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Abstract: The He(l) photoelectron (PE) spectra are reported of the free bases of morphine, codeine. heroin. and methadone.
They are assigned by the composite molecular method of Rabalais, using the PE spectra of 2-methoxyphenol. 2-methoxy-4-
methylphenol, crotyl alcohol, 3-penten-2-ol, allyl acetate, phenyl acelate. diphenylmethane, and 1.1-diphenylacetone to com-
pare the common details of eleciron structure. The results indicate that their molecular rather than electronic structure is im-

portant for analgesic activity.

Opiate narcotics are substances whose actions are similar
to those of morphine (Figure 1). Their principal therapeutic
use is in the relief of pain.2 Methadone, although differing
considerably from morphine-like narcotics in its chemical
structure (Figure 2), exhibits a comparable analgesic potency.>
It is believed that the valence molecular orbital structure of
opiate narcotics plays an important role in the attempt to ra-
tionalize their activity.* Energies and electron distributions
associated with the valence orbitals influence the way in which
narcotics participate in weak bonding interactions with their
receptors.® The electronic structure of opiate narcotics has been
extensively investigated in numerous theoretical studies by
semiempirical®-® and nonempirical® molecular orbital calcu-
lations. Experimental data are available only for morphine and
nalorphine,® whose PE spectra have been recorded, although
with poor resolution.

Since the calculated results, even those obtained with the
nonempirical methods, match poorly the experimental values
(~2-eV difference), we decided to compare the PE spectra of
the whole series of opiates, starting with the opiate having the
simplest structure, and, in order to assign their spectra, to use
an empirical approach with qualitative molecular orbital in-
teractions known as the composite molecular approach.!? The
interpretation is simplified by partitioning the complex mor-
phine narcotics into three components: polysubstituted ben-
zene, unsaturated alcohol or ester, and trialkylamine. Only a
weak inductive interaction between these components is as-
sumed. The same procedure was used for methadone with the
components diphenylmethane, acetone, and trialkylamine.

Experimental Section

Gas-phase He(I) PE spectra were measured with a Vacuum Gen-
erators UV-G3 spectrometer.!! The following compounds were in-
vestigated: free bases of morphine, codeine, heroin, and methadone,
2-methoxyphenol, 2-methoxy-4-methylphenol. crotyl alcohol, 3-
penten-2-ol, allyl acetate, phenyl acetate, diphenylmethane, and
1.1-diphenylacetone. The PE spectra were measured at room or ele-
vated temperature (morphine, codeine, and heroin at 230 °C. meth-
adone at 120 °C) in the inlet system. Low resolution (30-50 meV) for
the complete spectra and high resolution (~15 meV) with an expanded
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scale for individual systems were used. The energy scale was calibrated
using P3;2 and 2P lines of Xe and Ar. All compounds investigated
were of high purity and had been redistilled or recrystallized before
use.

Results and Discussion

The spectra of the compounds investigated are shown in
Figures 3-6. The vertical ionization energies, defined for the
highest peak in a system, are listed above the spectrum. Less
certain values are given to one decimal place.

Morphine. The main subunit in the morphine molecule is
a polysubstituted benzene. In benzene, the occupied 7 orbitals,
ay, and €yq, give rise in the PE spectrum to systems at 12.35
and 9.23 eV, respectively.!2

Upon monosubstitution the degeneracy of the e;, benzene
orbitals is lifted.!3 In phenol (C,, symmetry assumed), the a;
component of the e, benzene orbital does not, for symmetry
reasons, interact with the 2p lone pair on oxygen, ng, and re-
mains at approximately the same energy (9.28 V) as in ben-
zene. However, the b component is destabilized through an-
tibonding interaction with the np orbital (8.56 V), Figure 7.
The remaining two 7 orbitals in phenol (both of b, symmetry)
have energies of 11.60 and 13.49 eV.!3" The first contains
mainly an oxygen lone-pair component, while the other cor-
responds to a stabilized a», benzene orbital. A similar reasoning
attributes to 7 ionizations the following systems in the PE
spectrum of 2-methoxyphenot (Figure 4): 8.13 (7s), 9.03 (74),
11.12 (73), 12.5 (7,), and approximately 14.0 eV (7). The
top two orbitals can be viewed as antibonding combinations
of the components of the benzene e, orbital with the oxygen
lone pairs (Figure 7). Owing to the very low symmetry of the
molecule (C;. at best), the relative ordering of these two or-
bitals is difficult to infer, but this is not critical. The 73 and 7>
orbitals are predominantly the negative and positive combi-
nations of the oxygen lone pairs, respectively, while m, again
corresponds to the aj, benzene orbital. In 2-methoxy-4-
methylphenol (Figure 4), introduction of a methyl group at the
benzene ring inductively destabilizes the 7 orbitals relative to
2-methoxyphenol. The destabilizations observed for the top
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Figure 1. Structure of morphine-like narcotics.
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Figure 2. Structure of methadone.
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Figure 3. He (1) PE spctra of the free bases of morphine. codeine, and
heroin. The HCl in the spectrum of morphine arises from the small amount
of hydrochloride in the free base.

three orbitals are 0.18, 0.19, and 0.32 eV, respectively. As-
suming further inductive destabilization due to the remaining
molecular skeleton of morphine leads to a fair prediction of the
energies of the related orbitals in this molecule. Thus, in the
PE spectrum of morphine, the systems at 7.85, 8.5, and 10.56
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Flgure 4. He (I) PE spectra of 2-methoxyphenol, 2-methoxy-4-methyl-
phenol, and phenyl acetate.

eV can be attributed to 7 ionizations from the substituted
benzene subunit.

The second 7 subunit in the morphine molecule is an alkyl
substituted allyl alcohol. The first system in the PE spectrum
of allyl alcohol at 10.16 eV is attributed to ionization from the
double-bond orbital (wc—c), while the relatively sharp system
at 10.93 eV is assigned to ionization from no.!4 In crotyl al-
cohol the presence of a methyl group destabilizes these orbitals,
and the respective systems in the PE spectrum (Figure 5) are
located at 9.70 and 10.70 V. In 3-penten-2-ol, these orbitals
are further destabilized, producing in the PE spectrum (Figure
5) systems located at 9.51 (w¢—c) and 10.52 eV (np). As-
suming an additional destabilization by the remaining skeleton
of the molecule, the systems at 9.26 and 10.03 eV in the PE
spectrum of morphine can be attributed to #c—c and ng ion-
izations, respectively.

In the low-energy region of the PE spectrum of morphine,
the only system left so far unassigned is located at 8.2 eV. It
can be attributed to ionization from the nitrogen lone-pair
orbital (nN), which favorably compares with the sequence of
nn ionization energies in NHj3 (10.48 eV), NH,CH3 (9.64 eV),
NH(CH3); (8.97 ¢V), and N(CH3)3 (8.44 eV).15

An earlier assignment of the PE spectrum of morphine,®
based on an ab initio calculation with a contracted Gaussian
basis set and crystallographic coordinates, disagrees with the
present results. Apart from the energy discrepancy between
experimental and calculated results, the sequence of the or-
bitals appears to disagree with experimental evidence even for
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Figure 5. He (1) PE spectra of 3-penten-2-0l, crotyl alcohol. and allyl
acetate.

simple molecules.!®> The allocation of ionization from the
second highest occupied molecular orbital (HOMO) at 9.20
eV seems dubious. In the energy range between 7.3 and 8.8 eV
two orbitals were assigned, and one between 9.1 and 9.8 eV,
while from the corresponding area ratios it follows that three
and one, respectively, are observed in the spectrum (Figure 3).
Assignment of the system at 9.4 eV to ionization from ny was
based upon its sharpness. Such an assignment disagrees with
the experimental result for trimethylamine,'> where ionization
from ny is very broad (1.5 eV).

Codeine. Codeine can be derived from morphine by meth-
ylation of the hydroxylic group in position 3. This methyl group
affects mainly the orbitals belonging to the substituted benzene
subunit. and destabilizes them by 0.1-0.2 ¢V (Figure 8). The
respective systems in the PE spectrum of codeine (Figure 3)
are located at 7.76, 8.36, and 10.31 eV, while the energies of
the remaining low-energy systems practically coincide with
those of morphine.

Heroin. The major constituent part of the heroin molecule
is phenyl acetate. The PE spectrum of phenyl acetate is shown
in Figure 4. 1t can be easily interpreted by comparison with the
PE spectra of anisole'?'® and methyl acetate.!:!” The top two
orbitals of phenyl acetate (9.15 and 9.39 eV) correspond to the
benzene e, orbitals, and are split less than in anisole. The next
m orbital (11.20 eV), similar to phenol and anisole, contains
mainly an oxygen lone-pair component. The systems at 10.46
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Figure 6. He (1) PE spectra of diphenylmethane, 1,1-diphenylacetone, and
methadone.

and 12.49 eV correspond to ionization from the carbonyl
oxygen lone pair (nc—o) and carbonyl double bond (7 ¢c—o),
respectively. It should be pointed out that similar values for
nc—o and Tc—g lonization were found for carboxylic acid
alkyl esters,!? thus indicating in the gas phase only a weak 7
interaction of the carbonyl group with the phenyl ring in the
phenyl acetate.

The second major part of the heroin molecule is allyl acetate.
Its PE spectrum is presented in Figure 5. In methyl acetate!-!7
the nc—o and ng ionizations are located at 10.48 and 11.16 eV,
respectively, and the mc—o ionization is located above 12 eV,
while in propylene!'® the wc—c ionization is found at 9.86 eV,
Thus, it appears that the first system at 10.09 eV in the PE
spectrum of allyl acetate corresponds to wc—c ionization, the
second system at 10.62 eV to nc—o ionization, and the third
system at 11.08 ¢V to ng ionization. The mc—o ionization is
located around 12.5 eV, accompanied by ¢ ionizations. These
results indicate, similarly as in phenyl acetate, a negligible 7
interaction between the carbon-carbon double bond and the
carbonyl group in allyl acetate.

Similarly, in heroin, a negligible 7 interaction between
acetyl groups and the remaining part of the molecule can be
taken for granted. Thus, its spectrum can be interpreted by
comparison with the spectra of morphine and codeine (Figure
3). The new systems in the PE spectrum of heroin, appearing
around 10.3 eV, are consequently attributed to nc—g ioniza-
tions (Figure 8), while the mc—o ionizations are expected at
around 12.5eV.
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Methadone. |n a first approximation, the methadone mol- In the PE spectrum of diphenylmethane (Figure 6) the six

ecule can be viewed as built from diphenylmethane, dialkyl systems at 8.65, 9.10 (two unresolved), 9.3, 11.37,and 13.3 eV,
ketone, and trialkylamine fractions. can be attributed to 7 ionizations. They are assigned in the
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Table I. Activity of Analgesics in Mice and in Men?3

Men
equivalence
to 10 mg
mice EDs, of morphine,
substance mg/kg mg ref

morphine 2.1 10 3.32
codeine 14.2 60-120 3,32
heroin 0.9 3-5 3,32
nethadone 1.6 10 3,33

same manner as biphenyl and fluorene® were taking diphen-
ylmethane as two weakly interacting benzene subunits (Figure
9). The systems at 8.65,9.10, and 9.3 eV arise from the anti-
bonding, the two nonbonding, and bonding combinations of
appropriate components of interacting benzene e, orbitals,
respectively. Similarly, the antibonding and bonding combi-
nations of two benzene ay, orbitals are responsible for the
systems at 11.37 and 13.3 eV, respectively. The observed shift
of the centers of gravity of these systems relative to benzene
(Figure 9) is the result of inductive destabilization by the
methylene link. The interaction of an a-carbonyl group with
the phenyl rings can be seen from the PE spectrum of 1,1-
diphenylacetone (Figure 6). Here, the systems corresponding
to phenyl 7 orbitals are found at nearly the same energies as
in diphenylmethane. The new system at 9.68 eV is attributed
to nc—c ionization. This energy is the same as in acetone (9.66
eV!719), thus confirming that there is no significant
through-space interaction of the carbonyl group with the
phenyl rings.

The comparison of the low-energy region of the PE spectra
of methadone (Figure 6) and 1,1-diphenylacetone shows that
the energies of the m orbitals nearly coincide, except for the
highest one, which is destabilized by 0.25 €V in the former
compound. The very broad top system centered at 7.76 eV in
the PE spectrum of methadone corresponds mainly to ny
ionization, while the nc—¢ ionization appears at 10.63 eV.
These values differ from those in trimethylamine (8.44 eV) and
1,1-diphenylacetone (9.68 eV). This fact may represent a
strong through-space interaction of the ny and nc—o lone
pairs, which is possible if they are sufficiently close to each
other in the gas phase. This tentative explanation is supported
to some extent by the X-ray crystallographic study of metha-
done base,2! which indicates the formation of a five-membered
ring by nitrogen-carbonyl carbon interaction. Perhaps the
methadone base prefers a similar conformation in the gas
phase, too.

Structure—Activity Considerations. During the past 2 dec-
ades a number of correlations between calculated HOMO
energies and activity of psychotropic drugs have been reported
in the literature.?2-2> Houk and co-workers26 proposed recently
a model in which they have correlated the average of two
highest occupied MOs with activity of psychotropic drugs. This
model works for phenylamines, tryptamines, and LSD,2¢ but
fails in the case of phenothiazine and related tranquil-
izers,??

The activity of opiate narcotics is presented in Table [.28
Virtually none of the proposed models works in this case,
probably for two reasons: the number of investigated opiates
is rather small, and the differences between the E;’s of very
broad bands are subtle (0.1 eV). Thus, it could be said that all
have essentially identical £;’s and electronic structures and this
represents an important situation: any difference in activity
must be due to direct interactions of the substituent with the
receptor, or direct effect on some physical property. The ac-
tivity measures are both whole animal activities, and perhaps
the binding affinities would be more similar than the whole
animal activities. However, qualitative differences in activity
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between examined narcotics due to direct interactions of the
substituents with the receptor can be rationdlized with the help
of an opiate receptor model (lock and key model).2® According
to this model the receptor achieves selectivity through (at least)
three regions of interaction, Taking morphine as the prototype
for the opiate narcotics, these regions would be substituted
benzene, amino group, and unsaturated alcohol. Codeine
possesses an order of magnitude lower activity than morphine
(Table 1). The slight destabilization of the HOMOs (methyl
effect) cannot explain such a drastic decrease in activity. A
tentative explanation is, perhaps, connected with the steric
hindrance of the benzene moiety by the methyl group, which
weakens the interaction with the receptor. Consequently, the
heroin molecule, with its two additional carbonyl groups, is able
to saturate a greater number of sites than the morphine mol-
ecule and adequately exhibits higher activities. Although
differing considerably in the chemical structure, there is good
evidence that methadone is acting at the same receptor sites
as the opiates.® This is achieved through mimetization of the
morphine structure (zipper model),3-3! the three interacting
regions being the phenyl ring, amino group, and carbonyl
group, and it is not surprising that it exhibits a comparable
analgesic activity. Thus, the possibility that the molecular
rather than the electronic structure is more important for the
analgesic activity of the studied opiates should also be con-
sidered and is indicated by the results presented here. However,
this does not exclude the possibility that other aspects of the
biochemistry of these opiates, for example, metabolic steps
leading to elimination, may indeed be influenced electroni-
cally.
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Fluorine Nuclear Relaxation Studies of
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Abstract: Spin-lattice and transverse fluorine relaxation rates have been determined for the title enzyme derivative at pH 7.
The data have been analyzed to provide an estimate of the rotational correlation time (7.) near the trifluoromethylbenzenesul-
fonyl group and the correlation time (7;) for internal rotation of trifluoromethyl. The major part of the fluorine relaxation is
due to proton-fluorine dipole-dipole interactions. Specific deuteration experiments show that these interactions predominant-

ly involve protons of the enzyme and solvent.

The use of spectroscopic reporter groups is an important
aspect of modern protein biophysical chemistry and the past
decade has seen an increasing utilization of reporter groups
which are amenable to study by magnetic resonance tech-
niques. These latter experiments are especially attractive be-
cause they often provide information about the dynamics of
molecular motion near the reporter group and, by inference,
of the protein itself.

Fluorine-substituted moieties can be introduced readily into
protein structures, thereby providing materials which can be
examined by fluorine magnetic resonance ('°F NMR) spec-
troscopy.! '°F NMR in these systems offers the advantage of
ease of signal detection as well as being characterized by
chemical-shift effects and relaxation rates that are highly
sensitive to the environment of the reporter (fluorine) nu-
cleus.

Although covalently bound fluorine is similar in steric bulk
to covalent hydrogen, fluorine is highly electronegative and
potentially a hydrogen-bond acceptor. Fluorine substitution
within the confines of a tightly structured protein may exert
an effect on the structure of the protein, rendering data ob-
tained by !°F NMR spectroscopy irrelevant to the properties
of the unmodified system. It is, therefore, necessary to have
information on the possible structural consequences of fluorine
substitution in a variety of biomolecular systems so that these
perturbations may be recognized and possibly avoided.

The structure of the enzyme a-chymotrypsin has been in-
vestigated by a large number of experiments, including X-ray
crystallography, and this work has provided a foundation for
a detailed understanding of the mechanism of action of the
protein.2 An X-ray structure of tosylchymotrypsin, a derivative
in which the serine-195 residue at the active site has been es-
terified, is also available.?> We have previously reported the
preparation and purification of a-chymotrypsin which had
been inactivated by treatment with p-trifluoromethylben-
zenesulfonyl fluoride.*> This protein can be regarded as an
analogue of tosylchymotrypsin in which a methyl group has
been replaced by trifluoromethyl. In this and subsequent pa-
pers we report '°F NMR studies of this protein in solution; the
results bear on the question of the effects of fluorine substi-
tution on protein structure and provide information about the
dynamics of molecular motions at the protein active site.

0002-7863/79/1501-7482801.00/0

Experimental Section

Materials. 4-Trifluoromethylbenzenesulfonyl fluoride was prepared
as described previously.4

3,5-Dideuterio-4-trifluoromethylbenzenesulfonyl fluoride was
synthesized according to the reactions in Scheme I. Dideuterated
4-nitrotoluene was obtained by heating 21 g (0.18 mol) of 4-nitro-
toluene (Aldrich) in 70 g of deuterium sulfate (Stohler, 99% D) ac-
cording to the procedure of Renaud et al.% After three exchanges, the
TH NMR spectrum of the product showed a single resonance in the
aromatic region of the spectrum at the chemical shift of the 2,6 pro-
1ons. 3,5-Dideuterio-4-nitrobenzoic acid was obtained from this ma-
terial by oxidation of 15 g (0.1 mol) with 40 g of potassium perman-
ganate using the procedure of Bigelow.” The acid (9 g, 0.05 mol) was
treated with sulfur tetrafluoride (Matheson, 14 g, 0.13 mol) in a
stainless steel vessel at 135 °C for 20 h.2 After this time, excess SF4
was removed and the residual oil taken up in 100 mL of ether. The
ether layer was dried over magnesium sulfate and the solvent removed
in vacuo, leaving a crude product (mp 35-40 °C, lit. 41-43 °C%) which
was used directly in the reduction step. 2,6-Dideuterio-4-aminoben-
zotrifluoride was obtained by reduction of crude 4-nitrobenzotriflu-

Scheme I. Preparation of 3,5-Dideuterio-4-trifluoromethyl-

benzenesulfonyl Fluoride
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