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Positive Identification of the Principal
Component of a White Powder as
Scopolamine by Quantitative One-Dimensional
and Two-Dimensional NMR Techniques

ABSTRACT: An unidentified white powder collected as evidence in an intelligence investigation was characterized exclusively by nuclear mag-
netic resonance (NMR) analysis. A small fraction of the powder dissolved in D,O was subjected to a series of one- and two-dimensional techniques
which were used to elucidate the molecular structure of the powder's major component and positively identify it as the scopolamine biotoxin. Quanti-
tative one-dimensional experiments identified individual proton and carbon atom sites, and conventional "N spectroscopy detected a single nitrogen
atom site. Heteronuclear single quantum coherence data correlated all protons to their directly bonded carbon atom, and together with the quantitative
spectra, were used to determine the number of protons directly bonded to each carbon atom. The presence of a methyl, carboxyl, and a benzyl group
was also identified from these data. Correlation spectroscopy detected a three proton and a nine proton Jyy network, representing a CH>CH moiety
and seven carbon atom ring, respectively. These five elements were assembled into an almost complete molecular structure by using long-range,
J-coupled, "H-"3C pairs detected by heteronuclear multiple bond correlation (HMBC) spectroscopy and 'H-'H dipolar-coupled pairs found from
nuclear Overhauser effect spectroscopy (NOESY) data. Additional oxygen atom sites were inferred from 'H-'3C correlation intensities in the HMBC
spectra along with 'H and '°C chemical shift values, or directly from NOESY correlations. Only a single oxygen atom site could not be inferred
from NMR data, but its presence was inferred from comparisons to target analyte structures to complete the structure of the scopolamine molecule.
To confirm these results, an ethanol/H,O solution of the powder was analyzed by direct infusion into an ion trap mass spectrometer. A prominent
base signal was observed at m/z 304.1 amu, corresponding to the protonated molecular ion of scopolamine. Subsequently, the ion was selected and
subjected to collision-induced dissociation, producing characteristic major MS/MS fragments at m/z 138.1 and 156.1. Comparisons of 'H and °C
chemical shift values and Jyy values measured from our NMR data were found to agree very favorably with previously reported values for scopol-
amine in D,O.
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As demonstrated by the recent attacks involving ricin (1,2), bio-
chemical weapons pose a threat not only to U.S. and Allied militar-
ies but also to innocent civilians as well. The weapons are
attractive to foreign states or terrorists seeking a mass-destruction
capability, simply because they are relatively inexpensive to pro-
duce and do not require the elaborate technical infrastructure
needed for nuclear weapons manufacturing. Biological toxins are
poisonous compounds produced by different types of living organ-
isms. Those that are highly toxic to humans and are stable, easily
available and manageable, are important for the threat they present.
Chemically, the toxins are peptides or proteins of various sizes,
large glycoproteins, polysaccharides, or other organic compounds
of different sizes and structures. Bacterial toxins are proteins that
are a normal part of the metabolic machinery of the pathogen.
Algal toxins are produced by many different algae, and constitute a
very diverse group of compounds ranging from simple ammonia to

'U.S. Army Edgewood Chemical Biological Center, AMSRD-ECB-RT-
CF, E5100, 5183 Blackhawk Road, Aberdeen Proving Ground, MD 21010-
5424.

2Science Applications International, Corp., Gunpowder Branch, PO Box
68, Aberdeen Proving Ground, MD 21010-0068.

3Battelle Eastern Science and Technology Center, Battelle Memorial
Institute, 1204 Technology Drive, Aberdeen, MD 21001.

Received 4 Aug. 2006; and in revised form 11 April 2007; accepted
24 June 2007.

Journal compilation © 2008 American Academy of Forensic Sciences
No claim to original U.S. government works

complex polypeptides and polysaccharides. Dynoflagellates are a
source of some potent, nonprotein toxins such as saxitoxin and
tetrodotoxin; one such toxin is the cause of red tide. Mycotoxins
comprise a wide variety of nonprotein chemical substances pro-
duced by molds and fungi. Specific parts of some plants contain
toxins which are extremely poisonous. The glycoproteins ricin from
castor beans and abrin from Abrus seeds are examples of these
plant toxins. Finally, there are a number of toxins produced by ani-
mals, including the nonprotein batrachotoxin from the Columbian
frog, and a variety of peptide and proteins from marine snails, scor-
pion venoms, and snake venoms.

Crimes and criminal actions involving biological toxins are
explicitly described in Chapter 10 of Title 18 of the United States
Code. In general, with the exception of certain representatives of
the Federal Government, it is unlawful for anyone to develop, pro-
duce, acquire, stockpile, own, possess, use or threaten to use any
biological toxin. This applies to all persons within the United States
and U.S. Nationals in foreign countries. In addition, it is unlawful
to use the toxins against a U.S. National outside of the United
States, or while on any property that is owned, leased, or used by
the United States or its Government, whether within or outside of
the United States. Chapter 113B of the Title describes biological
toxins as weapons of mass destruction, and the use of such weap-
ons as acts of terrorism. Due to the September 2001 terrorist
attacks in New York City and Washington, D.C., Chapters 10 and
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113B were recently amended in House Resolution 3162, better
known as the U.S.A. Patriot Act of 2001 (3). Many biological tox-
ins are on the U.S. Munitions Import List defined in Title 27, Part
47 of the U.S. Code of Federal Regulations (27 CFR 47), and
therefore, their importation into the United States is unlawful for
all individuals except those registered by the Director of the
Department of Alcohol, Tobacco and Firearms.

Evidence from the scene of a terrorist or military attack sus-
pected to involve a biotoxin weapon is usually taken to a forensic
laboratory licensed to handle chemical warfare agents and bio-
chemical weapons. The single, most important determination that
the laboratory must make is whether the sample contains toxic
substances, particularly in the form of the weapons themselves,
their degradation products, or impurities from their preparation.
This information is important not only for legal evidence, but
determines the sample's potential to harm laboratory personnel,
and how the sample is to be handled during analysis. The stron-
gest evidence for the presence of any toxic compound is its detec-
tion by chemical analysis together with a complete elucidation
and conformation of its molecular structure. In the simplest cases,
investigating officials have an idea of the chemical or biochemical
weapon used from evidence collected at the scene of the attack,
and the list of potential target analytes is small. Routine analytical
techniques such as gas chromatography/mass spectrometry can be
used to identify the weapon and verify its molecular structure.
Evidence for the use of chemical or biotoxin weapons, however,
is not always available. For example, the use of a biological
weapon may only be surmised from symptoms exhibited by peo-
ple at the scene of the attack, and the use of toxic industrial
chemicals or other toxic materials cannot be ruled out. The list of
potential target analytes and analytical methods required to evalu-
ate samples, therefore, can grow very large. To complicate mat-
ters, after determining that a sample does not contain toxic or
hazardous materials, criminal investigators may decide to charac-
terize its chemical composition completely, further increasing the
size of the potential target analyte list. In these cases, forensics
laboratories turn to spectrometric techniques, like nuclear magnetic
resonance (NMR) spectroscopy, to elucidate the molecular struc-
ture of the chemical components. Although more expensive and
less sensitive than conventional techniques, NMR spectroscopy
does not require extensive sample preparation, and generates
results that are easily interpreted.

We have recently performed a complete structural determination
in an effort to characterize a forensic sample. Approximately 50 g
of a white powder seized in an intelligence investigation were
brought to our laboratory for chemical weapons screening. After
testing negative for the suspected chemical weapons and their deg-
radation products, the sample was analyzed further to identify its
chemical composition. Relying heavily on two-dimensional NMR
spectroscopy, the analysis positively identified the powder as the
biological toxin scopolamine, a powerful antagonist of acetylcholine
which is known to act at the autonomic parasympathetic postgan-
glionic junction. Direct infusion positive electrospray ionization ion
trap mass spectrometry (ESI*-MS) was used as a complementary
technique to confirm the NMR results. We present the details of
this characterization and structural elucidation herein.

Experimental Protocols
Chemicals, Solvents, and Supplies

D,0 and CDCl; (both at >99% isotope enrichment), as well as
the chemical shift reference compounds tetramethylsilane and the

sodium salt of 3-(trimethylsilyl)-1-propane-sulfonic acid, were pur-
chased from Sigma-Aldrich (St. Louis, MO). High-performance
liquid chromatography (HPLC) grade ethanol and H,O, and
(—)-scopolamine hydrochloride were also purchased from Sigma-
Aldrich. All NMR sample tubes were purchased from Wilmad-
Labglass (Buena, NJ).

Sample Preparation

Samples were prepared as concentrated solutions in deuterated
solvents for NMR spectroscopy. Approximately 56 mg of an
unidentified white powder was dissolved in 1.25 mL D,0O, and
determined to have a pD of 6.0 as described (4). A second solution
was prepared in CDCl; at a concentration of ca. 20 mg/mL. Sam-
ples were placed into separate 5S-mm NMR sample tubes just prior
to NMR analysis. For mass spectrometric analyses, 1 mg of the
powder was dissolved in 1 mL of 50% ethanol/50% H,O (v/v) to
give a 1 mg/mL stock solution. A 1:10 dilution of this stock with
the same ethanol/H,O solution was analyzed directly by ESI*-MS
and ESI*-MS/MS.

NMR Spectroscopy

All NMR spectroscopy was conducted at 11.75 Tesla, using an
Avance DRX-500 spectrometer (Bruker-Biospin Corp., Billerica,
MA) with XWIN-NMR software (version 3.1) for data acquisition
and processing. The spectrometer was fitted with a triple resonance
TXI probehead (Bruker-Biospin Corp.) having dedicated 'H, *C
and °'P channels (inverse-detection configuration) and actively
shielded x-, y- and z-gradient coils. A three-channel, 10-ampere
Acustar II 3 x 10 gradient amplifier (Bruker-Biospin Corp.) was
used to amplify gradient coil pulses, with all pulse timing con-
trolled from the spectrometer pulse programs. Experiments were
conducted at 25.0 = 0.2°C unless noted otherwise, with the sample
spinning at 20 Hz for one-dimensional experiments only. For two-
dimensional spectroscopy, quadrature detection was used exclu-
sively for collecting complex data in the direct dimension (z,),
while various phase cycling schemes used for the indirect
dimension (#;) gave either real or complex data. Both 'H and C
chemical shifts were referenced to internal tetramethylsilane, or
3-(trimethylsilyl)-1-propane-sulfonic acid in the case of aqueous
solutions.

Quantitative NMR Spectroscopy— All one-dimensional spec-
troscopy was conducted under quantitative conditions to determine
the exact number of nuclei represented for each signal, imposing
the need to evaluate spin-lattice relaxation time (77) values for all
signals in the spectra. For both 'H and "C spectroscopy, 17 values
were estimated from signal intensities in data sets using the inver-
sion recovery pulse sequence [180°-7-90°-acquisition] and a single
exponential expression for T (5). 'H data sets were recorded with
relaxation delays =57 for the slowest relaxing signal in the spectra,
ensuring quantitative recovery of all signals between successive
pulses. 3C data sets derived from experiments using relaxation
delays >87; the slowest relaxing '*C signal in the spectra (ca.
20 s) to ensure the complete elimination of nuclear Overhauser
effect (NOE) enhancements (6). Signal intensities were determined
by electronic integration of expanded regions around the signals.
Spectral regions chosen for integration included all spinning side-
band and "°C satellite signals originating from the parent signal.

'H free induction decay data containing of 16,384 or 65,536
complex points were recorded from the summation of 32 acquisi-
tions using 10-12 ppm spectral windows, 90° pulse widths of
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8.5 psec, and relaxation delays between 5 and 9 s. These data were
Fourier transformed directly into spectra and manually adjusted into
pure absorption mode.

All BC{'H} data sets were recorded with 65,536 complex
points, using 90° pulse widths of 11.3 ps, 220 ppm spectral win-
dows, 20 s relaxation delays and inverse-gated 'H decoupling
(decoupling during data acquisition only) with a low-power, com-
posite pulse sequence (7). Alternatively, quantitative '*C{'H} Dis-
tortionless Enhancement by Polarization Transfer (DEPT) data sets
were recorded using the sensitivity-enhanced Q-DEPT pulse
sequence (8). Recorded data sets were multiplied by an exponential
window function (apodized) with a line-broadening factor of 2 Hz
before Fourier transformation into spectra and manual phase correc-
tion into pure absorption mode.

"H-'"H Correlation Spectroscopy—J-coupled 'H pairs were
identified with a pulsed-field gradient, double-quantum filtered, cor-
relation spectroscopy (COSY) pulse sequence (XWIN-NMR pro-
gram “‘cosygpmftp’’) using time proportional phase incrementation
(TPPI) phase cycling (9) for quadrature detection in the indirect
dimension. The data set contained 4096 free induction decays, each
with 8192 complex points from two data accumulations using 1 s
relaxation delays to give a final 4096 real X 8192 complex (t; X 1)
data matrix. Spectral windows of 6.4 ppm were used in both
dimensions, resulting in a total acquisition time of 5 h 42 min. The
t, free-induction decay data were zero-filled to 16,384 complex
points, then apodized with a line-broadening factor of 0.5 Hz
before Fourier transformation. The resulting #; free induction decay
data were zero-filled to 8192 real points, apodized with a 1.5 Hz
line-broadening factor, and finally Fourier transformed into a spec-
trum of 8192 X 8192 (f; X f>) real points.

Dipolar-coupled 'H pairs were found with a nuclear Overhau-
ser effect spectroscopy (NOESY) (10) sequence (XWIN-NMR
program ‘“‘noesygpst”) incorporating gradient pulses during the
mixing time (11) and a States-TPPI scheme to achieve quadra-
ture detection in the indirect dimension (12). Data sets were
recorded as a 512 x 2048 complex matrix using 6.6-ppm spectral
windows in both dimensions. Each #, free induction decay
resulted from eight data acquisitions using 4 s relaxation delays
and 700 ms mixing times, giving a total acquisition time of 5 h
47 min. The 1, data were multiplied by a sine window function
before Fourier transformation. The resulting # data were
extended to 2048 complex points with a linear prediction algo-
rithm (13-15), multiplied by a sine window function, and finally
Fourier transformed into a spectrum containing 1024 real data
points in both dimensions.

"H-3C Correlation Spectroscopy—One-bond, 'H-">C correla-
tions were determined with a heteronuclear single quantum coher-
ence (HSQC) pulse sequence (XWIN-NMR program “invietgssi”)
using a pulsed-field gradient echo/antiecho-TPPI gradient scheme
(16-18). A 1024 x 8192 complex data matrix was collected with
six 'H acquisitions per #, increment using 2 s relaxation delays.
The spectral widths were 6.4 and 220 ppm in the 'H and '*C
dimensions, respectively, resulting in a total acquisition time of 5 h
45 min. 'H data were apodized with a 4 Hz line-broadening factor
before Fourier transformation. For 7, data points were extended to
4096 complex points by linear prediction before multiplication with
a sine-squared window function and final Fourier transformation
into a 2048 x 4096 real spectrum.

Long-range, 'H-3C correlations were identified with a hetero-
nuclear multiple bond correlation (HMBC) pulse sequence (XWIN-
NMR program “inv4gplplrndqf”) incorporating pulsed-field

gradients for phase coherence selection and a low-pass J-filter to
suppress one-bond correlations (19). Data were collected as a 512
real X 8192 complex matrix from 32 'H acquisitions per f, incre-
ment, each using 2 s relaxation delays. The spectral windows were
identical to those in the HSQC experiment, and gave a total acqui-
sition time of 15 h 1 min. 'H data were multiplied by a trapezoidal
window function before Fourier transformation to increase spectral
resolution. '*C data were extended to 1024 real points by linear
prediction before multiplication by a sine squared window function
and Fourier transformation into a 1024 X 4096 real spectrum.

Diffusion Oriented Spectroscopy—Data sets for diffusion
ordered spectroscopy (DOSY) spectra were acquired with the lon-
gitudinal eddy current delay pulse sequence of Gibbs and John-
son (20), which incorporates a delay at the end of the
experiment for avoiding spectral artifacts from residual eddy cur-
rents. For our spectrometer and probehead, the optimum value of
the eddy current delay was found to be 5.0 ms. In addition, a
presaturation pulse was incorporated into the pulse program
(XWIN-NMR program “ledbpgp2s”) to attenuate the solvent sig-
nal and increase analyte sensitivity. The experiments also incorpo-
rated 50-ms diffusion time delays and either 1.2 or 1.5-ms
gradient pulses for recording data sets at 25 or 37°C, respec-
tively. 'H data sets acquired with 10 ppm spectral windows, 90°
pulse widths and 6 s relaxation delays were recorded onto com-
puter disk; total acquisition times were <30 min. The recorded
data sets were multiplied by an exponential window function
with a line-broadening factor of 1 Hz before Fourier transforma-
tion into spectra and manual adjustment into pure absorption
mode. For each diffusion measurement, spectra from 16 separate
data sets were collected as a function of gradient amplitude rang-
ing between 2 and 95%.

Mass Spectrometry

Following NMR characterization, ESI*-MS was performed on
the sample with a Finnigan LCQ DECA ion-trap mass spectrometer
(Thermoquest/Finnigan Corp., San Jose, CA), using a spray poten-
tial of 5 kV and a constant capillary temperature of 250°C. The
0.1 mg/mL sample solution was directly infused for ca. 1 min at
3 pL/min, and averaged spectra were collected. Initially, spectra
were collected in full scan mode (mass range 35-1000 amu), and a
prominent base peak at m/z 304.1 was observed. Subsequently, the
mass spectrometer was operated in zoom scan centered on
300 + 50 amu to identify the scopolamine molecular ion (M+H)*.
In product-ion scan mode, the m/z 304.1 ion was collected and
subjected to 26% relative collision energy using nitrogen as a colli-
sion gas. Collision-induced dissociation produced major fragment
ions at m/z 138.1 and 156.1.

Results and Discussion
NMR Identification and ESI*-MS Conformation of Scopolamine

An unidentified white powder seized in an intelligence investiga-
tion was brought to our laboratory for detailed chemical analysis.
Preliminary tests found that the powder did not contain chemical
warfare agents (particularly the nerve agent VX or sulfur mustard
blister agents) or their degradation products as initially suspected.
The powder was then subjected to an extensive NMR analysis to
characterize its principal components. A flowchart illustrating the
order in which the NMR experiments were performed, and the con-
clusions deriving from them, is presented in Fig. 1.
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I. Quantitative "H and "C spectroscopy

"N spectroscopy

DOSY

HSQC
1. COSY
11I. HMBC

CH,
/
N

IV.NOESY

V. Comparison to target analyte

structures

OH

OH

FIG. 1—Summary of experiments used to analyze the unidentified powder dissolved in D,0, and the structural information derived from each. Italicized
letters designating individual carbon sites derive from Fig. 2, with primed (') and unprimed pairs of letters representing different sites on the ring system
correlating to the same '>C signal. Tropane ring positions are numbered in the bottom panel.

Solubility tests at room temperature found that the powder was
freely soluble in H,O, CHCI3, ethanol and acetone, and because
the H,O signal did not appear to obscure 'H analyte signals, the
powder was dissolved directly into DO for NMR analysis. A
quantitative '*C{'H} spectrum of this sample is presented in
Fig. 2, where the signals are lettered in order of decreasing chemi-
cal shift, and a quantitative "H spectrum is shown in Fig. 3. Carbon
atoms were correlated to their directly bonded protons using the
HSQC spectrum shown in Fig. 4, and the information has been
appended onto Fig. 3.

The quantitative spectra were examined first to determine the
exact number of compounds comprising the powder and as much
information relating to their structural formulas as possible. Integra-
tion of the 'H signals revealed 20 unique 'H sites in addition to
that for the solvent. DOSY analysis revealed that all analyte pro-
tons had identical diffusion rates at both 25 and 37°C (not shown),
demonstrating conclusively that they all reside on the same mole-
cule. The *C spectrum revealed 17 novel carbon atom sites with
15 representing carbon atoms directly bonded to protons identified
in the 'H spectrum (see Fig. 4). We assumed that the remaining
two *C signals also represented carbon atoms of the same mole-
cule, as their measured integral values were virtually identical to
those of many of the other carbon atoms. Signals were not detected

with conventional '’F and *'P analyses, and N spectroscopy
revealed a single signal at 373 ppm (not shown). Finally, a quanti-
tative 'H spectrum of the powder dissolved in CDCl; contained an
additional signal at 12.7 ppm (not shown), most likely from a sin-
gle hydroxyl group proton. This observation, along with the single
Bc signal indicative of a carbonyl carbon atom (a in Fig. 2),
implies that the analyte molecule contains at least two oxygen
atoms.

The number of protons directly bonded to each carbon atom
was determined by evaluating the quantitative spectra together
with the HSQC correlations, leading to the identification of addi-
tional structural features. Four signals in the aromatic region of
the *C spectrum (b, ¢, d, and e in Fig. 2) arise from six carbon
atoms, and therefore, are indicative of a single benzyl group.
This conclusion is corroborated by the HSQC data, which corre-
late three of these signals to others occurring within the aromatic
region of the 'H spectrum (¢, d, and e in Figs. 3 and 4). The
"H spectrum further illustrates that these signals represent five
protons, all of which appear to be intimately J-coupled to one
another. In another region of the '*C spectrum, a single carbon
atom appears to be bound directly to three, magnetically equiva-
lent protons (! in Fig. 4), clearly representing a single methyl

group.
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FIG. 2—"2C{'H} spectrum of the unidentified powder dissolved in D,O acquired under quantitative conditions. Signals are lettered in order of chemical
shift (increasing resonance frequency), and their relative integral values are included. Insets show details of overlapping signals.
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FIG. 3—Quantitative 'H spectrum of the unidentified powder dissolved in D0, with relative integral values shown for all signals. The HOD signal
(4.8 ppm) was virtually eliminated by use of a presaturation pulse. Letters assigned to signals relate their protons to the signal for their directly bonded car-
bon atom (Fig. 2), determined from heteronuclear single quantum coherence spectroscopy (Fig. 4). Insets reveal details of complex spectral features, with

solid circles designating the individual resonances for signal i.

The remaining structural features were inferred from Jyy net-
works revealed by the COSY spectrum in Fig. 5. Two completely
isolated coupling networks are apparent in addition to that of the
benzyl group: a three-proton network (g—g and g—i), and a much
more extensive, nine-proton network. Careful examination of the
correlations demonstrates that the latter arises from a ring system
of seven carbon atoms (see the arrows in Fig. 5). Starting with the
autocorrelation for proton f (f~f), three correlations (f~m, m—h, and
h—j) define an unbranched, aliphatic chain of four carbon atoms.

Another set of correlations (f~m’, m’—h" and h’'—k) reveals a similar
chain also starting with proton f, and a final correlation (j—k) con-
nects the ends of these chains to close the ring. Strong coupling is
evident between four of the ring system protons (dy = 1.75-
2.55 ppm), all of which are correlated to the same '*C signal by
HSQC spectroscopy (m in Fig. 4). It is apparent that these protons
are the axial-equatorial pairs for carbon atoms m and m’ on the ring
(see Fig. 1). In the case of cyclohexane rings, equatorial proton sig-
nals are consistently found downfield (higher dy value) from those
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of the axial protons bonded to the same carbon atom (21), and we
assigned signals to the protons accordingly (see Fig. 7 for assign-
ments). In the three-proton network, the protons all correlate to one
of two carbon atoms (i and g in Fig. 4, referred to as Ci and Cg,
respectively), clearly the consequence of a CH, and CH group
directly bonded to one another. Moreover, because Ci and Cg
chemical shifts are far from the alkene region (6c = 80-160 ppm),
this bond must be a single, rather than a double bond (see Fig. 1).
Long-range, 'H-">C correlations were identified by HMBC spec-
troscopy and were used to assemble the identified structural ele-
ments into a molecular structure. The experiment incorporates a
specific delay for the evolution of long-range scalar couplings, and
the detected correlations are a direct function of the delay. In the
particular case of hydrocarbons, a relationship between *Jcyy values
and H-C—C dihedral angles has been suggested (22) which can be
used to derive a delay time. A region of the HMBC spectrum
displaying all relevant correlations is shown in Fig. 6. Long-range
correlations were found between the aromatic protons Har and the
carbonyl carbon atom (Ca—Har), as well as carbon atom Ci
(Ci—Har). The substantially larger intensity of Ci—Har suggests that
the benzyl group is directly bonded to Ci, however, the detection
of Ca—Har demonstrates that Ca must also be in close proximity to
the benzyl group. In addition to Ca—Har, four other Ca correlations
to remote protons are observed: Ca-Hf, two Ca—Hg correlations,
and Ca-Hi. These can be rationalized by placing the carbonyl car-
bon atom between Cf on the ring system and the CH,CH moiety.
We assigned a single bond between Ca and Ci because its corre-
sponding correlation is significantly more intense than all other Ca
correlations with remote protons. Furthermore, the Ca—Har correla-
tion is more likely a consequence of this bond rather than one
between Ca and Cg, since the latter requires the unlikely detection
of a five-bond correlation. For the connectivity between Ca and
Cf, the much lower intensity of the Ca—Hf correlation relative the
Ca-Hi and Ca-Hg intensities suggests that the two carbon atoms
are not directly bonded, but that another atom occurs between

them. We tentatively assigned an oxygen atom to be bound to both
Ca and Cf, because all Be signals have already been assigned to
structural elements, and the chemical shifts of the Hf and Cf signals
are more indicative of an oxygen atom at this site rather than a
nitrogen atom. The absolute configuration about Cf cannot be sur-
mised from the COSY, HSQC, or HMBC data, and therefore, both
axial and equatorial Cf~O bonds are possible (see Fig. 1).

Our final experimental effort relied on NOESY to place the
nitrogen atom, the methyl group and the hydroxyl group within the
conformational space around the two ring systems to infer their
connectivities to specific atoms of the analyte molecule. The region
of the NOESY spectrum illustrating key correlations is shown in
Fig. 7. For the methyl protons (HI), strong correlations with the
protons of Ch, Ch’, Cm, and Cm’ [labeled respectively as I-h, -1,
I-m(eq), and /-m’(eq)], all with very similar intensities, suggest that
the methyl group occurs at a position equidistant from the four car-
bon atoms. Moreover, because the [-m and I[-m’ correlations
involve the equatorial rather than axial protons, the methyl group
must occur on the same side of the seven carbon atom ring system
as the equatorial protons. The observations can be explained by
connecting the nitrogen atom to both Ch and C/’, and in turn, con-
necting the methyl group directly to the nitrogen atom in a configu-
ration holding the methyl group between and above Cm and Cn’
(see Fig. 1). Other NOESY correlations can be used to determine
the configuration about Cf. The much more intense f~m(eq) and
Jf-m'(eq) correlations relative to f~m(ax) and f~m’(ax) for example,
demonstrate that the Cf~Hf bond occurs at the equatorial position,
leaving the Cf~O bond in the axial position and on the opposite
side of the ring system from the methyl group. Finally, a NOESY
spectrum of the compound dissolved in CDCl; (not shown) con-
tained intense correlations between the hydroxyl group 'H and both
Hg signals, implicating that the hydroxyl group is directly bonded
to Cg.

With the exception of the remaining connectivities for Cj and
Ck, the structure has been completely elucidated. From the

— = Ci-Har

L 2 8

FIG. 6—'H-"3C heteronuclear multiple bond correlation (HMBC) subspectrum of the unidentified powder dissolved in D,O, with the corresponding
regions of the 'H and BefHy spectra. Long-range correlations demonstrating the connectivities of specific chemical groups in the molecular structure are

labeled.
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FIG. 7—Nuclear Overhauser effect spectroscopy (NOESY) subspectrum of the unidentified powder dissolved in D,0, with the corresponding region of the
'H spectrum shown for both dimensions. Correlations placing the methyl group in conformational space, and the configuration about carbon atom f, are

designated.

one-dimensional NMR data, it is clear that these connectivities do
not involve carbon, nitrogen, phosphorus or fluorine atoms, or other
protons. Signals Hj and Hk display no evidence of J-coupling to
NMR-active nuclei other than each other, eliminating any utility
for further NMR spectroscopy. At this point, we considered the
molecular structures of target analytes to provide clues, and discov-
ered that by simply connecting Cj and Ck with a single oxygen
atom to create an epoxy group (see Fig. 1), a tropane ring system
could be formed to generate the structure of the scopolamine neu-
rotoxin (Cy7H1NOy, 303.35 g/mole). 'H and C spectroscopy of
authentic scopolamine dissolved in D,O (not shown) validated the
sample as scopolamine.

The NMR results were corroborated by ESI*-MS and ESI*-
MS/MS of a 0.1 mg/mL solution of the unknown powder. As
shown in Fig. 8, a clean electrospray mass spectrum with a promi-
nent base signal centered at m/z 304.1 was produced. Additional
signals were observed at m/z 305.1 and 306.1, corresponding
respectively, to 19 and 3% of the m/z 304.1 ion intensity. Also
evident is a low intensity m/z 325.9 signal consistent with the
sodium adduct (M+Na)* of scopolamine. Increases in ionization
potential produced corresponding relative increases in m/z 138.1
and 156.1 intensity, and MS/MS also produced major characteristic
fragments at m/z 138.1 and 156.1; see Fig. 9.

The prominent m/z 304.1 base signal (Fig. 8) supports the
molecular formula C{7H,;NO, for the powder's major component,
and further, is consistent with the molecular ion (M+H)" of scopol-
amine. The isotope pattern observed agrees very favorably with the
theoretical values for this formula (19 and 3% observed, compared
with the calculated values of 19.7 and 2.6%, respectively).

304.1

305.1

306.1 325.9
| A

m/z

FIG. 8— Mass spectrum (250-350 amu zoom scan) of the unidentified
powder dissolved in 50% ethanol/50% H,0 (v/v).

In-source fragmentation and MS/MS data support this conclusion
as well, and both are consistent with previous reports (23-25). The
m/z 156.1 major fragment can be attributed to cleavage of the
bond between the carbonyl carbon and the ester oxygen on the tro-
pane ring, with charge retained on the ring to leave a m/z 156
fragment. Likewise, the m/z 138 fragment corresponds to the m/z
156 fragment with a loss of water (23-25).
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FIG. 9— ESI"-MS/MS spectrum of the unidentified powder base signal,
m/z 304.1.

Comparison of NMR Results to Previously Reported Data

There is a significant number of NMR investigations in the liter-
ature addressing scopolamine structure (26-42) that permit direct
comparisons between our measured NMR parameters and previ-
ously published values. We have made several such comparisons
for our chemical shift and Ji i measurements, and have presented
them in table form. Table 1 summarizes comparisons of our 'H
and "*C chemical shift measurements to previously reported values
from three different reports, while Table 2 lists our Jiy measure-
ments for the scopolamine tropane ring protons and those from an
earlier report. In both tables, the tropane ring positions used to
identify individual carbon atoms (C-1 to C-7) and protons (H-1 to
H-7, including all axial, ax, and equatorial, eq, protons) are illus-
trated in the bottom panel of Fig. 1.

Our '*C chemical shift measurements agree favorably with previ-
ously reported values for scopolamine in D,O. Table 1 reveals that
our "’C chemical shift assignments for the scopolamine tropane
ring closely resemble those of Feeney and coworkers (32), who

TABLE 1—'°C and 'H chemical shift values (ppm) for scopolamine in

D,0.

13C Chemical Shifts (5) "H Chemical Shifts (5)

Reference

Current 'H Current Reference
13 Site data  (32) (36)  (42) Site data (32)
c=0 17501 *  174.86 175.05 H(meta) 7.44 *
C(ipso) 138.12 %  138.16 138.28 H(ortho) 7.43 *
C(meta) 131.85 * 130.85" 131.93 H(para) 7.37 *
Clortho) 13098 *  131.667 131.04  H-3 5.06 5.05
C(para) 13093 * 13069 130.99 -CHp—  4.19 *
Cc3 66.31 64.68 6605 6626 —CH(Ph)- 3.97 *
—CH»— 64.49 * 6457 6464 —CHy—  3.96 *
c-5 59.52 5827 59.48 59.65 H-5 3.94 3.94
C-1 5939 58.13 5934 5949  H-1 3.82 3.82
—CH(Ph- 56.01 * 56.06 56.17  H-6 3.80 3.80
Cc-6 55.48 53.92 5501 5552  H-7 3.06 3.07
c-7 55.13 53.57 5530 5517 N-CH; 282 *
N-CH;4 3272 2572 3274 32.83 H-dax 2.47 247
c-2 2622 2520 26.10F 2633  H-2ax 2.40 2.40
Cc4 26.13 2520 2622% 2622 H-deq 2.04 2.04

H-2eq 1.82 1.82

*Not determined.
TAssignments reversed in Ref. (36) and corrected in Ref. (42).
itAssignments reversed in Ref. (36) and corrected in Ref. (42).

TABLE 2—Tropane ring Jy y (Hz) values for scopolamine in D,0.

Current Reference
Jun Data (32)
Ji2ax 14 1.3
Ji 2eq 3.5 4.8
Jraxpeq 17.3 17.3
Joax3 5.0 3.8*
J2eq3 1.0 1.0%*
J1 7 0.7 <2.0
Jaeqs 3.5 4.8
Jse 1.8 <2.0
Jo7 3.5 3.6

*Measurements reversed in Ref. (32) and corrected in Ref. (36).

reported the first '>C chemical shift measurements for the toxin in
D,O. Their assignment of 25.27 ppm for the N-methyl group sig-
nal, however, differs significantly with our finding of 32.72 ppm
for the same signal. This reflects the confusion observed in the ear-
lier literature regarding the '*C chemical shift of this group for the
toxin in D,O (38,39). Glaser et al. (36) ultimately resolved this
confusion by demonstrating that the N-methyl group stereochemis-
try of tropane alkaloids is strikingly solvent sensitive (see Ref. 39
for a detailed discussion). Our measured 13C chemical shift for this
group agrees well not only with that of Glaser et al. (36) but also
with a later report from the same laboratory (42). Furthermore, all
of our "*C chemical shift measurements are remarkably similar to
their corresponding values from this latter report (42). Each of our
measurements differs by <0.15 ppm from their previously reported
value, and most differ by <0.10 ppm.

In contrast to '*C chemical shift data, the literature contains very
little information concerning 'H chemical shift measurements for
scopolamine in D,0O. Although Feeney er al. (32) reported such
measurements, these we limited to only the tropane ring proton sig-
nals. In general terms, our '"H chemical shift measurements are
identical, or essentially identical, to these earlier measurements. As
shown more specifically in Table 1, seven of our measurements are
identical to their corresponding values appearing in the earlier
report, and the remaining two differ from their previously reported
values by only 0.01 ppm. The table also lists our 'H chemical shift
measurements for the remaining scopolamine protons. Correspond-
ing values for these protons are reported for scopolamine in
CD,Cl, (36) and CDCl; (35,38); however, we hesitate to make
comparisons of chemical shift values derived from different sol-
vents, as solvent effects can significantly impact chemical shift val-
ues. The H-4ax signal for example, is found at 2.47 ppm from our
measurements (see Table 1) and others (32) for the toxin in D,0,
but appears at 3.31 and 2.08 ppm for the toxin in CD,Cl, (36) and
CDCl; (38), respectively. Such differences can appear discordant
without detailed explanations, and offer little when attempting to
corroborate different sets of data.

As for the "H chemical shift data, Feeney et al. (32) report the
only Jyg measurements for scopolamine in D,O, and these are,
again, confined to only the tropane ring protons. We have listed
these measurements and our own in Table 2 for direct comparison.
In general, the two sets of measurements are in good agreement
with each other. Of the nine pairs of corresponding values listed in
the table, only two, Jy., and J4.,s, appear to possibly reflect
minor disparities. It is not clear whether these differences result
from measurement errors or differences in tropane ring
conformation.

Finally, Sarazin ef al. (38) reported results from a "H-"H chemi-
cal shift correlation and a long-range, 'H-"*C chemical shift
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correlation for scopolamine in CDCl3, experiments which are anal-
ogous to our COSY (Fig. 5) and HMBC (Fig. 6) experiments,
respectively. In large part, our spectra resemble those from this ear-
lier report, even though they were conducted with the toxin in
D,0O. Most importantly, all correlations identified by our experi-
ments appear to have a corresponding correlation in the earlier
reported spectra. Some significant differences are apparent on the
other hand, which give our spectra somewhat of a different appear-
ance. The most striking difference is that our spectra have consider-
ably more resolution, a consequence of our use of a higher
magnetic field strength (the earlier data was recorded at
7.06 Tesla), and in the case of our COSY experiment, the use of
phase sensitive pulse sequences rather than those generating magni-
tude spectra. Another major source leading to spectral differences
is the disparity in chemical shift values of the scopolamine protons
for the two solvents. This is particularly the case for H-1, H-5 and
H-6, which appear between 3.80 and 3.94 ppm in D,O (see
Table 1), but between 2.94 and 3.37 ppm in CDCl;, placing corre-
lations involving these protons in different regions of our COSY
and HMBC spectra relative to their respective, previously published
spectra. Although comparisons to chemical shift correlation spectra
for scopolamine in D,O would have been more appropriate, no
such spectra appear in the literature.

Conclusions

We have used several NMR techniques to characterize an
unidentified white powder seized in an intelligence investigation.
Collectively, the techniques were able to give a good estimate of
the specific types and number of different atoms comprising the
principal component of the powder, and essentially all of the infor-
mation necessary to determine its chemical structure. This structure
was easily elucidated, positively identifying the principal compo-
nent as scopolamine. This investigation is just one example of an
ever increasing number of forensic investigations involving biotox-
ins in crimes and acts of terror. In recent years, technical informa-
tion relating to biochemical weapons has become readily accessible
on the internet, and today, many of the materials for their isolation
and purification are available for legitimate commercial purposes.
The capability of hostile nations and terrorist groups for acquiring
these weapons is greater now than at any other time in history. For
these reasons, the analysis of law enforcement and intelligence
samples for biological toxins has never been more important.
Although more routine techniques relying on spectral libraries and
other analytical data such as chromatographic retention times can
be rapid and effective, they do not always lead to a positive identi-
fication of biological toxins. This is particularly the case for larger
protein toxins such as ricin, staphylococcal enterotoxins and botu-
linum neurotoxins, where reliable detection can be a formidable
challenge. Further, impurities that are valuable in determining
which government, country or terrorist group has purified or sup-
plied the weapon usually do not appear in spectral libraries. And
there is an ever increasing likelihood of encountering unique toxins
which are evolutionarily related to the more commonly known tox-
ins (at least five evolutionarily related tetrodotoxins have been iden-
tified for example, see Refs. 43 and 44), chemically modified
nonprotein toxins, or even emerging threat agents such as geneti-
cally engineered protein toxins (45-50). In such cases, the elucida-
tion of analyte molecular structure by interpretative means may
present the best, and sometimes only, means for identification.
While several techniques can provide valuable information for
determining molecular structure, NMR spectroscopy remains one of
the single most powerful techniques for providing detailed and

unambiguous structural information within a reasonable timeframe.
Moreover, both the quantity and quality of structural data deriving
from NMR experiments has been expanded considerably with the
intense development of multi-dimensional techniques over the last
25 years, making NMR spectroscopy indispensable in forensic sci-
ence today.
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