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Purpose. This work was performed 1) to determine the conforma-
tional preferences of the threo and erythro isomers of the dopamine
reuptake blocker methylphenidate, 2) to determine the crystal con-
formation of the threo isomer, 3) to confirm the absolute configura-
tion of the more active rhreo enantiomer, and 4) to incorporate the
compound into a previously determined pharmacophore for dopa-
mine reuptake blockers.

Methods. A conformational analysis was performed with the MM2-
87 program, a crystal of the (—)-threo HCl salt was analyzed by
x-ray crystallography, and the global minima of the (+)-threo isomer
and the potent dopamine reuptake blocker CFT were superimposed.
Results. In the global minimum of the threo isomer, the carbony!
oxygen of the ester group is oriented toward the ammonium group as
was also found in the crystal state. In the erythro isomer, the ester
group prefers an extended conformation relative to the piperidine
group. The absolute configuration of the biologically active (+)-
threo enantiomer was confirmed to be R,R. The atomic sequence
from the amine group through the ester group is identical in the
active enantiomers of methylphenidate and CFT.

Conclusions. The dopamine reuptake protein requires a precise ori-
entation of the ammonium and ester groups but allows considerable
leeway in the position of the phenyi ring. The pKa of the threo isomer
is predicted to be higher than that of the erythro isomer.

KEY WORDS: methylphenidate; molecular mechanics; x-ray crys-
tallography; dopamine reuptake blockers; absolute configuration;
pharmacophore.

INTRODUCTION

Methylphenidate (Scheme I) is a central nervous system
stimulant that is the drug of choice for the treatment of at-
tention deficit disorder in children. The mode of action of the
compound is believed to be its ability to block the reuptake
of the neurotransmitter dopamine into presynaptic neuronal
stores resulting in the enhanced activation of dopaminergic
neurons. The compound is highly potent in receptor binding
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assays using tritiated cocaine (1), in schedule-controlled be-
havioral experiments (2), and in self-administration studies
(3). This high potency exists despite the compound being
tested as a racemate, which implies that the active enantio-
mer has twice the affinity, and despite the lack of phenyl
substituents, which generally enhance the potency of dopa-
mine reuptake blockers (4,5).

In a previous study of dopamine reuptake blockers (4),
conformational analyses were performed on a number of
compounds than contain two phenyl rings (3-phenyl-1-
indanamines such as LU 19-005, 1-amino-4-phenyltetralins,
hexahydropyrrolo[2,1-alisoquinolines, a nomifensine ana-
log, and hexahydro[1,2-blpyridines) and a common, energet-
ically favored three dimensional structure was found which
could explain their common activity (4). The pharmacophore
was also able to explain why secondary amines were more
potent than tertiary amines in some classes of compounds.
That is, an added N-alkyl group in these compounds was
found to prefer the position required for the ammonium hy-
drogen. Conformational analyses were also performed for
cocaine and CFT (Scheme I) which contain a single phenyl
ring and either one or two ester groups. It was found that the
methyl ester groups in cocaine and CFT appear to corre-
spond to the second phenyl ring of the other compounds in
that they occupy similar three dimensional positions. Struc-
turally, methylphenidate appears to be similar to cocaine and
CFT (Scheme I) with which it shares an ester group and this
work was initiated to incorporate the compound into the
pharmacophore. It should be noted that while the axial meth-
yl ester group is required for significant blockade of neuronal
dopamine reuptake in cocaine and related compounds (6,7),
recent work has shown that replacement of the ester by
other groups, such as vinyl, can also produce potent dopa-
mine reuptake blockers (8,9).

Methylphenidate contains two asymmetric carbon at-
oms and, therefore, will exist as two pairs of diastereomeric
enantiomers. While the two racemates exhibit similar pres-
sor effects and lethality (10), most other pharmacological
activities appear to be primarily associated with the threo
isomer whose ( + )-enantiomer has been found to contain the
stimulant properties (10-17). By conversion to a known
compound, the absolute configuration of the active enantio-
mer was determined to be R,R (18).

Due to the presence of single bonds about which rota-
tion can readily occur, methylphenidate is conformationally
flexible and it was of interest to determine the conformation
that is responsible for its biological activities. Despite being
known for over fifty years (19), we were unable to find any
quantitative studies of the conformational properties of the
compound. In addition, there have been no crystallographic
studies published for the compound. Therefore, a conforma-
tional analysis of the compound has been performed for the
threo and erythro isomers using the MM?2-87 program. The
availability of the resolved threo enantiomers (16) allowed us
to attempt to solve their structure by x-ray crystailography.
This was successfully done and a crystallographic determi-
nation of the HCI salt of one of the threo enantiomers has
been performed to provide additional conformational infor-
mation and to confirm the absolute configuration of the ac-
tive enantiomer.
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METHODS

Conformational energy calculations were performed
with the MM2-87 program and parameter set (20,21). All
calculations were performed on the protonated form of the
molecule. For the threo isomer, the calculations were per-
formed on the active stereoisomer. To prevent electrostatic
and hydrogen bond terms from dominating the results of the
calculations in the absence of explicit solvent molecules
(4,22), the calculations were performed with a dielectric con-
stant of 80 and the hydrogen bonding terms set to zero.
There were no missing parameters. The numbering system is
shown in Figure 1. Initial Cartesian coordinates for the en-
ergy minimizations were generated by a previously de-
scribed program (23), by the PCMODEL program (24), or by
the DRIVER option of the MM2-87 program. The conver-
gence criterion for the energy minimizations was set to % of
its default value to ensure complete convergence.

The only dihedral angles in methylphenidate that re-
quire variation are T1(C3-C2-C7-C8) and 72(C2-C7-C8-09)
(Figure 1). The final, energy minimized dihedral angles of the
conformational searches are listed as [t1,72]. The conforma-
tion of the terminal methyl group was not varied since it
would be expected to have a strong tendency to eclipse the
carbonyl oxygen. The conformation of the phenyl ring was
also not varied due to its symmetry.

A suitable crystal of (—)-threo-methylphenidate HCl
was found in the sample that was received (16). The mono-
clinic crystal was in the P2, space group with cell dimensions
a = 9.40103) A, b = 7.3053(7) A, ¢ = 11.1133) A, B =
109.260(2)°, V = 720.5(3) A3, Z = 2, computed p = 1.243
g/cm?, extinction coefficient w(Cu-Ka) = 23.0/cm. A Nonius

Fig. 1. Global minimum [172°,73°] of threo-methylphenidate as com-
puted by the MM2-87 program.

CAD4 automated diffractometer was used to collect the
crystallographic data with T = 22°C and Cu Ka A = 1.54178
A. The crystals were stable and showed no deterioration.
Data were corrected for Lorentz, polarization, and extinc-
tion effects, but not for absorption. The structure was solved
using the direct methods program teXsan (25). Anomalous
scattering curves were taken from the International Tables
(26). There were 1797 reflections, of which 1234 had I>3¢.
The R factor for the S,S enantiomer was 0.070 as compared
with 0.073 for the R,R enantiomer.

RESULTS AND DISCUSSION

A conformational search of threo- and erythro-
methylphenidate produced the results shown in Table 1. For
the threo isomer, the global minimum occurred at
[172°,—177°] which was preferred by 0.8 kcal/mole or
greater. For the erythro isomer, the global minimum oc-
curred at [ — 160°,66°] which was preferred by 0.7 kcal/mole
or greater. The preferred conformers are shown in Figures 1
and 2. In the threo isomer, the carbonyl oxygen of the ester
group is in close proximity to the amine group whereas the
ester group is in an extended conformation relative to the
piperidine ring in the erythro isomer. In both isomers, the
global minimum is the conformation in which the two edges
of the piperidine ring are trans to the ester group and phenyl
ring. This was the basis for previous qualitative proposals
concerning the preferred conformations of the isomers of
methylphenidate (12,13,16). The most important dihedral an-
gles that describe the global minimum for the threo-isomer
are shown in Table II.

It should be noted that, for the global minimum of the
threo isomer, the preferred position of the carbonyl oxygen
is to be near to and oriented toward the ammonium nitrogen,
even with the electrostatic and hydrogen-bonding terms in
the calculations turned off. Electrostatic and hydrogen-
bonding interactions will further stabilize this conformation
and should stabilize the protonated form of the molecule

Table I. Steric Energies of Various Minimized Conformers [71,72] of
Threo- and Erythro-Methylphenidate as Computed by MM2-87

Steric energy Steric energy

Threo-isomer (kcal/mole) Erythro-isomer (kcal/mole)
[6°,74°} 10.4 [49°,62°] 8.7

_ — [21°,171°] 9.9
[110°,—60°] 10.6 [96°, ~ 519 11.4
[177°,73°] 9.3 [—160°,66°] 8.1
[172°,—-177°] 8.1 [—174°,178°] 8.8
[165°, — 619 9.3 [—175°,—66°] 9.7
[—98°,46°] 12.5 — —
[—32°,—-173°] 8.9 — —_—
[—84°,—56 10.7 [—92°,—48°] 11.7
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Fig. 2. Global minimum | —160°,66°] of erythro-methylphenidate as
computed by the MM2-87 program.

relative to the unprotonated form. That suggests that threo-
methylphenidate should have a higher pKa than the erythro
isomer in which the ester group is trans to the ammonium
group (Figure 2) (27). This also occurs in cocaine where the
diastereomer with an axial ester group has a higher pKa than
the one with an equatorial ester group since an intramolec-
ular hydrogen bond is only possible in the former (4).

The crystal structure of the less active (—)-enantiomer
of the threo isomer is shown in Figure 3. The most important
dihedral angles that describe the crystal structure have been
listed in Table II. The absolute configuration of the (—)-
enantiomer is found to be S,S. Therefore, the absolute con-
figuration of the active (+)-enantiomer is R,R, confirming

Table II. Dihedral Angles Found in the Crystal Structure and in the
Computed Global Minimum of Threo-Methylphenidate

Dihedral angle x-ray® MM2-87
N1-C2-C3-C4 56° 58°
C2-C3-C4-C5 ~53° —58°
C3-C4-C5-Cé 50° 57°
C4-C5-C6-N1 —53° =57
C5-C6-N1-C2 56° 62°
C6-N1-C2-C3 - 56° -62°
C7-C2-N1-Cé 178° 177°
C7-C2-C3-C4 178° 174°
C8-C7-C2-N1 —68° -6l°
C8-C7-C2-C3 169° -177°
09-C8-C7-C2 139° 171°
C10-09-C8-C7 -179° 179°
C11-C7-C2-N1 169° 175°
C11-C7-C2-C3 46° 59°
C12-C11-C7-C2 60° 68°
C16-C11-C7-C2 —125° —-112°
08-C8-C7-C2 —42° - 8°
08-C8-09-C10 2° -3

4 The dihedral angles for the crystal structure have been converted
to the more active (+)-enantiomer to simplify comparisons.

Froimowitz, Patrick, and Cody

Fig. 3. Crystal structure of the inactive (—)-threo enantiomer of
methylphenidate HCl showing the absolute configuration to be S,S.
Therefore, the active enantiomer has the R,R configuration.

the absolute configuration found by chemical conversion to
known compounds (18).

The protonated piperidine nitrogen forms an ionic bond
with the chloride counterion (N—-H . .. Cl 3.20A). The ni-
trogen also forms a contact with a carbonyl oxygen of a
neighboring molecule (N—H . . . O=C 3.324). The mole-
cules pack in the crystal lattice such that the phenyl rings are
parallel. However, the contact distances (3.61°\) are outside
the range of intermolecular stacking interactions.

There is good agreement between the global minimum
found by calculation and the structure found in the crystal.
The piperidine rings of the two structures have been super-
imposed in Figure 4. The major difference is a slightly dif-
ferent orientation of the ester group due to the close contact
between the carbonyl oxygen and the ammonium nitrogen of
a neighboring molecule (see previous paragraph).

As indicated in the introduction, one of the goals of this
work is the determination of the structural factors that are
important for the common pharmacological properties of
methylphenidate, cocaine, and CFT. The structural elements
that are likely to be important for the properties of the com-
pounds are the protonated amine, the ester group, and the
aromatic ring. Superposition of these elements was at-
tempted for the global minima of methylphenidate and CFT
which has somewhat less flexibility than cocaine (Scheme I)
(4). However, it was not possible to superimpose all of these
elements simultaneously. There was a near perfect fit, how-
ever, for the six atom sequence from the ammonium group
through the methyl ester (Figure 5). This is a significant re-
sult in that this sequence encompasses two asymmetric cen-

[ P/
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Fig. 4. Superposition of the piperidine rings of the computed global
minimum (light line) of threo-methylphenidate with the crystal struc-
ture. The crystal structure has been converted to the active (+)-
R,R-enantiomer by a reflection.
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Fig. 5. Superposition of the sequence of atoms from the amine
group through the ester group of the global minimum of (+)-R,R-
threo-methylphenidate (light line) and CFT (dark line) showing their
three dimensional similarity.

ters in methylphenidate and one asymmetric center in CFT.
Of course, this means that the location of the phenyl ring
varies between the compounds. However, based on struc-
tural differences between cocaine and CFT (4) and CFT and
methylphenidate in the present work, it appears that the do-
pamine reuptake protein can accommodate a variety of po-
sitions for the aromatic ring. These appear to be real differ-
ences in the positions of the phenyl ring in the three com-
pounds since there is an extra ester group in cocaine relative
to CFT and the phenyl ring in methylphenidate is one carbon
atom closer to the ester group than in CFT (Scheme I).

The superposition in Figure 5 is for the global minima of
erythro-methylphenidate and CFT. These conformers are
global minima even in the absence of electrostatic and hy-
drogen bonding interactions which would preferentially sta-
bilize these conformations in both compounds (4). However,
even if these conformers are not, in fact, the biologically
active forms, these portions of the molecules would appear
to correspond closely. It should also be noted that the pipe-
ridine ring of methylphenidate lines up with the ethyl bridge
rather than the piperidine portion of the tropane structure in
CFT. Thus, the N-methyl group in CFT aligns with the pip-
eridine ring of methylphenidate, and one would expect dif-
ferent structure-activity relationships with regard to N-sub-
stitution.

Table III. Final Atomic Coordinates and Isotropic Thermal Param-
eters for Nonhydrogen Atoms in the Crystal Structure of (~)-Threo-

Methylphenidate

Atom X y z Beg

N1 —0.8852 (9) 0.120 (1) —1.0300 (8) 3.1 (2
Cc2 -0.739 (1) 0.049 (2) —-0.940 (1) 39 (2)
C3 -0.614 (1) 0.092 (1) —-0.988 (1) 5.1 (3)
C4 —-0.640 (1) 0.021 (2) —-1.122 (1) 50 (3
CS -0.792 (2) 0.086 (1) —-1.213 (1) 53 (3)
Cé6 —-0.915 (1) 0.049 (2) —1.160 (1) 43 (2
C7 —-0.721 (1) 0.124 (1) -0.809 (1) 33 (2
C8 —-0.834 (1) 0.051 (2) —0.7527 (9) 3.8 (2)
09 -0.889 (1) 0.172 (1) —0.6908 (9) 4.9 (2)
Cl10 —0.998 (2) 0.113 (2) —-0.634 (1) 5.8 4)
Cl11 -0.563 (1) 0.093 (1) -0.709 (1) 39 (3)
C12 —0.509 (2) —-0.091 (2) —0.681 (1) 5.6 (3)
Cl13 —-0.376 (2) -0.114 (3) -0.590 (2) 7.2 4
Cl4 -0.290 (2) 0.009 (6) -0.522 (2) 11.3 (8)
Cl15 —-0.343 (2) 0.204 (4) -~0.548 (2) 9.0 (6)
Cl6 —-0.479 (2) 0.242 (2) —0.643 (1) 59 (3)
03 -0.871 (1) -0.1124 (9) -0.7590 (9) 5.7 (2)
Cl —0.8105 (3) 0.5484 —1.0089 (3) 4.72 (6)
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Table IV. Atomic Coordinates for Hydrogen Atoms in the Crystal
Structure of (~)-Threo-Methylphenidate

Atom X y z

H1 —0.965 0.085 —1.001
H1 —0.880 0.250 —1.033
H2 —-0.746 —0.080 —-0.936
H3 -0.525 0.038 —0.933
H3 —0.603 0.221 —0.990
H4 —0.639 —0.110 —1.119
H4 —0.561 0.064 —-1.150
HS -0.786 0.215 —1.225
HS —-0.812 0.025 —-1.291
Hé6 —1.004 0.105 —-1.214
Hé6 —-0.928 —0.080 —1.159
H7 -0.737 0.252 -0.817
H10 —1.028 0.215 —0.594
H10 -0.956 0.021 -0.572
H10 —1.085 0.065 —0.698
H12 -0.566 -0.192 -0.726
H13 —0.343 -0.238 -0.572
Hi14 —0.1960 —0.018 —0.460
H15 —0.284 0.302 -0.501
H16 -0.515 0.364 —0.664

CONCLUSIONS

A conformational analysis of threo-methylphenidate in-
dicated that the carbonyl oxygen is oriented toward and
makes a good intramolecular hydrogen bond with the am-
monium group. A similar conformation was observed in the
crystal structure of the (—)-enantiomer of threo-methyl-
phenidate. Superposition of the global minimum with that of
the potent dopamine reuptake blocker CFT indicates that the
sequence of atoms from the ammonium nitrogen through the
ester group is identical in the two compounds. However, the
positions of the phenyl rings vary in the two compounds and
between CFT and cocaine indicating that the dopamine re-
uptake protein can accommodate a variety of positions of the
phenyl ring. The crystallographic study also confirmed the
R,R absolute configuration of the active (+ )-enantiomer of
threo-methylphenidate.
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