absence of isotope effects are given by 8p* and
the isotopic compositions actually observed are given by dp.
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Figure 3: (a) The carbon-isotopic composition (513C) of synthetic
intermediates (C, E, G) and the final product, I, a function of reaction
step with (upper line) and without (lower line) the contributions of
partial-reaction completion (/) and isotopic fractionation (€). (b) The
carbon-isotopic differences between isotopic compositions
predicted and those that would be observed in the absence of
isotope effects, 8y*, 8p, %o, corresponding to the values in Table I.

step synthesis scheme. They can, however, be individually and
systematically differentiated, not only for multiple reactants
but also for multiple isotopes. To provide an example, con-
sider carbon-isotopic fractionations in a hypothetical four-
step sequence:

D F H
A+B—>CA—>EA—>GA—>I

Figure 2 shows illustrative carbon skeletons for reactants
and products. Table I summarizes the pertinent quantities. The
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carbon numbers (n,, 1,), initial isotopic
compositions (8,, 8,), fractions of reac-
tants remaining unconsumed (f;, f,), and
summed isotope effects (Xe,, 2€,) were
chosen to be representative of a typical
synthetic scheme. All isotope effects were
assumed to be kinetic. Values of 8,* (i.e.,
the isotopic compositions that would be
observed if isotopic fractionations were
absent) were calculated using Equation
4 with A, = Ay = 0; that is, the simple
mass balance Equations 1-2. Values of
Op, the isotopic compositions that would
actually be observed for the successive
products, were calculated using exact
forms of integrated rate equations (14).

This example illustrates the interplay
of the four factors that control the iso-
topic compositions of manufactured
products, namely the stoichiometries and
isotopic compositions of the starting ma-
terials, isotope effects associated with the
synthetic reactions, and the degree to
which conversions of precursors to prod-
ucts are quantitative. The isotopic com-
positions of all products are dominated
by the initial isotopic abundance of the
precursor materials and are modulated
(viz., depleted) by the degree of comple-
tion (f) and the magnitude of any iso-
topic effects (e, see Figure 3a). Figure 3b
shows a plot that summarizes the differ-
ence between the isotopic compositions
that are predicted and those that would
be observed in the absence of isotope ef-
fects (8,* — dp). The last two columns of
Table I shows these values. In the first
synthetic step, isotope effects on reactant
B are rather large, but that reactant is con-
sumed almost completely. The resulting
isotopic fractionation is less than 1%o
(the larger value shown in Figure 3b per-
tains to the product and reflects fractions
affecting both reactants).

In the second step, a large isotope ef-
fect and poor conversion of reactant C
lead to a large isotopic fractionation at
the reaction site. Fractionation is diluted,
however, now that the product contains
14 carbon atoms. As shown in Figure
3b, the overall difference between real
and hypothetical unfractionated prod-
ucts is barely doubled. In the remaining
steps, when isotope effects are moder-
ate and the consumption of reactants is

PROCESS PATENT PROTECTION

relatively efficient, isotopic fractiona-
tion declines.

Applications in the pharmaceutical
industry

Measuring and tracking isotopic frac-
tionations in synthetic pathways used to
prepare pharmaceutical products has po-
tential uses in process analytical chem-
istry and for the protection of process
patents. In process analytical chemistry,
the matrix of information obtainable
provides a complete isotopic description
of pharmaceutical materials from start-
ing materials through synthetic inter-
mediates to final products. Starting ma-
terials reacted under consistent
conditions with isotopically controlled
reagents should always produce prod-
ucts of known isotopic composition. Di-
vergences from the predicted isotopic
pathways suggest uncontrolled variables
in pharmaceutical manufacture and pro-
vide insight into process consistency.
When the goal of process analytical
chemistry is understanding manufactur-
ing processes, the complete stable-iso-
topic record of synthesis summarizes
many key process variables: reaction rate
as affected by the synthetic pathway, re-
action rates, temperature, pressure, com-
pound concentration, and so forth.

Observations such as those summa-
rized in Figure 2 can be used to monitor
synthetic processes. Once the sequence
of isotopic compositions characteristic
of a process is known, any variations
must be traceable to (1) utilization of re-
actants from some new source (), or (2)
variations in the extent to which reac-
tants are converted to products (f), or (3)
changes in the reactions used (€). In this
way, very simple and inexpensive analy-
ses integrate information (n, 9, f, €) of
considerable value for understanding the
synthetic pathway employed and for
process control.

Understanding isotopic process pa-
rameters can be useful in process-patent
protection applications. With a full de-
scription of a given pharmaceutical syn-
thetic pathway, the isotopic differences
between any precursor and another pre-
cursor or a precursor and the final prod-
uct can be predicted or at least provi-
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sionally understood in principle. This
provides valuable insight into which
synthesis process was used. Consisten-
cies in expected isotopic matrix values
can provide important information
about process counterfeiting.

Summary

Stable-isotopic fractionations resulting
from isotope effects are usually large
compared with the precision of isotopic
measurements. These fractionations sig-
nificantly modulate the isotopic com-
positions that would be observed if iso-
topic compositions of starting materials
were the only controlling factor. The
fractionations depend not only on the
magnitudes of isotope effects associated
with the synthetic reactions used, but
also on reaction conditions, specifically
those affecting the extent to which re-
actants are converted to products. Be-
cause of these phenomena, the final iso-
topic composition of a manufactured
product is directly related to the syn-
thetic scheme used. Subsequently,
process analytical chemistry using sta-
ble-isotopic analysis can be useful not
only for product authentication, but
also for process monitoring or recon-
structing the processes by which the
product was synthesized.
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