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Quantum chemical calculations including extensive conformational variations are performed on three morphine-like 
analgesics with varying N-substituents using the PCILO and INDO methods. The three compounds, morphine, na­
lorphine, and TV-phenethylmorphine, have been shown experimentally to exemplify opiate narcotic agonism, antago­
nism, and increased agonism, respectively. In this study, these properties are correlated with the electronic and con­
formational results. The electronic properties of the fused ring skeleton including specifically the cationic region 
around the nitrogen are relatively unaffected by varying N-substituents. The properties studied include net charges, 
bond polarities, and the nature and energy of the highest filled and lowest empty molecular orbitals. The conforma­
tional behavior appears to be the main cause of differing receptor binding and interaction with the active site and is 
discussed in these terms. 

Na lo rph ine ( l b ) and N-phenethylmorphine ( l c ) are two 
p ro to type N derivat ives of morph ine ( l a ) . One is a po t en t 

r-NR 

HO OH 

la. R = CH, 
b. R = C H 2 C H = C H , 
c R = CH.CH.Ph 

an tagonis t and the other a po t en t agonist of morph ine , ex­
emplifying the impor tance of the N - s u b s t i t u e n t in de ter ­
mining the n a t u r e of t he pharmacological activity of th is 
class of analgesics. Significant an tagonism in morph ine an­
algesics has been ob ta ined only by rep lacement of the N-
methy l group by a s t ra ight chain subs t i t uen t of a t least 
t h r ee carbons (e.g., na lorphine and 7V-methylcyclopropyl-
and iV-n-propylnormorphine) . 1 Since the search for a 
nonaddi t ive analgesic centers on obta in ing a balance of 
agonist and antagonis t proper t ies , any insight t h a t can be 
ob ta ined rela t ing specific molecular features of the opiates 
to enhanced agonism or an tagonism should prove useful. 

In th is s tudy, using semiempir ical , q u a n t u m chemical 
me thods , electronic and conformational proper t ies of the 
three selected compounds ( l a - c ) are calculated and those 
proper t ies which mos t likely affect t he pharmacology are 
identified. I n h e r e n t in our s tudy is t he a s sumpt ion t h a t 
b o t h enhanced potency and an tagonism are a t least par t ia l ­
ly due to effects a t the receptor site, i.e., to d rug - recep to r 
in teract ions . 

Whi le no t definitively establ ished, t he s t ruc tura l similar­
ity of rigid opiate agonists and antagonis ts , together with 
recent progress in isolating and identifying a m e m b r a n e -
bound receptor , 2 - 4 points to the i r act ion a t a specific recep­
tor site. O the r evidence for specific receptor sites in t he 
cent ra l nervous system has recently been reviewed.5 

St ruc tu ra l similari t ies of rigid opiates suggest t h a t t he 
region of t he p resumably quatern ized ni t rogen, a phenyl 
ring, and polar groups, par t icular ly a 3-OH group, are vital 
pa r t s of t he opiate in teract ion with the receptor 6 ( J ansen 5 

and Casy, 1973). Based on the pr inciple of compl imenta r -
ity, a schemat ic model for the receptor has been proposed" 
(Becket t , 1954), consisting of an anionic site for the qua te r ­
nized ni t rogen, a flat por t ion to in terac t with the phenyl 
ring, and a cavity to accommoda te the p iper id ine ridge 
a toms (C15, C 1 6 of Figure 2). No specific role of N-subs t i tu ­
ents or polar group variat ions was assigned in th is early-
model of t h e receptor . In a previous s tudy we have exam­
ined the role of polar group variat ion on the analgesic po­
tency of morphine- l ike opiates . 8 In th i s s tudy, a t t en t ion is 

focused on the effect of N- subs t i t uen t s on observed phar­
macological behavior. 

Tab les I and II summarize the exper imenta l da t a avail­
able for the three compounds s tudied . Despi te a lack of 
model system or in t ravent r icu lar da t a for any JV-phenethyl 
der ivat ive, an ima l s tudies show this subs t i t uen t to consis­
ten t ly enhance the potency of rigid opiates with a common 
6 ,7-benzomorphan nucleus 9 ' 1 0 (Table II) . Lengthening or 
shor ten ing of the ethyl chain as well as sa tura t ion of t he 
phenyl ring de t rac t s from its agonist potency. Th i s behav­
ior provides s trong evidence for enhanced receptor interac­
t ion as an impor t an t factor on t he agonist action of the N-
phene thy l compounds . 9 , 1 0 Na lo rph ine is more strongly 
bound t h a n morph ine to bo th the guinea pig i leum1 1 and 
the r a t brain homogenate receptor . 2 T h e similari ty of anal­
gesic potency in model system s tudies , 1 1 , 1 2 in h u m a n s 1 3 - 1 5 

and the m a n y whole animal s tudies 1 0 , 1 0 , 1 6 , 1 7 ( summarized 
in Tab le I), establishes na lorphine as a near ly equivalent 
agonist as morph ine and leads to the conclusion t h a t such 
similar analgesic activity is re lated to events a t the receptor 
s i te despi te known differences in t he r a t e of pene t ra t ion 
and n a t u r e of d is t r ibut ion in t he brain t issue.9 

Since first p repa red in 1942,18 na lorphine has been 
shown to exhibi t s t rong an tagonism to almost all t he action 
of morph ine in animals , 1 9 , 2 0 in man, 2 1 , 2 2 and in t he guinea 
pig ileum model system. 1 1 As shown in Tab le I, an tagonism 
occurs a t m u c h lower doses (3-5%) t h a n requi red for its 
own agonist activity and appears to be totally compet i ­
t ive. 2 3 , 2 4 Antagonism then seems firmly establ ished as a re­
ceptor-s i te event. 

T h e electronic proper t ies which we moni tor as a function 
of changing N- subs t i t uen t are net a tomic charges, bond 
polari t ies, and the na tu re and energy of the highest filled 
( H O M O ) and lowest empty (LEMO) molecular orbitals . 
Charges and bond polari t ies are relevant to how varying 
N- subs t i t uen t s can affect electrostat ic , polarization, and 
van der Waals in terac t ions with specific receptor subsi tes . 
Knowledge of the electron d is t r ibut ion and energy of 
H O M O and L E M O cont r ibutes to a further unde r s t and ing 
of the e lec t ron-donat ing and -accepting abil i ty of the anal­
gesic re levant to possible charge-transfer in teract ions with 
t he receptor . 

Calculat ions of conformational character is t ics of these 
c o m p o u n d s are also necessary to u n d e r s t a n d how the N -
subs t i tuen t s migh t be accommoda ted a t the receptor . T h e y 
also con t r ibu te to an unde r s t and ing of how the N subst i tu­
ent ' s or ienta t ion might alter the in teract ion of the opiate 's 
cationic region with the receptor. 

E x p e r i m e n t a l S e c t i o n 

Conformational calculations were performed using a semiempir­
ical molecular orbital method called Perturbation Configuration 
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Table I. Pharmacological Behavior of Morphine and Nalorphine 
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Rela t ive potency, 0 ED5 0 , m g / k g 

Ta i l E l ec -
flick0 Wri thing 4 t r i c a " 

Rela t ive 
r e c e p t o r binding 

Guinea 

Pig 

Antagonism* 
Rat 

Human 6 

i l e u m / Guinea brain'1 Benzoqu i -
r e l pig homog- none ' w r i t h -

rat) (mouse) mouse potency i l e u m ' enate ing (mice) 
Modified hot J 

plate (mice) 

Morphine 
Nalorphine 

0.2 
0.1-0.2 

3.8 sc 
1.5 sc 

0.5 sc 
1.0 sc 

0.8 sc 
4.8 sc 

1 
1.5'~3' 22 ± 3 

1 
2.3 

0 .69 ' m g / k g 
0.05* m g / k g 

0.94' mg /100 g 
0.028* mg/100 g 

aAll data for in vivo results taken from ref 15. See references therein for original source. 6Based on 50 kg of human body weight, same ef­
fective dose whether given orally (ref 13), subcutaneously (ref 15), or parenterally (ref 14). Effective oral dose of nalorphine varied from % to 
1 of morphine. 'Relative potency of nalorphine/morphine by this method varied significantly from V2 to Vio- d"Typical" potency values from 
writhing techniques. However, in one study potencies were measured as a function of elapsed time; observed relative potencies varied from 
3/1 to 1/10 for (nalorphine/morphine) (ref 17). "Reference 14. ^Reference 11 (relative potency). ^Reference 12 (relative potency). "Reference 
2. 'Reference 23. ̂ Reference 24. *Amount of nalorphine required to double ED50~ (listed) of morphine. 'ED50 (morphine) in absence of 
nalorphine. 

Table II . Effect of N - S u b s t i t u e n t (NR) on Analgesic 
Potency" in Three Different Rigid Opia te Series; 
Morph ine , Morph inan , and Benzomorphan 

Com­
pound 

Morphine 
Morphi­

nan 
Benzo-

mor-
phan-

NCH3 

1" 
1° 

lu 

-CH2-
Ph 

^ . l " 
None 

-(CH2)2-
Ph 

6.16 

6.3" 

23" 

"(CH2)2-
S* 

0.3" 
0.3" 

0" 

-(CH2)3-
Ph 

<0.16-" 

0.22" 

-(CH4)-
Ph 

0.18" 

"Analgesic potencies given relative to NCH3 compound of each 
series. ^Potency determined by rat tail flick method, ref 10. 'The 
potencv of the -N(CH2)sPh compound for morphine was not avail­
able. Instead the NCH2COCH2Ph and NCH2CHCHPh result is 
listed. dThis compound is N f C ^ t a C e H u , the saturated cyclic 
analog of N(CH2)2Ph. "Potency determined by mouse hot plate 
method by Eddy et al., ref 9. 

Interaction using Localized Orbitals (PCILO) developed in the 
Laboratory of B. Pullman and described elsewhere in detail.25 It 
has been used extensively for conformational studies of a variety of 
biological systems. Additional electronic properties were calculat­
ed using the Incomplete Neglect of Differential Overlap method 
(INDO) of Pople et al.26 Our versions of the programs were essen­
tially those of the authors with minor modifications to allow for 
calculations on these very large molecules. 

Geometric parameters for the fused ring and polar group struc­
tures were held fixed at values obtained from a recent refinement27 

of the morphine crystal structure and from our previous calcula­
tions on the minimum energy rotational positions of the two OH 
groups.8 Both polar groups were considered too far from the N-
substituent to be significantly affected by its variation. The non-
varying geometric parameters for the N-substituents in nalor­
phine28 and N-phenethylmorphine were taken from prototype 
crystal structures and are given in Figures la-c. Also given in these 
figures are the torsion angles which were varied in our conforma­
tional study of these three substituents. In all cases the convention 
used to define these torsion angles Ti (ABCD) was clockwise rota­
tion of atom D into A while looking along the C-B axis from atom 
C to atom B. 

The protonated form of the compound was used as it is believed 
to be the active form at the receptor.6 Calculations on morphine 
base are included however to show the effect of protonation on 
electronic structure. 

Staggered and eclipsed conformations of the morphine Af-meth-
yl hydrogens were studied as well as axial and equatorial confor­
mations of the N-methyl carbon. 

For nalorphine, 42 nested, systematic variations of the two-sub-
stituent torsion angles (n , TI of Figure lb) were calculated with 
PCILO. 

T , ( H | C „ - NC.) 

b. NolorDliine 

N - CH, -CH ' CH, 

H T, (Cf iCo- NC 9 I 

T 2 ( C r C 0 - C o N ) 

p | T 3 ( C 8 C r - C ^ C 0 ) 

N- C H . - C H , -

Figure 1. Input geometries and torsion angles for nitrogen substit­
uents: (a) from ref 27; (b) ref 27 and 28; (c) ref 26. 

Complete variations of the phenethyl substituent with three de­
fining torsion angles were not feasible due to the large number of 
conformations required. By using the results of the nalorphine cal­
culations based on TI and T% variations could be reduced to a man­
ageable number. For nalorphine, values of T\ from 0 to 120° corre­
sponding to the allyl group pointing toward the cyclohexane ring 
of morphine (Figure 2) were high-energy conformers. For the bulk­
ier N-phenethyl group such interference with the fused ring atoms 
of morphine would be even more pronounced. This is easily seen 
by looking at a structural model of the N-phenethyl compound. 
Hence, the low-energy region of n from 180 to 300° was explored 
with nested rotations for T2 in this region. An optimum value of 13 
for each run was chosen from simple steric considerations using an 
interactive coordinate program. Using this procedure, a local mini­
mum at T2 = 180° was found for all values of T\ considered. There­
fore, a full rotation about n (including the high-energy region pre­
viously ignored) was performed for this single value of T2, again op­
timizing the values of 73 for each point. 

R e s u l t s a n d D i s c u s s i o n 

E l e c t r o n i c P r o p e r t i e s Ca lcu la t ions . T a b l e III shows 
the ne t a tomic charges on the ni t rogen a tom and on all t he 
a toms sur rounding it (i.e., t he cationic head) including its 
bonding a toms and the hydrogens bonding to them. Re­
sults are presented for the th ree compounds as calculated 
by bo th P C I L O and I N D O methods . 
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Table III. Net Atomic Charges" in Cationic Region of Morphine, Nalorphine, and N-Phenethylmorphine 

Atom'' 

Nia 

c;, 
c16 
ca 
H9* 
Hie 
H a 

H a 

HN 
H16 
Za(/a

c 

O r 

O P „ 

Morphine 

PCILO 

-0 .13 
- 0 . 1 1 
+ 0.09 
+ 0.06 
-0 .03 
-0 .02 
-0 .01 

0.0 

-0 .02 
- 0 . 0 5 

(base) 

INDO 

-0 .22 
+0.14 
- 0 . 1 6 
+ 0.16 
-0.04 
-0 .03 
-0 .03 
-0 .03 

-O.05 
+ 0.06 

Morphine 

PCILO 

+ 0.07 
+ 0.10 
- 0 . 0 9 
+ 0.05 
+ 0.01 
+ 0.03 
+ 0.05 
+ 0.06 
+ 0.16 
+ 0.05 
- 0 . 6 7 
-0 .11 
-0 .15 

INDO 

+ 0.06 
- 0 . 1 2 
+ 0.14 
+ 0.12 
- 0 . 0 0 
+ 0.01 
- 0 . 0 2 
+ 0.04 
- 0 . 1 5 
- 0 . 0 2 
+0.68 

Nalorphine 

PCILO 

- 0 . 0 5 3 
+ 0.100 
- 0 . 0 9 0 
- 0 . 0 7 4 
+ 0.013 
- 0 . 0 3 5 
+ 0.036 
+ 0.040 
- 0 . 1 5 8 
+ 0.043 
+ 0.642 
-0 .12 
-0.13 

INDO 

-0.053 
+ 0.122 
+ 0.131 
-0 .144 
-0.006 
- 0 . 0 1 0 

0.010 
0.017 

-0 .144 
- 0 . 0 1 6 

0.641 

A'-Phenethyl 

PCILO 

- 0 . 0 4 0 
- 0 . 1 0 0 
"-0.090 
-0.072 
-0 .012 
- 0 . 0 3 6 
-0 .038 
- 0 . 0 3 6 
••-0.160 
- 0 . 0 4 3 

0.631 
-0 .12 
-0.13 

"norphine 

INDO 

- 0 . 0 0 6 
• 0.125 
-0 .137 
- 0 . 1 2 7 
-0.007 
- 0 . 0 0 3 
-0 .014 
• 0.012 
•0.141 
• 0,015 

0.573 

"In units of electron charge. 6Atom numbering as in Figure 2. 'Sum of net atomic charges (ya).dH, = H on ;'th atom. 

Table IV. Nitrogen Bond Polarities" in Morphine. 
Nalorphine, and iV-Phenethylmorphine 

Morphine 

Figure 2. Minimum energy conformer of morphine in the plane of 
the phenyl ring. 

A"- Phen-
ethyl-

- Nalorphine, morphine, 
Bond Base Protonated protonated protonated 

N-C9 1.06-0.94 1.29-0.73 1.29-0.734 1.29-
0.732 

N-C16 1.06-0.94 1.26-0.75 1.26-0.750 1.26 
0.754 

N-C a 1.05-0.94 1.22-0.78 1.25-0.765 1.26-
0.760 

N-H 1.25-0.84 1.15-0.840 1.15-
0.849 

"Bond polarities expressed as the number of electrons in the 
bonding atomic orbital of each atom. E.g., in morphine base the 
N-C9 bond has 1.06 electrons in the nitrogen orbital and 0.94 elec­
trons in the C9 atomic orbital, etc. Nonpolar bonds would be listed 
as 1-1, i.e., 1 electron on each atom. Results are from the PCILO 
method only since INDO does not readily yield such information. 

Table IV gives the bond polarities of each nitrogen bond 
in terms of the number of electrons in the hybridized atom­
ic orbital of each atom forming the bond. For example, the 
N-Cg bond in morphine base has 1.09 electrons in the ni­
trogen atomic orbital and 0.94 electrons in the carbon or­
bital forming the bond. A value of one electron in each or­
bital corresponds to a totally nonpolar bond. Only PCILO 
results are given in Table IV since INDO calculations do 
not readily yield such information. The electron distribu­
tions given in Tables III and IV are insensitive to the con­
formation of the N-substituent in the three compounds. 
Therefore, similarities or differences among them in this 
regard are independent of the fact that only the most plau­
sible part of conformational space was explored for the N-
phenethyl compound. The most noteworthy feature of 
these results is the overall electronic similarity between the 
three protonated molecules in the region of the cationic 
head. Where small differences are seen, the order puts the 
strong antagonist and the strong agonist on the same side 
of the moderate agonist morphine. Thus, bond polarities 
and charges which might change the nature of weak, non-
bonding interactions are essentially the same in the three 
protonated molecules. Note also the similarities between 
the results of PCILO and INDO with respect to net charg­

es. This result was also obtained in our study of polar group 
variations for similar opiates.8 

Tables III and IV also show the effect of protonation on 
the electronic structure of morphine. This effect is to 
change the cationic region from a neutral, relatively nonin-
teracting structure to a fairly polar one more favorable to 
interactions with the postulated anionic site. Protonation 
imparts a net positive charge of approximately 0.7 elec­
trons on the cationic region as a whole while diminishing 
the net N charge by 0.20 electrons. This confirms the pre­
dictions of Casy5 on the delocalized nature of the positive 
charge on a protonated nitrogen based on the quantum 
chemical studies of the ammonium ion. It is also consistent 
with previous studies of the protonated, nonprotonated 
morphine and nalorphine.29,30 Bond polarities in the cat­
ionic region change from nearly neutral (i.e., close to 1.00 
1.00) in the base to strongly polar in the direction N'-C"* 
upon protonation. Thus the effect of protonation is to "'ac­
tivate" all the atoms in the region near the nitrogen (i.e., 
the cationic head) to electrostatic and polarizing forces 
rather than just the N atom itself. From these results it can 
be seen that variation of pharmacological properties cannot 
be attributed to the effects of N-substituent variation di­
rectly on the nature of the cationic head. 
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Table V. Nature and Energy of HOMO a and LEMO* in Compounds Studied 

Morphine t MorphineH+ Nalorphine^ Ar-PhenethylH* 

-EHOMO, a u 

•ELEMO, d au 

NatureHOM0
8 

NatureLEMO
e 

-0.3913 
+ 0.1512 
7 T « , 0 F , ° P h 

" Ph 

-0.5172 
-0.0540 
7T«,oFloph 
v cationic 

-0.5139 
-0.0499 
77 9 , 0 F , O p h 

a * • • 
catiomc 

-0.5117 
-0.0378 
'U.op.op,, 
a * • • 
w catiomc 

"HOMO = highest occupied molecular orbital. 6LEMO = lowest empty molecular orbital. C£HO.MO = energy of HOMO s ionization po­
tential. A measure of ease of electron donation in atomic units. ^ELKMO = energy of lowest empty orbital =s electron affinity. A measure of 
ease of electron acceptance in atomic units. e7r«,OF.opi,= orbital with a node in the plane of the Ph ring, centered on ring, furan oxygen, and 
phenolic oxygen. er*l-aii<>nii- = nonbonding orbital with maximum electron density on nitrogen and its neighbors in the plane of the nitrogen 
bonds. 

Table V shows the nature and energy of HOMO and 
LEMO for the compounds studied. As with the charge 
comparison, the variations for the three protonated mole­
cules are small and put the potent agonist and antagonist 
on the same side of the parent compound morphine. 

The electron distribution in the highest filled molecular 
orbital (HOMO) in all protonated molecules studied is a 
delocalized TT orbital centered on the benzene ring, the phe­
nolic oxygen, and the furan oxygen. It is the electrons in 
this most loosely bound orbital that would be most readily 
involved in electron transfer to the receptor. 

The significant electron density in the two oxygen atoms 
in HOMO, together with their net negative charge, is indic­
ative of their important electron-donating role in interac­
tions at the receptor site, providing a basis for the observed 
requirement of at least the phenolic oxygen for analgesic 
activity. 

LEMO in the morphine base is an antibonding x orbital 
centered on the phenyl ring but changes dramatically to a a 
nonbonding orbital centered on the cationic head in all 
protonated molecules studied. Since LEMO can serve as an 
incipient acceptor of electrons from the receptor, its nature 
verifies the importance of the cationic head as an electron-
accepting site. The dramatic change upon protonation is 
further evidence that protonation "activates" the cationic 
head. Evidence is also seen in the change in net charges and 
bond polarities upon protonation shown in Tables III and 
IV. In our previous study of the effect of polar group varia­
tion on morphine activity we have further shown that such 
protonation and interaction with an anionic site causes ad­
vantageous changes in the electrostatic features of the 
polar oxygen atoms. 

The net atomic charges on the substituent atoms them­
selves are given in Table VI. We see that there are no high­
ly charged atoms in these substituents and that their inter­
action with a possible receptor site would come mainly 
through polarization and dispersion terms. 

Based on our results, it is not possible to account for the 
variations in pharmacological behavior of the three com­
pounds from the calculated charge distributions of the sub­
stituents themselves. Additionally, it seems that the vari­
ous N-substituents cause no apparent change in the elec­
tronic properties of the cationic head itself. Thus it appears 
likely that spatial orientation is an important factor in un­
derstanding the differing pharmacological behavior of the 
compounds studied. 

Conformational Results and Discussion. Although no 
crystal structure data on fused ring opiates exist showing 
an axial N-methyl or NR group, some investigators have 
presented hypotheses in which axial piperidine ring sub­
stituents were implicated in both enhanced agonism and 
antagonism.31 An axial methyl group was, however, 5.7 
kcal/mol higher energy than an equatorial one in a 
staggered arrangement and 7.0 kcal/mol higher in an ec­
lipsed form. Further energy would probably be necessary to 

Table VI. Net Charge" on Substituent Atoms (R) of 
3-Morphine NCH2R Compounds 

A. Morphine 

B. Nalorphine 

N — C H , — H 
+0,05 
(+0.034) 

(+0.04) (-0.018) 
0,034 -0.043 H + 0 . o5 

N—CHS — C = = C ^ (+0.028) 

H +0,02 H + 0 ' 0 3 

/ /+0.01 +0.02N 

C. Ar-Phenethylmorphine N—CH—C—/ +0.03 >— H O IOI 
+0.06\ \ - 0 . 0 4 +0.02/ 

(+0.03) \ 

(+0.015) 

H 0 (-0.01) H 0 (0) 

H 
-0.02 
(-0.03) 

H 
0 

(0) 

promote the methyl group over an energy barrier between 
the two structures. The energy difference of 5.7 kcal/mol 
between the best axial and equatorial conformers would 
make the axial conformer only barely accessible to the drug 
by interactions in the biophase of the receptor. The 
staggered, equatorial form shown in Figure 2, obtained as a 
minimum energy form (1.4 kcal/mol than the eclipsed 
form), agrees with crystal structure data and is assumed to 
be the most likely conformer at the receptor site. The larg­
er dimensions and steric hinderance of other N-substitu­
ents would be expected to make an axial conformation even 
less likely. This result has been verified by our recent cal­
culations of a series of NR derivatives of oxymorphone.32 

In these calculations, the best axial conformers of the N-
(oxymorphone), iV-allyl (naloxone), and iV-dimethylcyclo-
propyl (naltrexone) groups were 12, 20, 18, and 17 kcal/mol 
above their equatorial counterparts. Thus we consider only 
equatorial conformations of the three compounds studied. 

Figure 3 summarizes the conformational behavior of N-
phenethylmorphine in the regions of relatively low-energy 
conformations. In this plot of AE vs. T\ for a family of r2 

values, the optimized value of T% used for each point is indi­
cated in parentheses. Figure 3 shows a broad absolute mini­
mum energy conformer at T\ = 300°, T2 = 180°, and T$ = 0° 
and additional low-energy local minima at T2 = 180° for all 
values of n studied; i.e., n = 180°, 240°, 300°. These pre­
ferred conformers correspond to an extended chain ar­
rangement of the substituent groups as shown in Figure 4. 
This figure, presented here for comparison with Figures 2 
and 6, is drawn to the same scale and with respect to the 
common phenyl ring in the plane of the paper as in Figure 
2. Superimposable atoms of Figures 2, 4, and 6 are shown 
darkened in both figures for reference. We see from Figure 
4 that the entire iV-phenethyl substituent lies to the side 
and somewhat tilted with respect to the reference phenyl 

file:///-0.04
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Loew, Berkotvitz 

Figure 3. Energy conformation behavior of A'-phenethylmor 
phine. Relative energy (A£) as a function of T\ for four values of 
T2: IOI r2 = 180°; (•)"r2 = 0°; (A) r2 = 90°; (A) r2 = 270°. Values 
of 73 in parentheses at each point, n . 72, and 73 as defined in Fig­
ure 1. 

\ »— - - •—-C— ' " t ry ' 

0 I 0 C ° 

Figure 5. Energy conformation behavior of nalorphine relative en­
ergy (\E) as a function of T\ for six values of 77. 7; and T-I as de­
fined in Figure 1. 

Figure 4. Minimum energy conformer of the A'-phenethyl substit 
uent of morphine in the plane of the skeleton phenyl ring. 

ring. T h e dis tance from the N to the center of the subs t i tu-
en t phenyl ring is 5.1 A. 

For nalorphine , the conformational resul ts of sys temat ic , 
nested ro ta t ions of T\ and r^ are summar ized in Figure 5 (as 
a series of curves of AE vs. T\ for different values of TO). We 
see from this figure t h a t for all values of -•>, the low-energy 
values for T\ are be tween 180 and 300° with subs tan t ia l en­
ergy barr iers on ei ther side of this region. T h e behavior of 
the TV-allyl group differs from t h a t of the A r -phenethyl de­
rivative in t h a t two ra the r t h a n one dis t inct low-energy 
local min ima at 7! = 180 and 300° are obta ined for almost 
all values of r a with a low barr ier be tween the two at T\ = 
240°. T h e ex tended chain conformer r, = 240°. r2 = 180° 
and in general all conformers with TO = 180° are local maxi­
ma ra the r than local min ima as in iV-phene thy lmorphine . 

T h e absolute m i n i m u m (rj = 180°. TO = 240°) and its 
"mir ror image" conformer (71 = 300°, T-2 = 120°), a local 
minima, are then predic ted to be the mos t likely confor­
mers at the active site. These two conformers are shown in 
Figure 6, drawn to be super imposable with the reference 
a toms of Figures 2 and 4. 

While the me thods we use are app rox ima te and the con­
formations obta ined are subject to possible change in t he 
biological env i ronmen t of t he receptor , our resul t s do seem 
to describe a biphasic conformat ional behavior of the allyl 
subs t i tuen t . This behavior would be character ized by an 
extensive conformational region of high energy and a well-
defined region of low-energy conformat ions accessible to 

Figure 6. Two types of low-energy allyl group conformers in nalor­
phine: (a) low-energy, noninterfering (agonist) conformer: (b> min­
imum energy, protruding (antagonist) conformer. 

t he molecule through weak, nonbond ing in teract ions with 
the receptor . In the region of low-energy s ta tes , the bi­
phasic behavior would be character ized by an equi l ibr ium 
mix tu re pr imari ly be tween the two types of conformers for 
which dis t inct low-energy min ima are found. Both types of 
conformers are candida tes for the active site provided the 
requisi te act ivat ion energy be tween them of approximate ly 
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3.4 kcal/mol is available from weak interactions in the bio-
phase of the receptor. The type with TI = 180°, and the 
other with TI = 300°, both have several low-energy values 
of T2 combined with them to consistently project the allyl 
group either into or out of the plane of the reference phenyl 
group. This behavior, shown in Figure 6 for the two lowest 
local minima of each type, never favors an extended chain­
like conformation (r2 = 180°). We postulate then a thermal 
equilibrium between both types of conformers, so that their 
relative concentration is expressible in terms of a 
Boltzmann distribution 

[N1]/[N2] = exp( - (Enl -En2)AT) 

where [N1]/[N2] is the relative concentration of the two 
isomers at temperature T and with an energy separation of 
Enl -En2. For nalorphine at T = 300 K, with an energy dif­
ference of approximately 1.0 kcal/mol between the two low­
est rotational isomers of each type, the proportion would be 
roughly 4:1 favoring the lower energy structure, but indi­
cating significant amounts of both structures to be present. 
We associate the presence of these two qualitatively differ­
ent conformers with the dual agonist-antagonist behavior 
of nalorphine. Such duality is absent in the behavior of the 
N-phenethyl substituent which is known to have only ago­
nist activity. 

By examining the calculated behavior for all three com­
pounds, a consistent interpretation of our results for the 
variation in N-substituent behavior can be made. 

For morphine, the classic analgesic agonist, the equatori­
al iV-methyl group would seem to describe an area in the 
receptor where an accommodation if not attraction exists 
for the equatorial substituent. 

For ./V-phenethylmorphine, both the experimental re­
sults and our results on the electronic and conformational 
behavior verify the hypothesis that the position of the phe­
nyl substituent describes indirectly the location of an addi­
tional lipophilic binding site in the receptor. In potency 
studies, lengthening or shortening of the ethyl chain or sat­
uration of the phenyl ring was shown to detract from its an­
algesic potency (Table II).9-10 The electronic structure of 
the cationic head shows no appreciable deviation from that 
of morphine. The distinct minimum energy conformation 
of the phenyl substituent is oriented away from the cation­
ic head and would thus not be expected to interfere with or 
alter its N-receptor interaction. For these reasons the be­
havior of this derivative seems directly attributable to in­
creased binding and interaction of the substituent itself 
with the receptor. 

For nalorphine, we postulate that at low concentrations 
it binds strongly in its minimum energy conformer to the 
same receptor site as morphine but with an additional 
binding site or "cleft" to accommodate the protruding allyl 
group. It is this accommodation which, we believe, leads to 
the observed enhanced binding and competitive antago­
nism seen in both in vivo and in vitro systems. According to 
current ideas of opiate contact with a receptor, qualitative­
ly similar to the original Beckett scheme,7 the allyl group in 
this position would make the initial contact with a receptor 
surface.5 Its accommodation could lead to a small confor­
mational change in the receptor which alters its contact 
with the crucial cationic head, thus preventing agonism 
while allowing nalorphine to effectively and competitively 
block almost all known effects of morphine. 

At higher concentrations, significant amounts of the 
"mirror image", higher energy conformer (Figure 6a) would 
be present. Such a conformer would be less likely to inter­
fere with normal cationic head contact with the receptor 
and could allow nalorphine to have its own agonism. The 

combined effect of the binding of both types of conformers 
might cause agonism to be accompanied by different side 
effects characteristic of nalorphine-type agonists. The ac­
commodation of the allyl group in this position (Figure 6a), 
not unlike the iV-phenethyl substituent, does not appear to 
enhance its potency. It may even detract from it, consid­
ering the wide range of observed agonist potencies of nalor­
phine (ranging from 2:1 to 1:6 using various techniques as 
shown in Tables I and II). 

An alternate explanation of the apparently smaller en­
hancement (if any) of relative nalorphine agonism com­
pared to 7V-phenethylmorphine is that the "agonist" con­
former of nalorphine is only about 20% of the total concen­
tration of the drug. Thus, for the same total concentration, 
the observed range of relative nalorphine potencies (about 
1:1 using ED50) corresponds to about the same intrinsic po­
tency for the agonist conformer of nalorphine as for the N-
phenethyl derivative. 

In summary then, our hypothesis is that N-substituent 
conformations resembling AT-phenethylmorphine in Figure 
4 and Af-allylmorphine in Figure 6a are associated with 
variable agonism depending on the nature and extent of ac­
commodation of the substituent. N-Substituent conforma­
tions which resemble the lower energy structure of nalor­
phine (Figure 6b) are responsible for competitive antago­
nism, provided that the substituent can be accommodated 
by a "cleft" or open area in the receptor. In our model, such 
antagonism is due to enhanced binding and an altered 
drug-receptor contact particularly with respect to the cat­
ionic head. Partial support for our proposed molecular re­
quirements for antagonism is the observation that three-
carbon chain N-substituents are both necessary and opti­
mum for morphine-type antagonists. Continuing work with 
N-substituent variations and particularly our analysis of 
conformational results recently obtained for a series of six 
N-substituted oxymorphones (oxymorphone, naloxone, 
nalmexone, naltrexone, nalbuphine, and N-phenethyl com­
pounds) should shed further light on the requirements for 
agonist-antagonist properties. 
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histamine the "Hx-essential" conformations, i.e., conforma­
tions essential to drug activity which have to be adopted by 
drug molecules at some stage during productive interaction 
at the Hi-receptor site. To do this we must find those con­
formations which are accessible to histamine but inaccessi­
ble to 4-methylhistamine. We have previously argued this 
in a qualitative manner;4 in the present paper we make it 
more quantitative. 

Calculations were performed on histamine and 4-methyl­
histamine monocations in their N3-H (NT-H)6 tautomeric 
forms (Figure 1) using the nomenclature and geometry pre­
viously given.5 As before, the conformation is described by 
the two torsion angles 6\ and 02 which, respectively, repre­
sent rotation of the imidazole ring about the bond Cs-Cfj, 
and rotation within the side chain about the bond C^C,,. 
The symmetrical ammonium group was held in a staggered 
position (#3 = 60°) with respect to Ca. In 4-methylhistam­
ine the symmetrical methyl substituent was rotated to min­
imize the energy for given values of 6\ and 62; for most of 
the surface the orientation 04 = 120° is most favorable, but 
as 81 approaches 0°, B4 tends toward 75°, and similarly as Q\ 
approaches 360°, 84 tends toward 165°. 

The total internal molecular energies were calculated 
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Conformational energies of histamine and 4-methylhistamine monocations are calculated using the EHT molecular 
orbital procedure; the results are expressed as potential energy surfaces in which bond rotations (8X for ring-Cpj, 82 for 
C{3-Ca) are measured along the axes, and energy variation is indicated by contours. Using the classical Boltzmann 
partition function and Simpson's rule for normalization, corresponding probability surfaces are generated which take 
account of the potential surface entropy. Comparing the two surfaces provides regions which are within a given prob­
ability contour of histamine but outside this contour for 4-methylhistamine. Thus, at the 99% probability level, three 
conformational regions defined by the bond rotation angles are indicated as possible "Hi-essential" conformations of 
histamine: viz. trans (8X = 290-330°, 82 = 150-210°) and gauche (6i = 260-280°, 62 = 30-90° and 8X = 290-320°, t)2 = 
270-320°). This procedure provides a quantitative basis for comparison with other histamine derivatives and may 
have a general value for studying relationships between conformation and biological activity of closely related small 
molecules. 


