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SUMMARY

SAETHRE, LEIF J., CARLSON, THOMAs A., KAuFrMAN, JoycE J. & Koski, WALTER S.
(1975) Nitrogen electron densities in narcotics and narcotic antagonists by X-ray
photoelectron spectroscopy and comparison with quantum chemical calculations.
Mol. Pharmacol., 11, 492-500.

Nitrogen 1s electron binding energies of narcotics and, where possible, of their congener
narcotic antagonists have been measured by X-ray photoelectron spectroscopy (ESCA)
(binding energies of the inner 1s shell electrons on an atom are known to be directly re-
lated to the valence shell electron densities on these atoms). The compounds investi-
gated include the narcotic-(N-methyl)-narcotic antagonist (the N-allyl derivative of the
narcotic) pairs morphine-nalorphine, oxymorphone-naloxone, and levorphanol-levallor-
phan, as well as methadone and cyclazocine. The ESCA spectra show that to within 0.2
eV (or 0.01 electron charge unit) the electron densities (either total or valence) on the
nitrogen atoms in congener agonist-antagonist pairs are identical. These results confirm
most convincingly our earlier quantum chemical CNDO/2 (complete neglect of differen-
tial overlap) results, which showed most surprisingly, contrary to customary pharmaco-
logical assumptions, that these electron densities are the same. These results also
indicate that measured solution pK, values cannot be directly correlated with nitrogen
electron densities. For several of these compounds the ESCA spectra were determined for
both the free bases and the acid salts. These results also confirm the predictions from the
earlier CNDO/2 calculations that for the protonated species the entire positive charge is
not localized on the nitrogen atom. Only about 0.2 positive charge (or a little less)
residues on the nitrogen, the remainder being delocalized over the neighboring atoms.
This has significant implications for the requisites that the complementary ‘““analgesic”
or “opiate”’ receptor must possess, which are somewhat different from those heretofore
postulated by pharmacologists.
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INTRODUCTION

Morphine is the most important alkaloid
of opium and is responsible for its analgesic
actions and pharmacological characteris-
tics. The structure of morphine (I) is shown
in Fig. 1. Nalorphine (II) differs from
morphine only in the substitution of an
allyl group for the N-methyl group. Never-

theless, nalorphine, while still an analge-
sic, is a strong narcotic antagonist and is
sometimes used as an antidote for overdose
of narcotics. Similar replacement of the
N-methyl group in oxymorphone (III) and
levorphanol (V) changes their agonist
(morphine-like) properties, and naloxone
(IV) and levallorphan (VI) are both power-

I-VI

F16. 1. Structures of narcotics and narcotic antagonists

Name R R, R,. Other
changes
I. Morphine —CH, —OH —H
II. Nalorphine —CH,CH=CH, —OH —H
III. Oxymorphone —CH, =0 —OH —a
IV. Naloxone —CH,CH=CH, =0 —OH _a
V. Levorphanol —CH, —H —H —a. 0
VI. Levallorphan —CH,CH=CH, —H —H —a.®
% Single instead of double bond between C, and C,.
® No oxygen between C, and C,.
TH3 CH3

7
CH3CH2 —C—C '—CHch -_— N\

CHy

VII Methadone

HO

?Hz—q
N

CHj

CHy

VIII Cyclozocine
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ful antagonists. Methadone (VIII) is used
as a substitute for morphine, and cyclazo-
cine (VIII) is a strong antagonist with
analgesic properties (1).

The pharmacological potencies of these
compounds appear to be governed partly
by their lipophilicities, which determine
how much of the compound will penetrate
the blood-brain barrier, and partly by their
intrinsic geometrical structures (2). Only
the free bases partition into lipids, and
thus it is in the free base form that these
compounds pass the blood-brain barrier.
However, because the nitrogen atom is
mainly cationic at physiological pH values,
it had been proposed that one important
element of the analgesic-receptor interac-
tion may be an ionic or electrostatic bond
to an anionic site on the receptor surface
(3-6). The hypothetical receptor was de-
picted with a small, highly localized ‘‘an-
ionic site” which would give an “ionic bond
between cation and anionic receptor’ (5).
The postulated bond would depend on
nitrogen charge, and the observed differ-
ences in analgesic activity might thus be
related to differences in charge distribution
on the nitrogen atoms in the various nar-
cotics and narcotic antagonists. Our earlier
quantum chemical CNDO/2* calculations,
however, had revealed that the charge on
nitrogen remains almost invariant for the
protonated compounds in Fig. 1, not
merely for the different narcotics but also
for their congener antagonists (7-9). In
particular, the calculated valence electron
densities on the nitrogen atom in the con-
gener agonist-antagonist pairs (morphine-
nalorphine, oxymorphone-naloxone, and
levorphanol-levallorphan) are virtually
identical. The calculated valence electron
densities on the nitrogen atoms in all of the
free bases, while differing somewhat from
those in the protonated compounds, are
also fairly invariant among themselves
(7-9). It should be noted also that the
entire positive charge in the protonated
compounds does not remain localized on

*The abbreviations used are: CNDO/2, complete
neglect of differential overlap; ESCA, electron spec-
troscopy for chemical analysis.
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the nitrogen atom. It is delocalized over the
surrounding atoms. The calculations indi-
cated that only about 0.2 of the positive
charge remains localized on the nitrogen.
(Despite charge localization, it is still pos-
sible for an ionic bond to be formed be-
tween a cation and an anionic receptor.)
This charge delocalization of a protonated
nitrogen in an organic heterocyclic com-
pound was first observed by us in our
all-valence electron calculations on the
pyridine aldoxime antagonists to the or-
ganophosphorus nerve gases (10, 11).
[While the absolute magnitudes of
CNDO/2 calculated charges on nitrogen
are different from those obtained from
ab initio calculations on nitrogen-contain-
ing heterocyclic molecules using good large
Gaussian basis sets (12), the relative mag-
nitudes of these CNDO/2 charges in a
series of related molecules are more
reliable. ]

One way of investigating charge densi-
ties experimentally is to measure core elec-
tron binding energies by means of X-ray
photoelectron spectroscopy (13). Although
the core electrons do not take an active
part in chemical bonding, they are strongly
affected by the valence electron distribu-
tion. [The ESCA binding energies of the 1s
electrons on an atom have been shown
previously to be directly proportional to
the valence electron densities on that atom
in various molecular environments (13).]
Therefore, in order to obtain an independ-
ent experimental measurement of the rela-
tive charge densities in congener agonist-
antagonist pairs and of the relative charge
densities between the free bases and their
protonated species, as well as to evaluate
the reliability of the CNDO/2 results, the
nitrogen 1s binding energies were studied
for the narcotics and narcotic antagonists
in Fig. 1. Some of the compounds were
measured both as free bases and as salts.
The observed chemical shifts in binding
energies were compared with shifts calcu-
lated by the charge model and the electro-
static potential model (13, 14). Molecular
and crystal potentials were calculated,
treating the atoms as point charges ob-
tained from the CNDO/2 calculations (9).
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PROCEDURE

Experimental details. The photoelectron
spectra were obtained with a 180° electro-
static spectrometer, which has double-
focusing spherical plates. The spectrome-
ter is located in the Physics Division of Oak
Ridge National Laboratory. Details of the
instrument have been described elsewhere
(15). The slits and baffles were adjusted to
give a spectrometer resolution of 0.1% at
full-width-half-maximum. The samples
were irradiated with characteristic X-rays
of MgKa, , (1253.6 eV) and AlKa, , (1486.6
eV).

The samples, which were provided, con-
verted where necessary, and purified by
The Johns Hopkins University, were finely
ground and mounted with double-stick
adhesive tape on aluminum planchettes.
The carbon 1s peak originating from the
pump oil was used as calibration standard
and was given the binding energy 285.0 eV
(16). Binding energies were measured for
nitrogen 1s and carbon 1s. The oxygen 1s
peak was also observed, but could not be
resolved because of the number of chemi-
cally different types of oxygen.

Binding energies and chemical shifts. In
X-ray photoelectron spectroscopy (XPS),
or, as it sometimes is called ESCA, elec-
tron spectroscopy for chemical analysis
(13), the binding energies of core electrons
Ej are determined by the relationship

EB = hl’ - Ee (1)

where hv is the energy of the incident X-ray
and E, is the photoelectron energy. Bind-
ing energies for solid samples are normally
given relative to a reference level of a
material in intimate contact with the sam-
ple.

Theoretically the electron binding en-
ergy may be defined (17) as

Eg = —¢"F + Ereors | AFcorr | AEre)(2)

where ¢"" is the Hartree-Fock orbital en-
ergy of the ground state and Ere°r¢ is the
reorganization or relaxation energy, which
the ion gains when the remaining occupied
orbitals relax to minimum energy. AEcr
and AE"! are the differences in correlation
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and relativistic energy of the initial and
final states. These last two terms are usu-
ally found to be small and may be ne-
glected here. The chemical shift of a core
orbital i relative to a reference level then
becomes

AE‘ = —AQHF + AE"’O" (3)

The last term in Eq. 3 may not be small,
but can be disregarded if the reorganiza-
tion energy is considered to be the same in
all molecules under study.

For large molecules a simplification of
the theoretical calculation of binding en-
ergy shifts can be made by using an electro-
static potential model. It has been shown
through a series of approximations (14, 17)
that the shifts may be written

AE, = —AefF = A kg, + ;‘U"U_l)
¥
or
AE, = kAq, + AV, 4)

In Eq. 4 the first term represents the
change in potential from the difference in
charge at the considered atom, and V,
accounts for the potential from the sur-
rounding atoms in the system. The con-
stant k, depends somewhat on the defini-
tion of atomic charge, but is approximately
equal to the electrostatic interaction inte-
gral between the considered core orbital
and a valence atomic orbital in the same
atom. Through this model the binding
energy shifts are related to charges in the
valence electron distribution.

The potential V, in Eq. 4 is easily calcu-
lated provided that the molecular structure
is known and the summation is restricted
to atomic charges within one molecule. For
crystalline solids, and especially for ionic
compounds, the potential should prefera-
bly be summed over all the atoms in the
crystal lattice. This summation is only
slowly convergent, but rapid convergence
can be achieved by a method pioneered by
Ewald (18), in which the potential is ob-
tained by making summation in both di-
rect and reciprocal space. A computer
program to calculate crystal potentials has
been written by Busing (19). For molecular
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crystals with large unit cells this program
is more efficient and convenient to use
than one available previously (20).

RESULTS AND DISCUSSION

Nitrogen 1s binding energies for the
various compounds are given in Table 1.
The free bases are listed first, and then the
protonated compounds. Shifts in binding
energies are given relative to the morphine
base, which was found to have the lowest
binding energy. The results show that we
can easily distinguish between the free
bases and the salts, whereas only small
chemical shifts are observed within each of
the groups. Cyclazocine (VIII) seems to
have a slightly higher binding energy than
the other bases, while the differences in
binding energy among the salts are small
and probably not significant.

The shifts between the free bases and
corresponding salts are 2.7 eV for morphine
(I) and nalorphine (VI), and 2.6 eV for
oxymorphone (III) and (IV). This corre-
sponds well with the shift of 2.6 eV re-
ported for piperidine and piperidinum
chloride (21).

{ j\r —H
_H

{ N® + CI° Ey = 400.4eV
H

It is seen that, except for methadone, the
piperidine ring is common for all the com-
pounds in Fig. 1.

Most important, however, is the observa-
tion that shifts due to changes in substitu-
ent on the nitrogen are very small. It is seen
from Eq. 4 that to a first approximation the
chemical shift is proportional to the change
in charge density on the considered atom.
The results are therefore in excellent agree-
ment with the earlier CNDO/2 calculations
(7-9), which indicated virtually no differ-
ences in nitrogen charge due to substituent
changes in congener agonist (N-methyl) -
antagonist (N-allyl) pairs, as can be seen
from the third column in Table I. This
holds both for the free bases and for the
protonated species. Thus the differences in

Ey =3978eV
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analgesic activity are most probably not
due to differences in charge density on the
nitrogen. Moreover, the significant differ-
ences in the measured nitrogen pK, values
of congener agonist-antagonist pairs (22,
23) are not directly correlatable with the ni-
trogen electron densities in the free base,
as has often been previously implied.

In Table 2 the observed and calculated
shifts are compared. The values are given
relative to the morphine base in each case.
Among the bases the differences between
observed and calculated values are small,
and all three models seem to give satisfac-
tory agreement with experiment. The
shifts between neutral and protonated spe-
cies are predicted a little too high in all
three models. (See APPENDIX for explana-
tion.) The largest discrepancies are noted
for the AEn(mol) values, where the anion
contribution is neglected. However, among
the protonated compounds the values seem
to be fairly constant. This result is en-
couraging because it indicates that the
shifts are qualitatively correct, and that
the charge on nitrogen remains fairly con-
stant within each group of compounds.

The ESCA results provide striking con-
firmation of the CNDQ/2 calculations that
in the protonated species the entire posi-
tive charge is not located on the nitrogen.
The CNDO/2 calculations indicated that
only approximately 0.2 positive charge re-
mained localized on the nitrogen (7-9).
The ESCA results indicate that even a
little less of the positive charge, perhaps of
the order of 0.1, remains localized on the
nitrogen atom.

This has significant implications for the
requisites that the complementary ‘anal-
gesic” or ‘“‘opiate’’ receptor must possess,
which are somewhat different from those
heretofore postulated by pharmacologists.
In particular, the “analgesic” receptor site
proposed by Beckett, Casy, and co-workers
(3-6) has a small, highly localized ‘‘anion-
ic” site to accommodate the positively
charged nitrogen (and its associated hydro-
gen atom). However, only between 0.1
(ESCA) and 0.2 (CNDO/2) of the positive
charge remains localized on the nitrogen.
The remainder of the positive charge is
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TaBLE 1
Nitrogen Is binding energies (E\) and shifts in binding energies (AE\) relative to morphine
Calculated charge and molecular and crystal potential for the nitrogen sites are also listed.

Compound Ex AE, 1% Vi(mol)®  Vy(cryst)©

eV eV eV eV

1. Morphine 398.7 0.0 +0.2 -0.175 2.1 1.6

II. Nalorphine 398.8 0.1 +0.2 -0.177 2.2 1.8

IV. Naloxone 398.8 0.1 +0.2 -0.166 2.3 1.9

VII. Methadone . -0.165 1.8 1.7

VIII. Cyclazocine 399.2 0.5+0.2 -0.176 2.2 2.1

I. Morphine H,SO, 401.4 2.7+0.2 0.012 8.1 3.6

I1. Nalorphine HCI 401.5 2.8 + 0.2 0.007 8.1 3.6

III. Oxymorphone HCI 401.5 2.8 +0.2 0.037

IV. Naloxone HCI 401.4 2.7 + 0.2 0.020 7.3 2.2
V. Levorphanol tartrate 401.7 3.0+0.2
VI. Levallorphan tartrate 401.7 3.0+0.2

VII. Methadone HCI 401.6 29+ 0.2 0.045 7.4 2.1

VIII. Cyclazocine HCI 0.017 7.4 2.4

e Calculated charge on nitrogen from CNDO/2 calculations.
* Molecular potential due to surrounding atoms in the isolated molecule.
¢ Crystal potential due to surrounding atoms in the crystal.

TABLE 2
Observed and calculated shifts in nitrogen s binding energies relative to morphine

Compound AE \(obs) AE\(charge)® AE y(mol)® AE y(cryst)©

eV eV eV eV

I. Morphine 0.0 + 0.2 0.0 0.0 0.0

II. Nalorphine 0.1 +0.2 0.0 0.1 0.2

IV. Naloxone 0.1 +0.2 0.2 0.4 0.5

VII. Methadone 0.2 -0.1 0.3

VIII. Cyclazocine 0.5+0.2 0.0 0.1 0.5

1. Morphine H,SO, 2.7+ 0.2 4.0 10.0 6.1

I1. Nalorphine HCI 28 +0.2 39 9.9 5.9
III. Oxymorphone HCI 2.8 + 0.2

IV. Naloxone HCI 2.7+0.2 4.2 9.4 4.8
V. Levorphanol tartrate 3.0+0.2
VI. Levallorphan tartrate 3.0+0.2

VII. Methadone HCI 29 + 0.2 4.7 10.0 5.2

VIII. Cyclazocine HCI 4.1 9.4 4.9

2 Calculated shift based on the nitrogen charge alone.

¢ Calculated shift including the molecular potential.

< Calculated shift including the crystal potential.

delocalized over the neighboring atoms.
Thus the “anionic” site of the complemen-
tary ‘“‘analgesic” (or ‘“opiate”) receptor
cannot be a small, highly localized area as
previously depicted, but rather must be a
wider basin in shape.

Our ESCA and quantum chemical re-

sults indicate that the genesis of the differ-
ence between a narcotic agonist and a
narcotic antagonist does not lie in the
difference in the electron densities of the
nitrogen atoms in these two types of com-
pounds, either in their free bases or in their
protonated forms.
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CONCLUSION

This ESCA study apparently provides
the first experimental confirmations of cal-
culated quantum chemical charge densi-
ties of pharmacological molecules. The
ESCA study has validated the reliability of
the calculated quantum chemical CNDO/2
relative charge densities for narcotics and
narcotic antagonists, which indicated that
(a) there was virtually no difference in
nitrogen change due to substituent changes
in the series of either the free bases or the
acid salts and (b) in the N-protonated acid
salts only slightly more than 0.1 charge
unit of the positive charge remained local-
ized on the nitrogen atom, remainder being
delocalized over the neighboring atoms.

The importance of such studies is not
limited to opiates. We have been able to
show a very specific calculated electron
density on the alkyl nitrogen in various
neuroleptics (phenothiazines, butyrophe-
nones, etc.) (8, 24). A CNDO/2 calculated
nitrogen electron density of 5.15-5.16 ap-
pears to be necessary for neuroleptic effec-
tiveness. This should be mirrored in mea-
sured ESCA spectra. We are sufficiently
confident of this index that if a potential
neuroleptic does not meet this criterion, we
do not believe it will be an effective major
tranquilizer. This approach obviously can
be extended to many other types of drugs.

APPENDIX

The conclusion that the shift due to
changes in substituent were very small
might have been considered somewhat for-
tuitous, since a direct shift-charge correla-
tion in some instances may break down
(14, 25). It was therefore necessary to
calculate the molecular and crystal poten-
tials for the actual molecules. The com-
puter program written by Busing (19), to-
gether with the atomic charges from the
CNDO/2 calculations, was used. The crys-
tal structures are not known for all the
investigated compounds, but those of mor-
phine (26, 27), naloxone (28), methadone
(29), and cyclazocine (30) have been deter-
mined. For nalorphine the structure of
morphine was used, but with the position
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of the allyl group as in naloxone. The
validity of that conformation of nalorphine
was subsequently confirmed by our calcu-
lation of the conformational profile of nal-
orphine by the PCILO method of perturba-
tive configuration interaction using local-
ized orbitals (31). The structural data are
those reported for the corresponding salts;
therefore, in order to calculate the poten-
tials for the bases, the crystal structures
were assumed to be the same.

The calculated molecular and crystal
potentials for the various compounds are
given in the last two columns of Table 1.
The molecular potential, Vy(mol), in all
cases is higher than the corresponding
crystal potential, Vy(cryst). The difference
is small among the bases, but becomes
quite substantial for the protonated com-
pounds. This might have been expected,
since the contribution from negative anions
is neglected in Vy(mol). The crystal po-
tentials, taking the anions into account,
are still somewhat higher for the salts than
for the bases. Normally it is expected that
the potential decreases as the considered
site becomes more positive (14, 32). Here it
seems that the inclusion of a proton in-
creases the positive contribution more than
the decrease due to the anion.

The chemical shift in binding energy
were then calculated in three different
ways. (a) The charge model, AEy(charge)
= knAgn, was used, and the shifts were
predicted by the nitrogen charges alone.
(b) The potential model, including the mo-
lecular potential, was applied: AE \(mol) =
knAgn + AVi(mol). (¢) The potential
model, including the crystal potential, was
used: AEN = kNAqN + AVN(C!'ySt). The
value of 21.5 eV/unit charge was given to
the parameter ky. This value had previ-
ously been determined for nitrogen from a
least-squares fit to experimental data,
using charges from CNDO/2 calculations
(13).

The small discrepancy between observed
and calculated shifts of the acid salts may
be due to several reasons. First, it is to be
remembered that the CNDO/2 calcula-
tions are carried out for free molecules.
Measurements on nonionic compounds in



NITROGEN ELECTRON DENSITIES ON NARCOTICS AND ANTAGONISTS

both the solid and the gaseous state indi-
cate that solid-state effects may be small
(12), but for ionic compounds one cannot
expect the calculated charge distribution
to be accurate. One may therefore expect
better agreement with experiment for the
neutral molecules. On the other hand, one
may assume the influence of solid-state
effects to be fairly constant, since the
structures of the compounds are so similar.
The fact that the simple charge model
works so well supports this assumption.

The discrepancy may also be due to
limitations of the potential model itself. It
is seen from Eqgs. 3 and 4 that the model
does not explicitly take reorganization ef-
fects into account. However, since we are
comparing molecules with similar environ-
ments, the changes in reorganization en-
ergy are expected to be almost constant
(33). The calculated chemical shifts are
therefore in reasonable agreement with the
observed values.
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