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The conformational preferences of the diastereomeric neurotransmitters (1R2S) ephedrine and (1S2S)
pseudoephedrine have been studied in the gas phase, under free jet-expansion conditions, using ultraviolet
spectroscopy (both R2PI and LIF) and infrared ion-dip and hole-burning spectroscopy in combination with
ab initio calculation. This has led to the identification and assignment of two conformers in ephedrine and
four in pseudoephedrine. Assignments have been made by comparing their experimental infrared and LIF
spectra with ab initio vibrational frequencies and ultraviolet rotational band contours. The relative stabilities
of the conformers are controlled by a delicate balance between intramolecular hydrogen bonding and dispersive
interactions between the methyl groups of the side chain, both with each other and with the aromatic ring.
The relative conformational stabilities calculated for ephedrine do not agree with the experimental results;
two of its low-lying conformers were detected, but a third, lying at an intermediate energy, was not. The
possibility of its collisional relaxation into the global minimum during the supersonic expansion was not
supported by the ab initio calculations, which predict a substantial barrier along the minimum energy pathway.
It is possible that the combination of a relatively weak transition moment and a lack of facile pathways for
relaxation fromhigher lying structuresinto the “missing” conformer may play a role.

1. Introduction

The internal biochemistry of the human body is regulated by
a number of relatively small molecules known as neurotrans-
mitters2 Prominent examples include dopamine, which is
ubiquitous in the brain and central nervous system, and
adrenaline which acts to increase both heart rate and respiration.
As might be expected, synthetic analogues of such molecules
constitute a significant fraction of commercially available _ _
pharmaceuticals with numerous examples including the anti- Figure 1. Structures of (1R2S) ephedrine and (1S2S) pseudoephedrine.
asthma drug salbutamol, and propranolol, one of a series of
drugs commonly known as beta-blockers. The design of such
drugs has generally been optimized by systematically altering
the functional groups of a known compound (such as adrenaline)
and testing the resulting species for effectiveness, selectivity
and toxicity. Rational drug design can be facilitated by a better
understanding of the structures involved particularly with regard
to the binding site of the recepfgrand by more complete
studies of the conformational preferences of the neurotransmitter
itself.

Toward this end, an exploration of the conformational
landscapes of a number of natural and man-made neurotrans
mitters has been initiated, using a combination of gas-phase
spectroscopy and ab initio calculation. The initial choice has
comprised the diaster.eoisomgric pair (1R2S) ephed.rine. anclWhere it acts as a decongestar@uch differing physiological
(152S) pseudoephedrine; their structures are shown in FigUregtocts highlight the importance of chirality in nature. This has

1. These molecules, which differ only by the chirality of one been examined in the gas phase by several recent studies of

center, are related to adrenaline and have similar effects on theclusters of chiral moleculs? By making clusters between a

. — racemic mixture of one molecule (R and S enantiomers) and a
o Sccﬁgﬁqsggr;‘m?( author. Fax44 1865 275410. E-mail: jpsimons@  gingle enantiomer of another (for example the R enantiomer)
P )T/Univer'sity of Oxford. the RR and SR Qiasfte_reomers could be distir_lguished spectro-
* University of London. scopically. The discrimination between such diastereomers was

(1R 28) ephedrine (1S 2S) pseudoephedrine

cardiovascular system. The receptors that such molecules target
are embedded in the membrane wall of the cell and consist of
a single protein strant! Binding of adrenaline and its analogues
to these adrenoreceptors results in a conformational change of
the protein which releases further species into the cell. The
binding site of the receptor is believed to contain amino acid
residues (serine and aspartic acid) which can hydrogen bond to
both the ethanolamine side chain and, in the catecholamine
series, to the hydroxy groups of the catechol Anigurther
interactions between the neurotransmitter and amino acids
(includingr—x interactions or dispersive interactions between
alkyl groups) are also believed to play a role.

Ephedrine has been used in the treatment of asthma while
pseudoephedrine is a common ingredient in cough medicine
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greatly facilitated by the differing strengths of the nonbonded
interactions between the partners, including hydrogen bonding
and dispersion forces between flexible side chains and aromatic
rings. Similar effects should be expected for ephedrine and
pseudoephedrine where the two chiral centers are incorporated
in the same molecule. As an example of the striking differences
that the change of a single chiral center can make, the melting
point of ephedrine is 36C but that of pseudoephedrine is 120
°C.

Previous spectroscopic studies of the ephedra series of
pharmaceuticals are limited. Freedman and co-wofKease
studied the vibrational circular dichroism of ephedrine, pseu-
doephedrine, and a number of related species@i{&olutions
and were able to resolve OH vibrational bands that indicated
the presence of both free and intramolecularly bound hydroxy
groups. Low-level ab initio calculations using the 3-21G basis
set indicated substantial differences in the conformational
preferences of ephedrine and pseudoephedrine with the latter
having four low-lying conformers compared with only two for
ephedrine. The gas-phase infrared absorption spectrum of
ephedriné® shows three distinct OH stretching modes (two in
the intramolecular hydrogen bound region and one in the free
alcohol region).

Recent work on a related molecule, 2-amino-1-phenylethanol
(referred to as APE), identified two conformers, one with an
extended side chain and one folded. A combination of rotational
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band contour analysis, infrared spectroscopy and ab initio Figure 2. Ab initio structures of the lowest lying conformers of APE,

ephedrine and pseudoephedrine. Energies are calculated at the HF/6-

S ; ) i
calculatiort! allowed their structural assignment. Both conform 31G* optimized geometries by single-point MP2/6-31G*. Relative

ers were stabilized by an intramolecular hydrogen bond betweengergies are given in kJ mdland include zero-point corrections.
the neighboring OH and Nigroups with the OH group acting  Assignments to individual peaks in the R2PI spectra (see later) are
as the proton donor. This result helped to inspire the presentalso shown.
study of ephedrine and pseudoephedrine, where the introduction
of a second chiral center, defines their chiralities as (1R2S) andIR hole-burn R2PI spectrum. In this way it was possible to
(1S2S), respectively. separate all the conformers present in the expansion and record
their IR absorption spectra independently.

LIF spectra were also recorded, initially at low resolution
(0.3 cn1?) using the frequency-doubled output of an excimer
ntLambda Physik EMG201, XeCl fill) pumped dye laser (Lambda
Physik FL3002). Partially resolved rotational band contours were

2. Methods

The systems used for mass selected resonant 2-photo
ionization (R2PI) and laser-induced fluorescence (LIF) are

identical to those described previously!2 A free jet expansion

of ephedrine or pseudoephedrine was generated in a heated (c
110°C) pulsed valve operated with a typical backing pressure
of 3 bar of helium. (1R2S) ephedrine and (1S2S) pseudo-
ephedrine were obtained from Fluka (puriy8%) and used
without further purification.

IR/UV hole-burning spectra were obtained using two elec-
tronically synchronized YAG-pumped dye lasers. UV radiation
was produced by the frequency-doubled output of a Lambda
Physik dye laser (FL2002) pumped by the third harmonic of a
Nd:YAG laser. Typical UV pulse energies, of the order of 500
uJ, were focused into the ionization region of a time-of-flight
mass spectrometer (Jordan)hvé 1 mfocal length quartz lens.
Tunable infrared radiation in the region of 8 was generated
in a LINbO; difference frequency module at the output of a
YAG-pumped dye laser (Continuum Powerlite and ND6000).

Typical IR pulse energies, ca. 2 mJ, were passed through the

chamber antiparallel to the UV beam with a 25 cm focal length
Cak, lens. The IR laser was fired approximately 100 ns before
the UV laser to deplete the populations of the electronic ground
state of the molecule. Two types of experiment were conducted.

In one, the UV laser was tuned onto a selected R2PI feature,

while the IR laser was scanned over the mid-IR range, from
ca. 3806-3300 cn1? to record an IR ion-dip spectrum. In the

other, the UV laser was scanned while the IR laser frequency
was locked on to a particular IR absorption band to record an

a

then obtained by the introduction of an intracavity etalon which
reduced the bandwidth of the UV laser pulse to approximately
0.09 cnt® these were simulated using methods described
elsewheré#

Ab initio calculations were performed using the Gaussian
suite of programs?® Initial structures of ephedrine and pseudo-
ephedrine were based on those calculated for the seven most
stable conformers of APE.Geometries were optimized at the
HF/6-31G* level after which single-point calculations were
performed using the MP2 level of theory with the same, or more
extended basis sets to determine their relative energies. Excited-
state rotational constants and transition dipole moments were
calculated using the CIS method with a 6-31G* basis set.
Vibrational frequencies were calculated using the B3LYP
density functional method with a 6-31G* basis set which has
been found to yield fair agreement with experimental data for
similar molecule¥~1316when scaling factors of 0.9734 for OH
stretching modes and 0.956 for NH are used. These factors are
derived from previous work on APEand phenylalaniné

3. Results

3.1. Ab Initio Calculations. The most stable conformational
structures of ephedrine and pseudoephedrine, calculated at the
HF/6-31G* level of theory, are presented in Figure 2, together
with those of APE! shown for comparison. The ab initio
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TABLE 1: Calculated Constants for All Four Low-Lying T T T T
Conformers (GG(a), GG(b), AG(a) and AG(b)) of
Ephedrine? A
GG(a) GG(b) AG(a) AG(b)
AE/kJ mol 1.3 14.4 0.0 4.6 Ephedrine
AGie/kd mol? 4.3 19.4 0.0 5.8
[JOCCN/deg 56 52 57 60 X
OH---N/pm 220 217 225 226
[JOHN/deg 117 118 114 114 3
A"/MHz 1596.8 1456.9 1990.5 2167.0 =
B""/MHz 586.4 651.1 527.2 498.4 ©
C"IMHz 561.2 633.1 493.2 471.0 5 _ C
AIMHz 1579.3 14433  1963.1 2121.2 @ | Peouwespheame o
B'/MHz 579.4 646.4 524.2 496.2 9o
C'/MHz 555.6 625.2 490.0 468.1
U uc® 22:77:1  46:51:3 62:34:4 73:26:1
|trand X 1FYCm  0.63 1.04 1.13 1.10
a Ground state structural parameters and rotational constants are from L X i
HF/6-31G* optimized geometries. Excited state rotational constants and A
transition dipole moments are from CIS/6-31G* calculations. The F J 1
relative energies (single point MP2/6-31G* at the HF/6-31G* optimized * MAM
geometries) of the conformers include zero-point corrections. B 7
1 L 1 L 1 2 | )
TABLE 2: Calculated Constants for All Four Low-Lying 37400 37500 37600 37700 37800
Conformers (GG(a), GG(b), AG(a), and AG(b)) of
Pseudoephedring One-Photon Wavenumber / cm”
GG(a) GG(b) AG(a) AG(b) Figure 3. Resonant two-photon ionization (R2PI) spectra of ephedrine
AE/KJ molt 1.7 35 00 59 and pseudoephedrine. Bc_)th spectra were r_ecorded on_1/lzhm,= 58
0OCCN/deg 57 50 51 49 mass channel corresponding to @he S|de-ch§1|n _fragment ion (CbL(CI—}
OH---N/pm 222 216 214 212 NHCHz)*. _The feature marked _W|th_ an a_sterlsk in the pseudoephedrine
CJOHN/deg 115 117 117 119 spectrum is due to an ephedrine impurity.
A"IMHz 1690.5 1637.8 2059.6 2095.5 . . .
B"/MHz 553.9 595.5 506.5 524.8 reversed, with amino the donor and OH the accepting group,
C"IMHz 533.0 576.7 4725 481.6 lie at much higher energies. In summary, the ab initio calcula-
A'IMHz 1658.2 1623.1 2010.5 2053.4 tions suggest somewhat different conformational landscapes in
B/MHz S47.7 588.8 504.9 523.1 the two diastereoisomers with four low-lying structures antici-
CéM}j_z ) 23-113-20 2557'936 229%22_6 ﬁ??%-s pated in pseudoephedrine and three in ephedrine. In both cases
T;Zr;nj 1%9Cm 120 1.39 035 037 the most stable conformer has the extended AG(a) structure.

2 Ground state structural . d rotational ant ; 3.2. UV Spectroscopy of Ephedrine and Pseudoephedrine.
round state structural parameters and rotational constants are fro B ; ;
HF/6-31G* optimized geometries. Excited state rotational constants angMass selected R2PI spectra of ephedrine and pseudoephedrine

transition dipole moments are from CIS/6-31G* calculations. The are shown ,'n, Figure 3. The. molepular IOhS of b,Oth species
relative energies (single point MP2/6-31G* at the HF/6-31G* optimized Undergo efficient fragmentation with the side-chain fragment
geometries) of the conformers include zero-point corrections. containing the (methyl) amino group (CH(GMNHCHs;, m'z=
58) the most abundant. Similar ion fragmentation was observed

structural data for each of the low-lying conformers are shown by Bernstein and co-workers in the R2PI spectrum of amphet-
in Tables 1 and 2 for ephedrine and pseudoephedrine, respecaminé’ and by Robertson and co-workers in 2-phenylethyl-
tively. The A/G notation refers to the arrangement (anti or amine!® The addition of a methyl to the amino group results in
gauche) of the CCCN and OCCN atom chains, respectively. further stabilization of the side-chain ion and a higher degree
The introduction of anN-methyl group in ephedrine and of fragmentation. The spectra of the two diastereoisomers are
pseudoephedrine doubles the number of possible conformersstrikingly different. Ephedrine shows only one intense band,
If the barriers to inversion of the amino group are sufficiently feature A (37 553 cmt), with some weak structure to the blue
high, the two configurations will be locked into place in the but pseudoephedrine displays three intense bands, A (37 420
cold environment of the supersonic expansion: they have beencm1), B (37 598 cn1?), and C (37 633 cmt) with many other
labeled (a) and (b) in Figure 2. weaker features spread over a range of several hundred

In each case the extended, AG, and folded, GG, conforma-wavenumbers. The features marked X for both molecules
tional structures lie very close in energy, with AG(a) predicted (37 598 cnt! for ephedrine and 37 569 crh for pseudo-
to be the most stable structure in both ephedrine and pseudo-ephedrine) are distinct conformers whose identification will be
ephedrine. In APE, where the predicted ordering is “too close discussed in the next section. Feature X in ephedrine occurs at
to call”, experimental measurements have also established a mildthe same wavenumber as band B of pseudoephedrine. However,
preference for the extended AG conformational structure (though since no sign of a band at the energy of band C can be observed
the situation is reversed in its 1:1 hydrated complexThe in the ephedrine spectrum, we assume that feature X of
alternative conformers, labeled AG(b), GG(a), and GG(b), are ephedrine is a distinct conformer (this assumption is shown to
located at slightly higher energies in pseudoephedrine but, in be correct by infrared spectroscopy (see later)).
its diastereoisomer ephedrine, the folded GG(b) conformer is  Partially resolved rotational band contours of features A and
much less stable. As in APE,all four conformers enjoy the X of ephedrine and features A, B, and C of pseudoephedrine
benefit of an intramolecular hydrogen bond directed from the are shown in Figures 4 and 5 alongside those calcutafed
OH group toward the neighboring (methyl) amino group. each of the four low-lying conformers of both molecules.
Conformers in which the direction of the hydrogen bond is Comparison of these contours, taking into account calculated
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Figure 4. Partially resolved rotational band contour of ephedrine Wavenumber Shift / cni’
(features A and X) obtained by laser-induced fluorescence. Also shown
are the calculated contours for the four low-lying conformers (GG(a),
GG(b), AG(a), and AG(b)) using a laser line width of 0.1 ¢mand a
rotational temperature of 3.5 K. Ground-state rotational constants from
HF/6-31G* calculations while excited-state constants and transition
dipole moments are from CIS/6-31G*.
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Figure 5. Partially resolved rotational band contours of pseudo-
ephedrine (features A, B, and C) obtained by laser-induced fluorescence.
Also shown are the calculated contours for the four low-lying
conformers (GG(a), GG(b), AG(a), and AG(b)) using a laser line width
of 0.1 cnmt! and a rotational temperature of 3.5 K. Ground-state
rotational constants from HF/6-31G* calculations while excited-state
. ) o . constants and transition dipole moments are from CIS/6-31G*.
relative energies shown in Figure 2, allows assignment of feature

A in ephedrine and feature B in pseudoephedrine to the bandsection) and for the related molecules norephedrinexagmeth-
origins of the conformational structure, AG(a). Feature X in ylaminomethyl) benzyl alcohdP We tentatively assign these
ephedrine is aSSigned to the less stable extended conformer, AGto combination bands of the OH Stretching mode with a low-
(b), and features A and C of pseudoephedrine are tentativelyfrequency mode of the molecule.

assigned to the band origins of conformers GG(b) and GG(a), The O-H and N-H frequencies calculated ab initio, for each
respectively; their band contours are too similar to allow a more of the three lowest lying conformers, AG(a), GG(a) and AG(b)
confident assignment at this stage (but see the next section)of ephedrine, are listed in Table 3 and are also shown in Figure

Tables 1 and 2 list the rotational constants ane-SSp hybrid 6. The agreement between the-B and N-H frequencies
values for the low-lying conformers of ephedrine and pseudo- recorded for conformer A and those calculated for the structure
ephedrine. AG(a), is excellent, establishing its assignment. The assignment

3.3. IR Spectroscopy of Ephedrine and Pseudoephedrine.  of conformer X is less straightforward. Excellent agreement
(a) Ephedrine. The infrared ion-dip and R2PI hole-burn spectra between the observed and calculatedtDfrequencies is found,
of ephedrine are shown in Figures 6 and 7. In the hole-burn not for the expected structure GG(a), anticipated on the basis
spectra, where the UV laser is scanned while the IR “burn” of its calculated relative energy (see Figure 2), but for the higher
laser is tuned on to peak A, the R2PI signal associated with A energy conformational structure, AG(b). Calculations conducted
is strongly depleted but the small peak X, identified in Figure at higher levels of theory, using larger basis sets and including
3, remains unaffected. It is assigned, therefore, to a secondelectron correlation (see Table 4), did not alter the predicted
distinct conformer. The infrared ion-dip spectra associated with energy ordering. The apparent absence of the folded GG(a)
conformers A and X both display an intense feature, lying at conformation in the jet-cooled expansion will be discussed
3493 and 3540 crt, respectively, and assigned to the-B further in section 4.2.
stretching vibration. Its red shift relative to the-®l stretch (b) PseudoephedrineThe infrared ion-dip and R2PI hole-
frequency in ethanol (lying ca. 365680 cnT1)!® is typical burn spectra of pseudoephedrine are shown in Figures 8 and 9.
of that introduced by an intramolecular H-bond in which the The peaks labeled A, B, and C can be identified as the band
OH group acts as the proton donor to a neighboring amino origins of three distinct conformers and the hole-burn spectrum
group!! The weaker feature associated with conformer A, lying based on the weak feature labeled X, in Figure 3, reveals a
at 3378 cm?, is assigned to the NH stretching mode; its  fourth. The hole-burn spectrum based upon peak A also reveals
frequency can be compared with that of the corresponding bandits association with a weak, low-frequency vibrational progres-
in dimethylamin€® which lies at 3375 cmt. For band X no sion running toward higher frequencies. As with ephedrine, the
sign of the NH stretch is observed. To the blue of the OH band infrared ion-dip spectra shown in Figure 8 are dominated by
a weak doublet feature is observed (3542 and 3552'km  the O-H stretching modes, which again lie in the spectral region
Similar features are observed for pseudoephedrine (see nexexpected for an intramolecular H-bonded interaction, 3437'cm
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Figure 6. Infrared ion-dip spectra of features A and X of ephedrine.
Also shown are calculated stick spectra for the three lowest lying
conformers (GG(a), AG(a), and AG(b)). Calculations were performed
using the B3LYP method with a 6-31G* basis set. OH and NH
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TABLE 3: Experimental and CalculatedVibrational
Frequencies of Ephedriné

A AG@ X  AG(Db) GG(a)
OH stretch/cm! 3493 3503 (111) 3540 3539 (104) 3485 (118)
NH stretch/cm® 3378 3369 (1) —  3322(0.1) 3339 (0.5)

2 The calculated OH and NH frequencies have been scaled by factors
of 0.9734 and 0.956, respectively (derived from previous work on*APE
and phenylalanirt€). Numbers in parentheses are the calculated relative
intensities of the vibrational modes.

for each of the four low-lying conformational structures of
pseudoephedrine, are compared with those recorded experi-
mentally in Table 5, and are also presented in Figure 8. The
excellent agreement between the experimental and calculated
frequencies confirms the assignment of conformer B to the
structure AG(a) (predicted to be the most stable, although band
C in the R2PI spectrum is slightly more intense) and allows
the unambiguous assignment of conformers A and C, to the
two folded structures GG(b) and GG(a), respectively. This
confirms the tentative assignments that were based upon the
rotational band contour simulations shown in Figure 5. Con-
former X can be assigned to the structure AG(b).

The considerable red shift (50 ci) in the relatively intense
N—H band, in changing from conformer A to conformer C,
can be ascribed to the change in the orientation of the terminal
methyl amino group (see Figure 2). The GG(a) structure of
conformer C, which directs the NH bond toward the ring,
allows an NH--7-aromatic H-bonded interaction and the
consequent red shift. Conversely, the large red-shift in th&lO

frequencies have been scaled by factors of 0.9734 and 0.956,frequency,ov = 78 cnt!, which follows the change from

respectively, derived from previous work on APEnd phenylalanin.
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Figure 7. Resonant two-photon ionization (R2PI) hole-burn spectra
of ephedrine. The lower trace shows the spectrum recorded with no
infrared present while the upper panel shows the same for the IR

One-Photon Wavenumber / cm!

frequency tuned to deplete feature A (3493¢&m

(A), 3477 cnt (B), 3515 cnt! (C), and 3454 cmt (X). The
O—H and N-H vibrational frequencies, calculated ab initio,

conformer C to conformer A, is also striking, particularly since
the O—H frequency in conformer C is virtually identical to that

in the corresponding folded, H-bonded GG structure, in the non-
methylated analogue, APE.The GG(b) conformation of A
must allow a rather stronger H-bonded interaction with the
methylamino group than it does in the alternative GG(a)
structure, conformer C (see discussion section 4.1). The resulting
frequency shifts have another consequertbey bring the N-H

and O-H modes in conformer A (GG(b)) into near-degeneracy.
This is particularly clear in the ab initio calculation on conformer
A which predicts near equal (harmonic) frequencies for the two
modes with strong coupling between them resulting in substan-
tial intensity ineachof the two transitions. Such coupling is
not observed experimentally, however; because of this thel O
and N-H frequencies were recalculated using the partially
deuterated molecules, NH/OD and ND/OH. In the event, the
frequencies did not change but the relative intensity of the NH
band fell by approximately 2 orders of magnitude (see Figure
8).

4. Discussion

4.1. Conformational PreferencesThe conformational pref-
erences of ephedrine and pseudoephedrine are controlled by a
delicate balance of competing factors; as with the APE
molecule!! the most important is the intramolecular hydrogen
bond between the hydroxyl and (methyl) amino groups. The
most stable conformers are those in which the hydroxyl group
acts as proton donor. The bonds are strained (typical OHN
angles of 115-12(°) and are slightly longer than found for
the phenol-ammonia clusté(OH — N bond lengths of 210
230 pm versus 199 pm) because of the constraints introduced
by the geometry of the side chain. Superimposed onto this effect
are the interactions of the two methyl groups with each other
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TABLE 4: Relative Energies for the Four Low-lying Conformers of Ephedrine Calculated at Different Levels of Theory

single-point single-point
MP2/6-31G*// MP2/6-311-G**//
HF/6-31G* MP2/6-3HG* MP2/6-311G** B3LYP/6-314+-G*
conformer (kJ mol?) (kJ mol?) (kJ molt) (kJ molt)
GG(a) 1.3 3.1 25 3.1
GG(b) 14.4 15.6 131 15.0
AG(a) 0 0 0 0
AG(b) 4.6 5.8 5.3 5.2

aMP2/6-31G*//HF/6-31G* indicates single-point MP2 calculations at the HF/6-31G* optimized geometry. MP2{&31B3LYP/6-31+G*
indicates single-point MP2/6-3%1G** calculations at the geometries optimized at the B3LYP/6-& level. Zero-point corrections are included
with a scaling factor of 0.976.
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Figure 9. Resonant two-photon ionization (R2PI) hole-burn spectra
OH L i of pseudoephedrine. The lower trace shows the spectrum recorded with
r 1 no infrared present while the three upper traces shows the same for
NGO | NH (50) § the IR frequency tuned to deplete features A (3437 9B (3477
L x10) j | cm1), and C (3515 cmtb), respectively.
R - S T R cooperative effects, the strength of the primary hydrogen-bonded
interaction between the neighboring hydroxyl and amino groups.
Infra-red Wavenumber / cm’! The conformer structure GG(b) provides an excellent example

Figure 8. Infrared ion-dip spectra of features A, B, C, and X of Of these interactions. In ephedrine the conformer lies at high
pseudoephedrine. Also shown are calculated stick spectra for the fourenergy (ca. 14 kJ mot) and is not observed experimentally.
lowest lying conformers (GG(a), GG(b), AG(a), and AG(b)). Calcula- However, the change of one chiral center, in pseudoephedrine,
tions were performed using the B3LYP method with a 6-& basis results in the conformer lying at relatively low energy (3.5 kJ
set. OH and NH frequencies have been scaled by factors of 0.9734m0|_1) where it can be assigned to peak A. Both diastereoiso-

and 0.956, respectively, derived from previous work on ApPdnd - .
phenylalaniné® For conformer GG(b) the unscaled vibrational frequen- mers are destabilized (relative to the structure GG(a)) by the

cies of the OH and NH stretching modes are almost degenerate resultingnteraction of theN-methyl group with the aromatic ring and

in substantial interaction and intensity borrowing. To compensate for by the loss of the NH tor bond. Furthermore, in the GG(b)
this effect, which is not observed experimentally, calculations of the structure of ephedrine the two methyl groups adopt a conforma-
partially deuterated molecule (i.e., NH/OD and ND/OH) were performed tion which is almost eclipsed resulting in the further destabiliza-
to obta_in unperturbed frequencies and intensi_ties for the OH and NH tion of the conformer. On the other hand, the analogous structure
stretching modes. These are shown as bold lines on the plot. in pseudoephedrine has the methyl groups arranged in a fashion
(in a fashion similar to that of buta?® and with the aromatic ~ which is very close to that of the staggered (and most
ring. A weak hydrogen bond between the NH group and the energetically favorable) conformation of butefidt is also
m-system of the ring can introduce a further interaction. This interesting to note that feature A (conformer GG(b)) in pseudo-
interaction (which exists for conformer GG(a) of both ephedrine ephedrine is considerably red-shifted in the UV spectrum (by
and pseudoephedrine) has already been found to have arca. 200 cm?) relative to peak C (conformer GG(a)). Such a
important effect on the conformational landscapes of several shift is an indication of the interaction in conformer GG(b) of
molecules including phenylethylamiA&amphetaminé’ and the N-methyl group with thez-system of the aromatic ring. Such
phenylalaniné® When taken together, such interactions affect discrimination between very similar conformers is in line with
both the relative energies of the conformers and, through the separation of diastereomeric clusters.



550 J. Phys. Chem. A, Vol. 105, No. 3, 2001 Butz et al.

TABLE 5: Experimental and CalculatedVibrational Frequencies of Pseudoephedring

A GG(b) B AG(a) C GG(a) X AG(b)
OH stretch/cm? 3437 3433 (142) 3477 3469(162) 3515 3515 (96) 3454 3458(170)
NH stretch/cm® 3378 3526 (1) — 3326 (0.5) 3328 3332 (2) 3383 3373 (2)

a2The OH and NH frequencies have been scaled by factors of 0.9734 and 0.956, respectively (derived from previous work andAPE
phenylalanin®). The ab initio frequencies for conformer GG(b) were determined from isotopically substituted NH and OH groups to avoid the
mode mixing mentioned in the text. Numbers in parentheses are the calculated relative intensities of the vibrational modes.

The conformer structures GG(a) and GG(b) in pseudo- in addition, the analogue of the “missing GG(a) ephedrine
ephedrine also manifest the effects of such interactions in their conformer”is observed in the R2PI spectrum of norephedrine
infrared absorption spectra with GG(b) having an-1® (ephedrine without th&l-methyl group)?° despite its increased
vibrational frequency that is red-shifted by 78 Threlative to relative energy, predicted by the ab initio calculations (compare
that of GG(a). The distortion of the side chain in GG(b) (OCCN the data listed in Tables 1 and 2). Its band origin is displaced
dihedral angle of 50 at the HF/6-31G* level relative to a  to the blue of the corresponding band in the AG(a) conforifier,
dihedral angle of 57in GG(a)) caused by the interaction of by ca. 50 cm?® (a similar shift is also observed between peaks
the N-methyl group with the aromatic ring results in a sizable B and C of pseudoephedrine in Figure 3). Suspicion falls
shortening of the hydrogen bond (216 pm versus 222 pm) andtherefore on the final assumptions, which tacitly ignore the
a slightly more favorable angléJOHN = 117 versus 119 possibility of conformational relaxatidfr2° during the expan-
for intramolecular hydrogen bonding. sion period and possible changes in the frequencies and

4.2. Conformer Relaxation. The combination of ab initio anharmonicities of low-lying vibrational modes, e.g., hindered
calculations with rotational band contour analysis and infrared methyl rotations. The latter assumption was examined by
spectroscopy has enabled the structural assignment of each o€alculating the relative free energieS®) of each of the low-
the observed conformers. However, the discrepancy betweenlying conformers, assuming all the contributing vibrational
the conformer populations predicted ab initio and the experi- modes were harmonic. The relative energies, shown in Table 1
mental observations in the case of ephedrine requires somefor the four lowest-lying conformers of ephedrine, showed no
comment. The relative energy calculations suggest that threechange in the overall energy ordering of the conformers although
conformers of ephedrine might be expected to appear in its R2PIthe energy separation between GG(a) and AG(a) does increase
spectrum. Assuming a Boltzmann population distribution at the somewhat when the calculated entropy change is included. In
stagnation temperature behind the pulsed valve, the missingcombination with the smaller transition moment of structure
conformer (GG(a)) should be observed with an intensity GG(a) this might help to explain why this conformer could not
intermediate between that of features A and X. The fact that it be observed experimentally.
is not observed has wider implications for the assignment of  The rates/relative probabilities of conformational relaxation
conformers in similar experiments. Simply assuming that the depend on the height(s) of the potential energy barrier(s) which
relative intensities of features in a R2PI or LIF spectrum can separate neighboring conformational minima. If the barriers are
be directly linked to the calculated relative energies of each sufficiently low23 typically <ca. 500 cm?, the interconversion
conformer may result in misassignme#t2>Following such a rates are likely to be fast enough to allow significant relax-
path the natural assumption would be that features A and X of ation242°Some of the predicted low-lying conformers of alanine
ephedrine would be assigned to conformers AG(a) and GG(a),and glycine, for example, which were expected to appear in
respectively. For pseudoephedrine the assignments would betheir microwave spectra recorded under free-jet expansion
A, GG(b); B, GG(a); C, AG(a); and X, AG(b). Such assignments conditions, could not be detected; their absence correlated with
(particularly feature X of ephedrine and features A and C of the predicted availability of low energy barriex$00 cnr?)
pseudoephedrine) are not confirmed by their observed vibra- pathways for their relaxatioff.2
tional spectra or rotational band contours and one or more of On the other hand, the minimum barrier heights calculated
the assumptions implicit in these assignments must be invalid. for relaxation of conformer GG(a) to AG(a) in ephedrine (1055

To recapitulate, the assumptions are as follows: first, that cm™1 (B3LYP/6-31+G*) and 1400 cm* (MP2/6-31-G*)) are
the relative energy ordering predicted by the ab initio calcula- such that facile relaxation woultbt be expected to occur during
tions is reliable; second that the S- S transition dipole the expansion. (The barrier corresponds to the first-order
strengths are insensitive to changes in the side-chain conformadransition state accessed via a clockwise torsion of the side chain
tion; third, that the § — S transition associated with the  about the Gon—Cy—Cs—N dihedral angle, with all remaining
“missing conformer” of ephedrine lies inside the spectral region degrees of freedom left free.) Attempts to find a lower energy
scanned in the R2PI spectrum; and fourth, that the relative pathway proved unsuccessful. Hence relaxation from GG(a) to
conformer populations established in the environment of the AG(a) cannot account for the absence of GG(a) from the
cold, free-jet gas expansion correspond to those maintained atexperimental spectra. We can, however, speculate on relaxation
thermal equilibrium at the initial, preexpansion, stagnation from higherconformational states. That such conformers exist
temperature and finally that the entropies of each conformer at the temperature of the source is indicated by the presence of
are similar enough that the relative enerdd ~ AG, the free OH stretching modes in the gas-phase IR absorption
relative free energy. The first assumption is unlikely to present spectral® On the other hand, they were not detected in the jet-
a problem since the calculated relative conformer stabilities were cooled ephedrines. Collisional relaxation of such conformers
unchanged by increasing refinements in the level of theory used(as well as those that are endowed with an intramolecular
(see Table 4). Similarly, the calculated transition dipole strengths hydrogen bond) into the low(er)-lying structures during the free-
of each of the ephedrine conformers, listed in Table 1, are all jet expansion, would result in non-Boltzmann population
of comparable magnitude (although the transition moment distributions?3-25 and lead to a relative increase in the popula-
alignments are sensitive to conformational change). The third tion of the lower-lying conformers, A (AG(a)) and X (AG(b)).
assumption is also unlikely to be wrong since the R2PI spectra The absence of conformer GG(a) might then be attributed to a
of both molecules were scanned over a wide frequency range:lack of energetically favorable pathways, allowing its population
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via relaxation from the weakly populatetligher energy this absence are not clear although a relatively weak transition
conformations. moment and the lack of a facile relaxation pathway for higher

4.3. Relevance to Biological Processedhe markedly lying conformers to the low-lying structure may play a role.
different conformational landscapes in the diastereoisomers, ) )
ephedrine and pseudoephedrine, reflect the influence of local Acknowledgment. We are grateful for the financial support
molecular geometry changes on the balance of nonbondedprovided by EPSRC (N.A.M., P.B.), GlaxoWellcome (P.B.)
interactions within the two molecules. These, in their turn, and the Leverhulme Trust and for many helpful discussions with
influence the structure and flexibility of their ethanolamine side Dr. Evan Robertson and Professor George Tranter.
chains, at least in the gas phase. In the condensed phas
dispersive, and particularly H-bonded interactions with the
solvent might also be expected to have a substantial effect on (1) Snyder, S. HDrugs and the BrainScientific American Library:
the conformational landscape. Indeed, when the protic solventNe"\Ez\)(O;‘éﬁg}?gc A Saenger, Whiydrogen Bonding in Biological
molecule, _vvater, is bound to an ethanola_mlne, as in the 1_:1 Structures Spri’nge'r-vé’rlag: Berlin, 1991.
complex with APE, the preferred conformation of the side chain (3) Zigmond, M. J.Fundamental NeuroscienceAcademic Press:
switches from the extended AG structure to the folded GG Longlgnél%% A DA Re. Ph | Toxicol1997 37 421

1 H H trosberg, A. nnu. Re. armacol. 10xico s y .

struqturel. Recent studies of muIt_lplyg3 hydrated cIL_Jsters of the (5) Al Rabaa, A Le Barbu, K.: Lahmani, F.. Zehnacker-Rentien, A.
pep_tlde analogggl-benzylformamldé, also reveal_ its confor_- J. Phys. Chem. A997, 101, 3273.
mational sensitivity to H-bonded and electrostatic interactions (6) Le Barbu, K.; Brenner, V.; Millie, P.; Lahmani, F.; Zehnacker-

; i i Rentien, A.J. Phys. Chem. A998 102 128.
Wlth. the bound SOI.Vem mOIeCUI.eS' The m.o.re. erXIbIe the .Slde (7) Lahmani, F.; Le Barbu, K.; Zehnacker-Rentien JAPhys. Chem.
chain, the greater its conformational sensitivity to interactions A 1999 103 1991.
with its neighbors. This may be crucial in a real biological (8) Fluka Chemicals Catalogue, 1999/2000. '
system where “solvent” molecules (water) may bind to the lggfégﬁfgfmanﬁ- B.; Ragunathan, N.; Alexandei-&aday Discuss.
neurotransmitter, whlch itself, may be bound as a ligand at (a) (1) NIST Mass Spectroscopy Data Center. Stein, S. E., Director.
protein receptor site(s). Computer modedppear to suggest  Infrared and Mass Spectra. In NIST chemistry WebbobkST standard
that the binding site of adrenoreceptors requires the ligand to reference databas#allard, W. G., Linstrom, P. J., Eds.; National Institute
have an extended side chain, with the amino group as far from of Standards and Technology: Gaithersburg, MD 20899 (http://web-

. . oY L book.nist.gov); Febuary 2000, No. 69.

the ring as pQSSIbIe. This is the preferred cpnform_amon inboth ""(11) Graham, R. J.; Kroemer, R. T.. Mons, M.; Robertson, E. G.; Snoek,
“free” ephedrine and pseudoephedrine, but it remains to be seerL. C.; Simons, J. PJ. Phys. Chem. A999 103 9706.
whether this is maintained when they are bound to water 1051133'\80%’ M.; Robertson, E. G.; Simons, JJPPhys. Chem. 2000
mole_cules_ and/or to _model adrenoreceptor bln_dlng S|tes._Under (13) Robertson, E. GChem. Phys. Let200q 104, 299.
physiological conditions, there are notable differences in the  (14) Hockridge, M. R.; Knight, S. M.; Robertson, E. G.; Simons, J. P.;
scale of response, when the two diastereoisomers are bound tdcCombie, J.; Walker, MPCCP 1999 1, 407.

; o feinE i v (15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
adrenoreceptor sité%This is not too surprising in view of the Johnson. B. G.: Robb, M. A Cheeseman. J. R.: Keith. T.. Petersson. G.

chirality of both the receptor sites and the ligands, but their A : Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
differing conformational landscapes (and side chain flexibility) V. G.; Ortiz, J. V.; Foresman, B.; Cioslowski, J.; Stefanov, B. B.;

revealed through the gas-phase experiments, may also contribut@{m%ya'\';k% a, ﬁr};drcehsalllacfmggbllglgiepeengs’ CG\c()m Qg;ﬁtlsa,;._ R/A ; r(t?iﬂeg, \£V:;

e
References and Notes

to their different physiological behavior. Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision C.3; Gaussian,
5. Conclusions Inc.: Pittsburgh, PA, 1995.

o . (16) Snoek, L. C.; Robertson, E. G.; Kroemer, R. T.; Simons, Chiem.
A combination of R2PI spectroscopy, infrared hole-burn and Phys. Lett200Q 321, 49.

ion-dip spectroscopy, and ab initio calculation has led to the 20(()%27)10\238112; Im, H. S.; Foltin, M.; Bernstein, E. B. Phys. Chem. A
identification and structural assignment of two conformers in (18) Dickinson, J. A.; Hockridge, M. R.; Kroemer, R. T.; Robertson, E.

ephedrine and four in pseudoephedrine. Each one is stabilizeds.; Simons, J. P.: McCombie, J.; Walker, N.. Am. Chem. Soc1998

by intramolecular hydrogen bonding between the neighboring 12((113532;- LR A G RN Roth. K. Paul 3. B Ch c
H H H rovencal, R. A.; Casaes, R. N.; Rotn, K.; Paul, J. b.; apo, C.

hydroxyl and methylamino groups, with the OH group actmg N.; Saykally, R. J.; Tschumper, G. S.; Schaefer, H. F. JIIPhys. Chem.

as the proton donor, and both molecules adopt an extended sidea 200q 104 1423.

chain conformation (AG(a)) at their global minima. The (20) Butz, P.; Kroemer, R. T.; Macleod, N. A.; Robertson, E. G.; Simons,

i i i ineJ. P.J. Phys. Chem. Asubmitted for publication.

a%cesskllbl_e con(fjorrrrllatlonal strrlljct?reﬁ of_ the erxllbIe Ietharllnc()lllamme (31) hwasaki, A Fuji. A- Watanabe, T Ebata, T.. Makami,NPhys.

side chain and the strength of the intramolecular hydrogen cpem 1996 100, 16053.

bonding along the chain are both dependent upon the delicate (22) Morrison, R. T.; Boyd, R. NOrganic Chemistry6th ed.; Prentice

balance of steric and nonbonded interactions, involving the Hall |ntematflfona|3 Ne\lfv 39fsey1.199%- . } o

methyl groups on the side chain with each other, and with the Ph§/253%9|38093” Ffé;li'z'KOtS' T.D.; Emilsson, T.; Gutowsky, H..BChem.

aromatic ring, and also involving the weak H-bonded interaction  (24) Godfréy’ P.D.; Brown, R. D.; Rodgers, F. M.Mol. Struct.1996

between the (CEJNH group and ther-electrons on the aromatic 376(12;3)5.(3 diev. P B R0 Am. Cherm. S04998 120, 10724

i i i i i oarrey, P. D.; brown, R. . AM. em. S0 .

ring. For ephedrine, a discrepancy exists in that the folded (26) Robertson, E. G.- Hockridge, M. R.: Jelfs, P. D.: Simons, . P.

conformer (GG(a)), which at all levels of theory is expected to ppys ‘chem. Ain press.

be low-lying, is not observed experimentally. The reasons for  (27) Vansel, S. S.; Feller, D. BBiochem. Pharmacotl999 58, 807.



