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Microwave spectra have been recorded for 1-phenyl-2-propanol, methamphetamine, and 1-phenyl-2-propanone
from 11 to 24 GHz using a Fourier-transform microwave spectrometer. Only one spectrum from a single
conformational isomer was observed for each species. The rotational transitions in the spectrum of 1-phenyl-
2-propanone were split into separate transitions arising from the A- and E-torsional levels of the methyl
rotor. The fit of the E-state transitions to a “high-barrier” internal rotation Hamiltonian deternvnes

238(1) cm! and rotor-axis angles @, = 87.7(55, 8, = 50.0(5}, andf. = 40.0(5). Ab initio optimizations
(MP2/6-31G*) and single-point calculations (MP2/6-3ttG**) were used to model the structures of 1-phenyl-
2-propanol, methamphetamine, and 1-phenyl-2-propanone. The lowest energy conformations of these species
were found to be stabilized by weak Gkt, NH—m, and CH-7 hydrogen-bonding interactions. Moments of
inertia, derived from the model structures, were used to assign the spectra to the lowest energy conformation
of each species. A series of MP2/6-31G* partial optimizations along the internal rotation pathway were used
to estimate the barrier to methyl rotation to be 355 &ffior 1-phenyl-2-propanone.

Introduction 1

w

Methamphetamine is a well-known synthetic stimulant (Fig-
ure 1B); because of the potency of its pharmacological effect, (A)
illegal methamphetamine production has become a serious OH
criminal justice problem in many areas. Methamphetamine
stimulates the release of dopamine, adrenaline, and serotonin
and blocks their re-uptake by the central nervous systém.
Methamphetamine binds to the D1 and D2 receptevhjch 1
are part of the 7TM superfamily of receptdravhile the o 2
structures of 7TM receptor proteins within membrane environ- B)
ments are not fully known, it is thought that there are seven
a-helical regions which are embedded in the membrane. The A
binding of neurotransmitters and other ligands such as meth-
amphetamine is thought to occur through hydrogen bonding to
serine and aspartic acid residues in one of the transmembrane
helices. Some, as yet unknown, change in receptor protein
conformation is stimulated by ligand binding, and this change
initiates the signal transduction into neural célls. ©
A thorough understanding of the conformational structures
of methamphetamine and their relative energies may add
additional insight into the nature of its binding to the receptors
as well as the energy changes that drive the binding. Confor-
mational analysis of methamphetamine has previously been
conducted at the HF/3-21G level as part of an investigation of
the molecular origin of the increased biological activity of
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Figure 1. Molecular structures of (A) 1-phenyl-2-propanol, (B)
methamphetamine, and (C) 1-phenyl-2-propanone.

methamphetamine over that of amphetantinBull et al.

proposed that the additional methyl group in methamphetamine
* To whom correspondence should be addressed. E-mail: mtuberge@stablllzes _the conflguratlon best suited for _receptor binding.

kent.edu. Takahashi et al. investigated the conformations of structurally
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Survey scan TABLE 1: Spectroscopic Constants of 1-Phenyl-2-propanol
rotational rotational
parameter value parameter value
A/MHz 3185.48214(2)  d4kHz —0.0004(1)
WMJWUWLJ,WMU Lok L!wwwmlul«bmwdwludw WJJ » BIMHz  752.074283(9) ow/kHz 0.57(3)

C/MHz 687.844758(9)  o/MHz 1.8

Simulation c-type only AjkHz 0.06601(2) no. of transitions 59

} in the fit
R LT R 275
D S ! ' AxlKHz 0.3973(18)
12 13 14 15 16 17 18 19 20 a2 The numbers shown in parentheses are type A uncertainties with

) k = 1 coverage or & (ref 14).
Frequency in GHz

Figure 2. Survey scan of methamphetamine from 12 to 20 GHz. ~ amphetamine was prepared usifgN-methylamine hydro-
chloride (Cambridge Isotope Laboratorié3).
CH—x hydrogen-bonding interactions contribute to the stability )
of the lowest energy conformations. Computational Method
There have been no experimental investigations of the Model structures for 1-phenyl-2-propanol, methamphetamine,
conformations of 1-phenyl-2-propanol, methamphetamine, and and 1-phenyl-2-propanone were generated from ab initio
1-phenyl-2-propanone (parts#C, respectively, of Figure 1).  calculations using the Gaussian03 suite of progtaros the
The high spectral resolution of Fourier-transform microwave Itanium-2 cluster at the Ohio Supercomputer Center. Optimiza-
spectroscopy can distinguish rotational spectra arising from tions were conducted at the MP2 level with the 6-31G* basis
different conformational structures of a given species, and the set; vibrational frequencies were calculated to distinguish
high sensitivity of the technique has been used to detect spectreconformational minima on the potential energy surface from
arising from higher energy conformations in addition to the saddle points, as well as to calculate the zero-point energy
lowest energy structure® correction. Single-point calculations at the MP2/6-3#1G**
Finally, tunneling splittings from methyl group internal level were performed on the optimized geometries to obtain
rotation can often be resolv&d? providing quantitative data ~ more precise conformational energies; the single-point energies
about the barrier height to internal rotation. The torsional barrier, Were corrected for zero-point energies using the MP2/6-31G*
in turn, may provide a measure of the strength of -G+ frequency results.

hydrogen bonds in the case of 1_pheny|_2_propanone_ Gauche and anti Configurations of the side chains were used
as starting structures for the optimizations. Nine unique
Experimental Method structures with gauche and/or anti configurations can be formed
by torsions about the £C, and G—0O bonds of 1-phenyl-2-
Rotational spectra of methamphetamihenfethyl-1-phenyl- propanol. Eighteen unique structures are possible for meth-

2-propanamine).®N-methamphetamine, 1-phenyl-2-propanone, amphetamine because of torsions about the @ and G—N

and 1-phenyl-2-propanol were recorded in the-24 GHz range bonds as well as the exchange of configuration at the amino
using one of the mini Fourier-transform microwave (FTMW) nitrogen. Because of the planarity of the carbonyl group in
spectrometers at NISH. Survey scans were recorded by 1-phenyl-2-propanone, only two unique orientations of the
averaging the free induction decays for-18D nozzle pulses  methyl group are possible about the-C, bond.

followed by Fourier transformation; the frequency step size for

these scans was 500 kHz. A survey scan of methamphetamineResults and Discussion

in the range 1220 GHz is shown in Figure 2. 1-Phenyl-2-propanol Fifty-nine rotational transitions were
The molecular beam was produced by a 1.2 mm diameter measured for 1-phenyl-2-propanol in the 112.0 GHz
pulsed valve (General Valve series®fjtted with a reservoir  frequency range. All three dipole selection rules were observed
nozzler®* Samples were individually placed in the heated including 25a-, 20 b-, and 14c-type rotational transitions; the
reservoir nozzle mounted behind one of the mirrors of the assigned transition frequencies of 1-phenyl-2-propanol are listed
resonant cavity, which also serves as a vacuum chamber flangein Supporting Information Table 1. Rotational constants and
This arrangement provides for coaxial injection of the molecular quartic centrifugal distortion constants of the Watson asymmetric
beam and yields typical line widths of 3@0 kHz for the rotor Hamiltonian (1 representatio§ were fit to the transition
spectrometer that was used in this wétknder these condi-  frequencies using Pickett's SPFIT routifién the CALPGM
tions, the type B (coverage factkr= 1 or 1o) uncertainty on  suite of programs8 and these constants are given in Table 1.
the frequency measurementstid kHz 4 1-Phenyl-2-propanol  No unassigned transitions that could be assigned to a second
was heated to 96C, methamphetamine was heated to 1290 conformation or separate A- and E-torsional states were
and 1-phenyl-2-propanone was heated t¢@0Sample vapor  observed in the spectrum.
was entrained in a helium/neon carrier gas mixture (20%/80%  Nine gauche conformers of)1-phenyl-2-propanol were
by volume) with a backing pressure of 200 kPa for expansion optimized at the MP2/6-31G* level. These conformations are
into the cavity. The rotational temperature in the expansion described by approximate values for the torsional angles
under these conditions is typicalty2 K. C,—C1—C,—0 andr, = C;—C,—0O—H (g, +60°; g, —60°; a,
1-Phenyl-2-propanol was used as purchased from Aldrich. 180°). These two torsion angles determine the positions of the
1-Phenyl-2-propanone was prepared from 1-phenyl-2-propanolhydroxyl and methyl groups as well as the orientation of the
by oxidation with sodium dichromate in the presence gb6,. hydroxyl hydrogen. The relative energies of the MP2/6-31G*-
Methamphetamine was prepared from 1-phenyl-2-propanol by optimized geometries and the corresponding MP2/6+3#G**
reductive amination with sodium cyanoborohydride and an single-point results, corrected for zero-point energies, are listed
excess of methylamine hydrochloride in methard@N-meth- for each §-1-phenyl-2-propanol conformer in Table 2. Cal-
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TABLE 2: Relative Energies and Dipole Moment
Projections of (S)-1-Phenyl-2-propanol Conformers

Tubergen et al.

TABLE 3: Spectroscopic Constants of
14N-Methamphetamine and *N-Methamphetamine

AE¥ AEP/ ual o ud  Almd rotational
conformer kJ mol? kJ mol? D D D u Az parameter 1“N-methamphetamine '*N-methamphetamine
og 0.0 00 —-136 126 025 6.6 AMHz 2121.7105(8) 2113.2138(12)
gg 2.0 3.4 1.30  1.40 0.14 90.8 B/MHz 613.2421(2) 610.7054(3)
ga 7.1 53 122 -1.07 —-0.82 824 C/MHz 575.5215(2) 572.6969(4)
aa 7.6 4.2 035 034 168 92  AykHz 0.0707(7) 0.0703(11)
ad 7.7 4.2 1.39 —1.07 -0.26 11.3 AsxlkHz 0.096(8) 0.125(14)
ga 7.9 72 -131 -0.85 —1.04 156 AxlkHz 0.35(5) 0.37(8)
ag 8.1 5.6 1.10 1.39-0.30 11.1 8ykHz 0.0022(2) 0.0007(8)
gg 9.1 81 —046 —064 —151 77.2 OxlkHz 0.23(4) 0.27(9)
(oo} 10.8 109 -0.95 -0.77 1.40 159 Yad MHZ 1.076(21)
2 Relative to the ggconformer; MP2/6-31G*, includes zero-point ijl\'\;llni 2_227%(11(1233)
energiesP Relative to the ggconformer; MP2/6-313++G**, includes )éijz 38 14
zero-point energies (MP2/6-31G¥). no. of transitions 31 15
in the fit

(A)

(B)

)
gg
Figure 3. Structures of the (A) daand (B) dg conformers of 1-phenyl-
2-propanol.

a2 The numbers shown in parentheses are type A uncertainties with
k = 1 coverage or & (ref 14).

I«(calcd) k = a, b, andc). As can be seen from Table 2, the
gd structure reproduces the phenylpropanol moments of inertia
best.Alms= 6.6 u A2 for gg, but Alims > 9 u A2 for the other
eight structures. The dipole moment projections predicted for
gg are also consistent with the observation of transitions with
all three dipole selection rules.

The ab initio optimizations of 1-phenyl-2-propanol reproduce
the conformer energy ordering observed by Takahashi ®t al.
In particular, we observe that the two lowest energy conformers,
ggd and dg (Figure 3B), orient the hydroxyl group toward the
m-electrons, forming a weak intramolecular hydrogen bond. The
OH—u hydrogen bond is directed toward the phenyl ring above
the midpoint of the ¢—Connobond, and this interatomic distance
has been used to characterize the -©H intramolecular
hydrogen bond. This hydrogen bond distance is 2.406 A for
the gg conformer and 2.455 A for the'g conformer. While
these hydrogen bond distances are somewhat (25%) longer than
those found for strong hydrogen bonds from OH, they fall within
the range of weak hydrogen bonds observed in the crystal
structures of biological moleculé$.

Methamphetamine Thirty-one rotational transitions of the
normal species of methamphetamine were measured in the
10.5-18.5 GHz frequency range shown in Figure 2. Because
of the | = 1 nitrogen nucleus, nuclear quadrupole hyperfine
interactions split the 10a-type and 21c-type rotational
transitions into 88 hyperfine components. The assigned transi-
tions of methamphetamine are listed in Supporting Information
Table 2. The nuclear quadrupole coupling constants, rotational
constants, and quartic centrifugal distortion constants of the
Watson asymmetric rotor Hamiltoniari (epresentatiod§ were
simultaneously fit to the transition frequencies using SPEIT,
and these constants are given in Table 3. This fit indicates that
most of the observed transitions can be assigned to a rotational

culated principal-axis projections of the molecular dipole spectrum arising from a single conformational isomer of
moment and root-mean-square average differences betweernethamphetamine. Up to 10 more transitions were measured
predicted and measured moments of inertia are also listed forbut could not be assigned to separate A- and E-torsional states

each conformer in Table 2.

or a spectrum of a second conformer. It is believed that these

The gg conformer of 1-phenyl-2-propanol (Figure 3A) was additional transitions arise from impurities or decomposition
found to be the single lowest energy structure at both the MP2/ products.

6-31G* and MP2/6-31++G** levels, while the remaining
eight conformers were 2.0 kJ ndlor more above the gg

Fifteen rotational transitions were measured for tAs-
labeled methamphetamine; these transitions are listed in Sup-

minimum. For comparison with experiment, root-mean-square porting Information Table 3. Rotational constants and the quatrtic
averages of the differences between the experimental momentsentrifugal distortion constants were fit to the transition frequen-
of inertia and those calculated from the ab initio structures were cies using SPFIT/ and these constants are given in Table 3.

calculated and are given asl.ms, Where Al = I(exptl) —

The spectrum of*N-methamphetamine was contaminated by
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TABLE 4: Relative Energies and Dipole Moment
Projections of Methamphetamine Conformers

A
AE?/ AEY/ wal o ud Alind &
conformer kJmol? kJ mot? D D D u A2
gagd 0.0 0.0 —0.44 -0.12 -0.95 5.5
gag 2.8 5.4 023 050-0.84 51.9
Jgg 3.1 34 —070 —-026 072 954
ada 5.1 4.2 0.20 —0.47 0.99 72.0
gda 5.1 5.4 —1.47 0.45 0.10 58.9
aagd 5.9 5.2 0.07 —1.02 —-0.35 118.0
agg 6.3 7.1 —0.33 —-0.25 -0.92 73.6
aag 6.5 74 —-0.25 -0.79 0.70 117.3
gga 7.6 4.6 0.98 0.05 —0.85 75.9
999 7.7 71 —067 003 079 387
gag 8.0 10.8 1.60 —0.24 -0.2 26.9
gagd 8.2 9.3 1.27 —0.43 —0.53 26.4
adg 11.1 83 -113 -040 04 764
agd 12.4 126 —039 -0.03 —0.96 88.6 (B)
aga 12.5 12.7 0.29 0.78 0.74 87.7
gga 14.6 15.1 1.58 —0.29 —0.27 38.8
gdga 185 158 -097 -0.33 —0.67 139.2
g'ag 21.7 17.8 1.05 —-0.20 0.27 137.7

@ Relative to the gdgconformer; MP2/6-31G*, includes zero-point
energies’ Relative to the gdgonformer; MP2/6-313+G**, includes
zero-point energies (MP2/6-31G*).

13 unassigned transitions. These unassigned transitions were
often close to the transition frequencies of the dominant
conformer of 15N-methamphetamine, but they could not be
assigned to separate A- and E-torsional states or to a second
methamphetamine conformer. Instead it is likely that the
unassigned transitions in tH&N-methamphetamine spectrum ©
arise from contaminants in the impure sample used for
spectroscopy.
The 18 unique conformers found by optimization of gauche
methamphetamine structures are listed in Table 4. These
structures can be described by approximate values for the
torsional angles; = C,—C;—C,—N, 7, = C;—C,—N—-C, and
173 = C;—C,—N—H (g, +60°; ¢, — 60°; a, 180). The relative
energies and calculated projections of the dipole moment onto
the principal inertial axes of the molecule are listed for each
conformer in Table 4; the relative energies are corrected for gjgyre 4. Structures of the (A) gag(B) gag, and (C) tifg’ conformers
zero-point energies. The theoretical-versus-experimental root-of methamphetamine.
mean-square differences in the moments of inertia for the two

isotopic species are also given in Table 4. Finally, relative to be much higher in energy, and all 17 higher energy
energies from the single-point calculations at the MP2/ conformers have moments of inertia that differ substantially
6-311++G** level are also given in Table 4. from the observed values.

The gagconformer (Figure 4A1; = 61°, 7, = =169, 13 = The larger basis set (6-3tHG**) increases the relative
—51°) was found to have the lowest energy with both the energy of the tag conformer and partially changes the energy
6-31G* and 6-313++G** basis sets. The structure of this ordering of the higher energy conformers. The energy ordering
conformer predicts moments of inertia that agree best with the of methamphetamine conformers was also found to be somewhat

experimental moments of inertia of bothN- and °N- different from the ordering recently calculated at the HF/3-21G
methamphetamineAlms = 5.5 u A for the gag conformer. level. The calculations of Sull et 4lidentify the g'g~a (using
The model structure also correctly predicts the strorigpe Sull's notation) conformation of protonate®)¢methamphet-

and weakea-type transitions that were experimentally observed. amine to be the lowest energy conformer; this structure is
The gag conformer of methamphetamine is stabilized by an comparable to the optimized dagjructure of §-methamphet-
NH—z hydrogen bond similar to the OHz intramolecular amine. The energy ordering of the higher energy methamphet-
hydrogen bond observed in the'ggfructure of 1-phenyl-2-  amine conformers in ref 4 differs significantly from that of Table
propanol. The hydrogen bond distance to the midpoint of the 4 due to the effect of protonation and the small basis set that
Cy—Corno bond is 2.417 A in this conformer of methamphet- was used.
amine. The next two lowest energy conformers at the MP/6-  1-Phenyl-2-propanone The rotational spectrum of 1-phenyl-
31G* level, dag and ¢'g (Figure 4B,C), may also be stabilized 2-propanone was measured from 12 to 25 GHz. Unlike the
by NH— hydrogen bonds; the hydrogen bond lengths in these spectra of 1-phenyl-2-propanol and methamphetamine, the
structures are 2.556 and 2.598 A, respectively. Ttag gind spectrum of 1-phenyl-2-propanone contained additional split-
g'd'g structures are about 3 kJ mbdhigher in energy than the  tings from the A- and E-torsional levels of the methyl top. The
gad structure because thez @ethyl group is gauche to the A-state was assigned using the JB95 spectral fitting progfram
phenyl ring. The remaining conformer structures are calculated and fit to a Watson asymmetric rotor Hamiltoniahrépresenta-
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TABLE 5: Rotational Parameters for the A- and E-States of

1-Phenyl-2-propanone

Tubergen et al.

: (A)
rotational
parameter A-state E-state

A/MHz 2855.4487(5) 2855.3093(4)
B/MHz 832.9527(3) 832.9159(3)
C/MHz 748.9478(2) 748.8596(2)
AykHz 0.161(2) 0.160(1)
AslkHz 1.268(7) 1.245(7)
AxlkHz 1.17(2) 1.23(2)
OikHz 0.0313(6) 0.0320(6)
Ox/kHz 0.85(7) 0.82(7)
DJ/MHz —2.341(1)
Dy/MHz 11.26(2)
DJ/MHz 12.006(4)

aacl KHZ —5.3(37)

aac/kHZ —8.7(13)
GecedlkHz —3.1(2y
Vi/lcm™t 238.(1)
F (fixed) 5.301
6./deg 87.7(3
Oy/deg 50.0(5) (B)
6J/deg 40.0(5)
olkHz 3 2
no. of transitions 50 58

in the fit

aThe operators which these parameters multiply &g.P.°,
GaarPa?Py + PaPuPa + PyP2?), etc.® The numbers shown in parentheses
are type A uncertainties witk = 1 coverage or & (ref 14).¢The
rotational parameters for the E-state are given in the principal-axis
frame.d These cubic terms are only marginally determined, but by
including them in the fit, the observee calculated values are all within
the expected type Bo(= 2) experimental uncertainty af8 kHz (ref
14).¢Angle of the methyl top with respect to the corresponding
(subscripted) principal axis.

tion).1® The active selection rules for the A-state were predomi-
nately b-type, with weakera-type transitions also being
observed. The 50 transitions used in the fit are listed in
Supporting Information Table 4, and the resulting rotational
parameters are given in Table 5. TABLE 6: Relative Energies and Dipole Moment
The A-state transitions were accompanied by a second set ofProjections of 1-Phenyl-2-propanone Conformers

Figure 5. Structures of the (A) gauche and (B) anti conformers of
1-phenyl-2-propanone.

lines that were _typic_a_lly within 1 MHz of their positi_ons and AE¥ AEY/ ual sl ud  Almd
therefore were identified as belonging to the E-torsional state conformer kJmol* kJmoft D D D u A2
of the methyl rotor. It was straightforward to assign the E-state = g5y che 0.0 0.0 162 —2.71 0 9.9
spectrum since the displacements from the corresponding A-state anti 45 6.1 0.88 231 172 443

lines were not so large as to obscure the overall patterns. As . . . .
described elsewhefethe E-state parameters of the “high- Relative to the g conformer; MP.2/6'316 ; 'nCIUd.e-S zero-point

- : : ! - p o > o g energies? Relative to the g conformer; MP2/6-3%3#G**; includes
barrier” Hamiltonian were fit to 58 transitions in the principal-  zero-point energies (MP2/6-31G*).
axis frame. The three (linear operator) terig Dy, and D
plus two (higher order) cubic terms in the torsienotation from the amide methyl (N-terminus) rotor of methamphetamine.
coupling were necessary to obtain spectral predictions com- Perhaps the reason for these differences can be understood in
mensurate with the quality of the A-state fit. In addition to terms of the nonplanarity of these fragments relative to those
transitions obeying- andb-type selection rules, a feartype of the peptide bond.
transitions were located as a result of quantum-state mixing To explore these structural issues, ab initio calculations were
caused by these additional operators. performed on the two unique conformers of 1-phenyl-2-

The E-state transition frequencies are listed in Supporting propanone. These structures can be described as gauche (g;

Information Table 5, and the rotational parameters from the fit Figure 5A) or anti (a; Figure 5B) with respect to the torsional
are given in Table 5. Notice that, of the three linear terms, the angler; = C,—C;—C,—Ca. The relative energies of the two
D, term is the smallest in magnitude, indicating the methyl rotor conformers are given in Table 6: the gauche structure was found
axis is nearly perpendicular to theinertial axis. Using a to be 4.5 kJ mol! more stable than the anti configuration at
separate prografhthe torsional barrier and rotor axis angles the MP2/6-31G* level, and the MP2/6-3%+#G** single-point
relative to the principal-axis frame were obtained from the A- calculation indicates that g is more stable than a by 6.1 k3ol
and E-state parameters and are given in Table 5. Indeed, theThe gauche structure is consistent with the three experimental
angles place the rotor axis withirf ®f the b,c-inertial plane. moments of inertiaAl,ms = 9.9 u A2 and the dipole moment
Furthermore, it is interesting that the torsional barrier of 238(1) projections (see Table 6), while the anti structure is inconsistent
cm1is roughly 3-fold larger than barriers reported for methyl with the experimental dataA(;ms = 44.3 u £9).
rotors attached to the C-terminus of peptide bottg?Even The torsional angler; changed from 60 to 81° upon
more surprising is the complete absence of resolvable splittingsoptimization of the gauche structure. The methyl rotor makes
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Figure 6. Relative energy of the gauche conformer of 1-phenyl-2-propanone as a function of the methyl internal rotation coordinate.

an angle of 80with thea-inertial axis in the optimized structure;  of ab initio partial optimizations along the internal rotation

the rotor axis intersects both tle and c-inertial axes with a pathway ¥ = 355 cnt?).

46° angle. The corresponding rotor-axis angles for the anti
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