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1. INTRODUCTION 

Stereoselectivity for CI- and fi-adrenoceptor agonists and antagonists is a complex subject since the 
adrenergic neuroeffector junction, unlike other neuroeffector junctions, contains a vast array of 
stereoselective processes. A hypothetical adrenergic neuroeffector junction is presented in Fig. 1 
depicting several of the many processes known to occur at this site, most of which show some degree 
of stereoselectivity. 

Postjunctional al-, B,- and &adrenoceptors have been known for many years. Recently, post- 
synaptic a,-adrenoceptors have also been identified. ’ These four adrenoceptor subtypes (process 1) 
possess their own particular stereochemical requirements for the natural neurotransmitter, R( -)- 
noradrenaline, as well as for exogenously administered drugs. The existence of a prejunctional cl*- 
adrenoceptor which regulates neurotransmitter release via a negative feedback system (process 2) 
is also known2 and this has become the target of recent stereochemical investigations.3-s Up to 70- 
90% of the natural neurotransmitter, R( -)-noradrenaline, liberated by adrenergic nerve terminals 
is removed from the synaptic cleft by an amine uptake pump (uptake,), which has been proposed 
to be only weakly stereoselective (process 3). In addition, cytoplasmic R( -)-noradrenaline in the 
sympathetic nerve terminal is rapidly accumulated by adrenergic storage vesicles (process 4) which 
display a high degree of stereoselectivity. Enzymatic inactivation of noradrenaline by monoamine 
oxidase (MAO), located primarily in the cytoplasm of the sympathetic nerve terminal (process 5), 
and by catechol-0-methyltransferase (COMT), an extraneuronal enzyme (process 7), have been 
investigated for their stereochemical requirements, as has the extraneuronal uptake process itself 
(uptake2 ; process 6). It is clear, therefore, that an understanding of the stereochemical requirements 
of adrenergic drugs must involve consideration of the configurational requirements of each of these 
varied processes for adrenergic drugs possessing one or more points of asymmetry. In addition, the 
conformational requirements for these different processes must also be addressed. 

For directly-acting sympathomimetic amines which stimulate the a- and /?-adrenoceptor subtypes 
directly, the stereochemical requirements at the level of the postjunctional and prejunctional adreno- 
ceptors are most critical, although uptake,, uptake,, MAO and COMT may all affect drug activity 
by altering synaptic concentrations of the active species. For indirectly-acting sympathomimetic 
amines, which work through the liberation of endogenous stores of catecholamines in the adrenergic 
nerve terminal, stereoselective considerations of uptake, as well as uptake into adrenergic storage 
vesicles are most critical since these sites regulate the access of the indirectly-acting sympathomimetic 
amine to those compartments within the sympathetic nerve terminal from where they release the 
neurotransmitter. 

Adrenerglc Neuroeftector Junction 

Adrenergic Nerve Synaptic Effector 
Terminal Cleft Organ 

Fig. 1. Hypothetical adrenergic neuroeffector junction depicting several processes known to occur at this 
site. Many of these processes are stereoselective. NA refers to noradrenaline, MAO refers to monoamine 

oxidase and COMT refers to catechol-0-methyltransferase. 
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Fig. 2. Chemical structures for important members of the phenethylamine and imidazol(id)ine classes of 
a-adrenoceptor agonists. 

2. STEREOCHEMICAL REQUIREMENTS FOR DIRECTLY-ACTING a- AND /&ADRENOCEPTOR 

AGONISTS 

The vast majority of a- and P-adrenoceptor agonists fall into two distinct chemical categories, 
the phenethylamines and the imidazolines or the imidazolidines (Fig. 2). The phenethylamines 
include such compounds as the natural neurotransmitter, R(-)-noradrenaline, and the natural 
circulating hormone, R( -)-adrenaline, as well as the synthetic agonists, phenylephrine, methox- 
amine and isoprenaline. The imidazolines and the imidazolidines include such compounds as clon- 
idine, naphazoline and oxymetazoline. As a general rule, the similarities between these two classes 
of u- and /Cadrenoceptor agonists far exceed their differences. Nonetheless, the differences are 
significant when one considers the stereochemical requirements made by the a- and b-adrenoceptors 
for these two classes of agonists, and these differences contribute most to our understanding of how 
these drugs interact with the a- and /I-adrenoceptor subtypes. In particular, the stereochemical 
demands made by the a- and /I-adrenoceptors for the phenethylamines and imidazolines differ 
markedly, and these differences have led to the proposal that these two classes of drugs interact 
differently with the a- and fi-adrenoceptors. 

2.1. ConjYgurational requirements for directly-acting tl- and /I-adrenoceptor agonists of the phenethyl- 
amine class 

2.1.1. Phenethylamines with asymmetry at the /I-carbon atom (benzylic position). The potency 
ratio between the (-)- and (+)-enantiomers of optically active drugs is referred to as the enantio- 
merit activity ratio, and this ratio is useful in characterizing and subclassifying a- and p-adreno- 
ceptors. In general, /?-hydroxy-substituted phenethylamines (i.e., hydroxyl substitution at the 1 
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position) have enantiomeric activity ratios at both a- and P-adrenoceptors in excess of lOO-fold. In 
contrast, the enantiomeric activity ratios obtained for similarly substituted imidazolines are low, 
generally less than lo-fold. These differences indicate that LX- and /I-adrenoceptors are better able to 
discriminate between enantiomers of optically active phenethylamines than between enantiomers of 
optically active imidazolines, and that the stereochemical requirements of the CI- and /I-adrenoceptors 
are relatively less stringent for the imidazolines than for the phenethylamines. 

2.1.1.1. Easson-Stedman Hypothesis 
The most important theory governing the activity of phenethylamines possessing one point of 

asymmetry at the /?-carbon atom (i.e., benzylic position) is the Easson-Stedman hypothesisiG” (for 
reviews see Refs 13-18). This hypothesis proposes that a three-point attachment is involved in the 
binding of a sympathomimetic amine possessing an asymmetric B-carbon atom to what was then 
simply called the adrenergic receptor (a- and /I-adrenoceptor subtypes were not described until the 
classic study of Ahlquist”). For R( -)-adrenaline, these three functional groups were proposed to 
be (a) the protonated nitrogen atom common to all sympathomimetic amines, (b) the phenyl group 
whose binding to the receptor was proposed to be enhanced by meta and/or para phenolic hydroxyl 
substitution, and (c) the benzylic hydroxyl group attached to the P-carbon atom (Fig. 3). According 
to the Easson-Stedman hypothesis, lo as modified by Blaschko’ ’ and Beckett,” these three functional 
groups are in a most favorable stereochemical configuration for interaction with the adrenoceptors 
for only the R( -)-enantiomer of adrenaline. As far as S( +)-adrenaline and its p-desoxy derivative, 
epinine, are concerned, the /-Chydroxyl group is incorrectly oriented or absent, respectively, and 
therefore not available for interaction with the adrenoceptors. Thus, only a two point attachment 
is considered possible for S(+)-adrenaline and epinine. This presumably would account for the 
lower activities of the S( +)-enantiomer and corresponding desoxy derivative of adrenaline relative 
to the R( -)-enantiomer, and would also account for the fact that the S(+)-enantiomer and 
corresponding /?-desoxy derivative are equal in potency to each other. Thus, the Easson-Stedman 
hypothesis predicts the following rank order of potency for optically active phenethylamines with 
asymmetry at the p-carbon atom : R( -)-enantiomer > S( +)-enantiomer = desoxy derivative. 

The Easson-Stedman hypothesis is illustrated schematically in Fig. 3 for the enantiomers of 
noradrenaline and the corresponding desoxy derivative, dopamine. This hypothesis has been shown 
by Patil et aL2’,*’ to apply to virtually all sympathomimetic amines of the phenethylamine class. 
However, the application of the Easson-Stedman hypothesis is only valid when indirect sym- 
pathomimetic activity (i.e., release of endogenous catecholamines), which is marked for the desoxy 

Easron-Stodman ttypothoslr 
Isomers of Noradrenaline 

R(-)-Enantiomer S(+)-Enantlomor Desoxy-derivative 

Fig. 3. Schematic representation of the Easson-Stedman hypothesis for interaction of the R(-)- and 
S(+)-enantiomers of noradrenaline, and the corresponding p-desoxy derivative, dopamine, with adreno- 
ceptors. P, H, and A represent three hypothetical binding sites to which attach the phenyl, hydroxyl and 

amino functional groups of phenethylamines, respectively. 
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derivatives relative to the S( +)-enantiomers, 22*23 is eliminated such that only direct postjunctional 
receptor mediated effects are considered. Recent studies have shown that the Easson-Stedman 
hypothesis applies to all four of the known adrenoceptor subtypes (i.e., al, a2, /3,, /12),5*‘39’432032’ 
and no exceptions to the Easson-Stedman hypothesis are known among the phenethylamine class. 

The significance of the Easson-Stedman hypothesis in relation to the imidazolines is not as 
clear as for the phenethylamines. When imidazolines structurally related to tolazoline are hydroxy 
substituted at a position analogous to the p-carbon atom of the phenethylamines (i.e., benzylic 
position), activity at a,- and a,-adrenoceptors is either unchanged or markedly decreased.2”28 
According to the Easson-Stedman hypothesis, one would have anticipated that a-adrenoceptor 
activity would increase dramatically if the hydroxyl group, when oriented in the optimal R stereo- 
chemical configuration, was critical for the attachment of the agonist to the a-adrenoceptor subtypes. 
Furthermore, the difference in activity between the R( -)- and S( +)-enantiomers of imidazolines 
with asymmetry at the benzylic carbon atom, which is analogous to the B-carbon atom of the 
phenethylamines, is small or nonexistent, ‘8*25-28 in contrast to the much larger enantiomeric potency 
differences of two to three orders of magnitude observed for the phenethylamines.‘4*2’,2g These 
observations have prompted the suggestion that the a-adrenoceptor mediated effects of the imid- 
azolines do not adhere to the Easson-Stedman hypothesis2”28,30 in contrast to the phenethylamines 
which most definitely do.‘4*21 In spite of the fact that the a-adrenoceptor mediated effects of the 
imidazolines do not conform to the Easson-Stedman hypothesis, recent findings indicate that the 
weak B-adrenoceptor mediated effects of optically active imidazolines do indeed adhere to the 
Easson-Stedman hypothesis.2”26 

Based on these observations, it has been proposed that while the phenethylamines interact with 
the adrenoceptors by a three-point attachment,“*‘* the imidazolines appear to interact with a- 
adrenoceptors by only a two-point attachment. ’ 8 The possibility must be considered that the 
phenethylamines and imidazolines interact differently with a-adrenoceptors,25,28*3’-34 and this has 
recently been confirmed at the molecular level in which the binding of phenethylamines to the active 
site of cloned a-adrenoceptors has been shown to differ from that of the imidazolines. 

2.1.2. Phenethylamines with asymmetry at the a-carbon atom. The enantiomers of a-methyl- 
dopamine are commonly employed to study the stereochemical demands made by a- and /I-adreno- 
ceptors for phenethylamines with asymmetry at the a-carbon atom (i.e., 2-position ; see Fig. 2). Patil 
and Jacobowitz3’ have shown that 2S( +)-a-methyldopamine is more potent than the corresponding 
2R( -)-enantiomer at j?,-adrenoceptors. Likewise, the /I,-adrenoceptor mediated effects of a-methyl- 
dopamine are also confined primarily to the 2S(+)-enantiomer. 36 However, in contrast to the 
high degree of enantioselectivity observed for the fi,- and b,-adrenoceptor mediated effects of a- 
methyldopamine, it was observed that both enantiomers of a-methyldopamine are extremely weak 
agonists at a,-adrenoceptors, with no difference between the enantiomers being detected.35 In 
agreement with these findings are those of Ruffolo and Waddell who found that the enantiomers 
of a-methyldopamine are equiactive at a ,-adrenoceptors in guinea pig aorta. However, in contrast 
to the equal potencies of the enantiomers of a-methyldopamine at a,-adrenoceptors, a marked 
preference was shown by a,-adrenoceptors in field-stimulated guinea pig ileum for the 2S(+)- 
enantiomer over the 2R( -)-enantiomer.6 

As a result of the high degree of stereoselectivity shown by the a,-adrenoceptor, but not by the 
a ,-adrenoceptor, for the enantiomers of a-methyldopamine, marked differences exist between the 
enantiomers of a-methyldopamine in their a2/a ,-adrenoceptor selectivities. Thus, while 2R( -)-a- 
methyldopamine showed only a two-fold preference for a,-adrenoceptors over a ,-adrenoceptor, its 
enantiomer, 2S( +)-methyldopamine, displayed a 23-fold preference for the a2-adrenoceptor.6 

According to the Easson-Stedman hypothesis, dopamine, which lacks the /?-hydroxyl group, 
will attach to both the a,- and a,-adrenoceptors by only a two point attachment involving the 
catechol ring and aliphatic nitrogen atom. “*20,2’ Since the two enantiomers of a-methyldopamine 
are equipotent to dopamine at a,-adrenoceptors6 it is logical to conclude that both enantiomers of 
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a-methyldopamine likewise bind to the u,-adrenoceptor by only a two point attachment, and that 
the a,-adrenoceptor does not interact significantly with the methyl substituent at the a-carbon atom 
when present in either the 2R( -)- or 2S( +)-configuration. Conversely, the 2S( +)-enantiomer 
of cc-methyldopamine is significantly more potent at the a,-adrenoceptor than either its 2R(-)- 
enantiomer or dopamine (desmethyl analog), with the two latter compounds being equal in activity 
to each other. These results indicate that the aradrenoceptor, in marked contrast to the a,- 
adrenoceptor, has the ability to interact with, or at least accommodate, the a-methyl group of a- 
methyldopamine when it is present and in the optimal 2S stereochemical configuration. Since 
dopamine would appear to bind to the a,-adrenoceptor by only two points of attachment (i.e., 
Easson-Stedman hypothesis is also valid for a,-adrenoceptors), it follows, therefore, that 2R( -)- 
a-methyldopamine likewise binds to the a,-adrenoceptor by only two points since this enantiomer 
is equipotent with dopamine at the a2-adrenoceptor.6 However, the 2S( +)-enantiomer of a-methyl- 
dopamine, which is more potent than either the 2R( -)-enantiomer or dopamine, may bind to the 
a,-adrenoceptor by a three-point mode of attachment involving the catechol ring, the protonated 
nitrogen atom and the a-methyl group.6 

This hypothesis involving asymmetry at the a-carbon atom of phenethylamines is presented 
schematically in Fig. 4 for the enantiomers of a-methyldopamine as it would apply differentially to 
LY,- and c+adrenoceptors. The model calls for an additional recognition site existing only on the a2- 
adrenoceptor which can interact with and/or accommodate, the a-methyl group of phenethylamines 
so substituted (i.e., a-methyldopamine, cr-methylnoradrenaline, etc.) and when oriented in the 

Proposed Interaction of the isomers of 
a-Methyldoprmlne with a-Adrenoceptor Subtypes 

a,-Adrenocaptor H 

arAdronocoptor 

Dosmothyl 

Desmothyl 

Fig. 4. Schematic representation of the possible interaction of cl-methyl substituted phenethylamines with 
a,- and a,-adrenoceptors. The hypothetical binding sites, P, H, and A are the same as indicated in Fig. 3, 
in addition to which the site M is proposed to exist only on a,-adrenoceptors to accommodate the a-methyl 

substituent. 
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2S( +)-configuration. 2R( -)-~Methyldopamine, which also possesses the a-methyl group, but in 
the incorrect orientation, and the desmethyl derivative (i.e., dopamine) which does not possess the 
a-methyl group, are predicted to be less active than the 2S(+)-enantiomer at a,-adrenoceptors 
(but not a,-adrenoceptors) presumably because these two compounds may only bind to the a2- 
adrenoceptor by only a two-point attachment as illustrated in Fig. 4. 

2.1.3. Phenethylamines with asymmetry at both the a- and /?-carbon atoms. The stereochemical 
requirements made by a- and #I-adrenoceptors for phenethylamines with two asymmetric centers 
are more complicated than those with one asymmetric center since four diastereoisomers (i.e., two 
enantiomeric pairs) exist. The four possible enantiomers of a-methylnoradrenaline are shown in 
Fig. 5. The a- and j?-adrenoceptors are strict in their configurational requirements for phenethyl- 
amine agonists with two chiral centers. Patil and Jacobowitz35 have established that firadreno- 
ceptors are highly selective for only the lR,2S( -)-erythro-enantiomer of a-methylnoradrenaline, 
with the remaining three enantiomers being inactive. Goldberg et al.,’ employing radioligand binding 
techniques, have shown that the same stereochemical requirements apply to the b,-adrenoceptor 
for the stereoisomers of a-methylnoradrenaline. Likewise, the a,- and a,-adrenoceptors are also 
highly selective for the lR,2S( -)-erythro-enantiomer of cc-methylnoradrenaline. 5,7,35 

Comparison of the stereochemical requirements of a ,- and a,-adrenoceptors illustrate several 
important quantitative differences between these two a-adrenoceptor subtypes. The enantiomeric 
activity ratio of the enantiomers of noradrenaline is 107-fold for a ,-adrenoceptors and 479-fold for 
a,-adrenoceptors, with the lR(-)-enantiomer being most potent in both cases.’ These findings 
suggest that quantitative differences exist in the configurational demands made by aI- and CQ- 
adrenoceptors for phenethylamines possessing only one chiral center, with the stereochemical 
demands made by a,-adrenoceptors being far more stringent than those made by a,-adrenoceptors. 
The case for the enantiomers of a-methylnoradrenaline is even more illustrative of these differences. 
For the lR,2S( -)-erythro- and lS,2R( +)-erythro-enantiomers of a-methylnordrenaline, an 
enantiomeric activity ratio of 60-fold exists at a,-adrenoceptors, whereas the enantiomeric 
activity ratio at a,-adrenoceptors is 550-fold.3 These observations support the notion that the 
stereochemical demands made by ~adrenoceptors are far more stringent than those made by 
a ,-adrenoceptors, especially for phenethylamines possessing two asymmetric centers. ’ 

In the previous section it was argued that the a,-adrenoceptor could selectively recognize 
and/or bind a-methyl substituents of phenethylamine agonists when oriented in the optimal 2S( +)- 
configuration (see Section 2.1.2.). Conversely, the a ,-adrenoceptor does not have this ability. This 
hypothesis may be extended to include the interactions of a-methylnoradrenaline (having two 
asymmetric centers) with a,- and a,-adrenoceptors, which would also account for the significant 
pharmacological differences that exist between a-methylnoradrenaline and noradrenaline. The most 

Stereoisomers ot a-Msthylnoradrsnallne 
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Fig. 5. The four diastereoisomers of a-methylnoradrenaline presented in the Fischer projection. 
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active enantiomers of a-methylnoradrenaline and noradrenaline at a r- and a,-adrenoceptors are 
those in which the fi-hydroxyl group is in the R absolute configuration.5,7~2’ Previous investigations 
which have shown that the Easson-Stedman hypothesis is valid for both the a,- and al-adrenoceptor 
subtypes5 indicate that a three-point attachment is likely for 1 R( -)-noradrenaline interacting with 
both a r- and a,-adrenoceptors. Since the a ,-adrenoceptor mediated effects of 1 R( -)-noradrenaline 
are not increased, or may even be decreased,5~‘8*2’~37-3g by a-methyl substitution (Section 2.1.2.), it 
is concluded that the 1 R,2S( -)-erythro-enantiomer of a-methylnoradrenaline also binds by a three- 
point attachment to a ,-adrenoceptors, consistent with the hypothesis presented above which suggests 
that the a,-adrenoceptor lacks the ability to interact with the u-methyl substituent in any con- 
figuration. Conversely, addition of an a-methyl group to noradrenaline significantly enhances 
activity at a2-adrenoceptors,5-7,37 indicating that this receptor subtype can recognize the g-methyl 
substituent when oriented in the optimum S absolute configuration, as was observed for a-methyl- 
dopamine. Since it appears that the a,-adrenoceptor can also recognize the catechol, fi-hydroxyl 
and amino groups (i.e., Easson-Stedman hypothesis is valid for a2-adrenoceptors5), it is proposed 
that the 1 R,2S( -)-erylhro-enantiomer of cl-methylnoradrenaline binds to the cc,-adrenoceptor by a 
four-point mode of attachment involving the catechol, fi-hydroxyl, amino and a-methyl groups, in 
contrast to the a,-adrenoceptor where only three of these functional groups (i.e., catechol, /3- 
hydroxyl and amino groups) are involved in the binding of this same compound. These proposed 
interactions of 1 R( -)-noradrenaline and 1 R,2S( -)-erythro-CX-methylnoradrenaline with the a,- 
and cl,-adrenoceptor subtypes are presented schematically in Fig. 6 to illustrate these significant 
differences. Note the proposed three-point interaction of both 1 R( -)-noradrenaline and 1 R,2S( -)- 
erythro-a-methylnoradrenaline with a ,-adrenoceptors. In contrast, at the a,-adrenoceptors, 1 R( -)- 
noradrenaline will still interact by only a three-point attachment, whereas 1 R,2S( -)-erythro-a- 
methylnoradrenaline is proposed to interact with the a2-adrenoceptor by a four point attachment 
which includes also the a-methyl substituent. This model is consistent with the observations 
that 1 R( -)-noradrenaline is equipotent to 1 R,2S( -)-erythro-a-methylnoradrenaline at a,-adreno- 
ceptors, ‘y6 whereas 1 R,2S( -)-erythro-a-methylnoradrenaline is significantly more potent than 
1 R( -)-noradrenaline at a,-adrenoceptors. 5,37 A slightly modified hypothesis involving different 
conformations of noradrenaline and a-methylnoradrenaline has been offered by Triggle. ’ 6 

2.1.4. Asymmetry at the N-substituent of phenethylamines. Simple phenethylamines, such as 
noradrenaline, adrenaline and a-methylnoradrenaline, have only two carbon atoms separating the 
aromatic ring and aliphatic nitrogen atom. For these simple phenethylamines, up to two points of 
asymmetry may exist; at the a- and/or p-carbon atoms. However, several phenethylamines with 
relatively large N-substituents have been synthesized, and many of these compounds possess an 
additional asymmetric center. Few such compounds have been resolved into their component 
enantiomers and evaluated at a- and j-adrenoceptors in order to assess the configurational require- 
ments made by receptors for these different asymmetric centers on the N-substituent. Dobutamine, 
however, is one compound possessing an unusual point of asymmetry in which the individual 
enantiomers have been evaluated in detail with some striking results. Dobutamine (Fig. 7) is an 
inotropic agent capable of increasing myocardial contractility at doses that have little or no effect 
on heart rate40-43 or blood pressure.43344 The point of asymmetry in dobutamine exists on the 
rather bulky N-substituent. While it is generally observed that the individual enantiomers of phen- 
ethylamines possess qualitatively similar pharmacological activities and differ mainly in potency,‘4 
dobutamine is unusual in that the individual enantiomers display marked qualitative differences in 
their overall pharmacological profiles as well as large differences in potency, all of which contribute 
to the efficacy of this agent clinically. In vitro studies of the individual enantiomers of dobutamine45 
indicate that the (-)-enantiomer is a potent a,-adrenoceptor agonist and a weak j,- and fi2- 
adrenoceptor agonist in contrast to the (+)-enantiomer which is a strong fl,- and P,-adrenoceptor 
agonist and possesses no agonist activity at m-adrenoceptors. In fact, (+)-dobutamine has been 
found to be a weak a-adrenoceptor antagonist capable of blocking, in part, the potent a-adrenoceptor 
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Proposed Intuactlon of 
Catecholamlnes wlth ai- and as-Adrenoceptors 

al-Adrenoceptor H 

1 Fl(-)- 
Noradrenallnr 

a2-Adrenoceptor H 

1 R(-)- 
Noradrenallns 

1 R,PS(-)-erythro- 
a-Methylnoradrenallne 

1 R.PS(-)-srytbhro- 
a-Methylnoradrenaline 

Fig. 6. Possible interactions of noradrenaline and a-methylnoradrenaline with a,- and a,-adrenoceptors. 
The proposed sites of interaction, P, H, M, and A, are the same as in Figs 3 and 4. 

agonist effects of the (-)-enantiomer. These results have been confirmed in uim4’ Thus, the (-)- 
enantiomer of dobutamine is a relatively potent and selective a,-adrenoceptor agonist, whereas the 
(+)-enantiomer of dobutamine is a strong j?,- and &adrenoceptor agonist. 

The qualitatively different effects mediated by the enantiomers of dobutamine at a- and /3- 
adrenoceptors are presented in Table 1. Although the inotropic effect of dobutamine is generally 
attributed to selective stimulation of myocardial /?,-adrenoceptors by the (+)-enantiomer, recent 
studies have shown clearly that the a,-adrenoceptor mediated effects of dobutamine, which exists 
in the (-)-enantiomer, also contribute, at least in part, to the inotropic selectivity of the compound 
as well as to its vascular effects. Several lines of evidence exist to support the hypothesis that both 
enantiomers of dobutamine in the racemic mixture used clinically contribute to the overall activity 
of the drug. Thus, recent studies show that myocardial a,-adrenoceptors exist and mediate a positive 

CHI 
CH,-CH,-NH-k,-CH,-CH, OH 

I: 

Dobutamlne 

Fig. 7. Chemical structure of the inotropic agent, dobutamine. The asterisk denotes the point of asymmetry. 
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Table 1. Possible Mechanism of Action of Dobutamine 

Enantiomers 
Pharmacologic 
Activity 

Effect in Hearta 
Vascularb 

ForceC Rated Tone 

(+)-Dobutamine 

(-)-Dobutamine 

(+JDobutaminee 

w32 + + 

Ql + 0 + 

al @j/P2 ++ + 0 

a +, increase; -, decrease 

b Vascular tone refers to vasodilation (-) or vasoconstriction (+). 0 refers to no net 

change in vascular tone. 

C Force of myocardial contraction (contractility or inotropic activity) 

d Rate of myocardial contraction 

e (+Jrefers to the racemic mixture of dobutamine used clinically. 

inotropic response with little or no change in heart rate. These myocardial a,-adrenoceptors are, 
indeed, activated by (-)-dobutamine when the racemic mixture is given in vitro and in uiuo.46u 
Furthermore, in spite of the fact that the /I-adrenoceptor mediated effects of dobutamine are 
generally believed to be responsible for the inotropic activity of the drug, it is the (-)-enantiomer 
of dobutamine that is most selective as an inotropic agent in vitro and in vivo,460 and the inotropic 
selectivity of dobutamine vis-ci-vis heart rate is attenuated, in part, by cr-adrenoceptor blockade, as 
is the ability of dobutamine to increase cardiac output, left ventricular dp/dt,,,, and stroke vo1ume.460 
It is apparent, therefore, that both enantiomers of dobutamine contribute to the inotropic activity 
of the drug by stimulating different adrenoceptors in the heart, with the (-)-enantiomer activating 
primarily the u ,-adrenoceptor, whereas the (+)-enantiomer stimulates mainly the fi ,-adrenoceptor. 
Since only the /?,-adrenoceptor contributes to increases in heart rate (vis-&is inotropic activity), 
the racemic mixture of dobutamine used clinically displays inotropic selectivity over heart rate (e.g., 
compare the effects on force and heart rate in Table 1). Likewise, the lack of effect of racemic 
dobutamine on blood pressure is also the result of the individual effects of the enantiomers used 
clinically. Thus, the c1 ,-adrenoceptor mediated vasoconstrictor effects produced by the (-)-enanti- 
omer of dobutamine are exactly offset by the fi,-adrenoceptor mediated vasodilatory effects of the 
(+)-enantiomer, resulting in no net change in blood pressure (Table 1). As such, dobutamine 
represents a most unusual circumstance in which both enantiomers of this optically active phen- 
ethylamine possess qualitatively different pharmacological profiles, and both enantiomers of 
dobutamine contribute to the beneficial effects of the racemic mixture used clinically in human 
patients with congestive heart failure.46” Interestingly, animal studies show that neither enantiomer 
of dobutamine alone can mimic the effects produced by the racemic mixture used clinically.46” 

2.2. Conjigurational requirements of a- and fl-adrenoceptors for agonists of the imidazol(id) ine class 
2.2.1. Asymmetry at the benzylic carbon atom of imidazolines and imidazolidines. Optically active 

centers in imidazoline agonists are rare. However, a few examples of optically active imidazolines 
are known and provide some insight into how this unique class of adrenoceptor agonists interacts 
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Optlcslly Active Imidszolinss 

A B 

C D 

Fig. 8. Chemical structures of optically active imidazolines possessing benzylic hydroxyl groups, and their 
corresponding desoxy derivatives. The asterisk denotes the point of asymmetry. 

with u- and P-adrenoceptors. As stated earlier, the Easson-Stedman hypothesis predicts the following 
rank order of potency for phenethylamines possessing an asymmetric, hydroxyl-substituted benzylic 
carbon atom : R( -)-enantiomer > S( +)-enantiomer = desoxy derivative. The Easson-Stedman 
hypothesis has been shown to be valid for all phenethylamines tested to date,14 but does not apply 
to any of the imidazolines. The imidazolines in Fig. 8 possess asymmetric benzylic carbon atoms at 
positions analogous to the /?-carbon of phenethylamines. Ruffolo et ~1.~~~~~ have shown that hydroxyl 
substitution of compound A (desoxy) to yield compound B [( +)-racemate] results in a 4- to lo- 
fold decrease in activity as opposed to the two order of magnitude increase in activity predicted by 
the Easson-Stedman hypothesis. Furthermore, hydroxyl substitution of compound C (desoxy) to 
yield the R( -)- and S( +)-enantiomers of compound D have also been synthesized and studied in 
detail. In a variety of CI ,-adrenoceptor test systems, the rank order of potency for these compounds 
was as follows : desoxy derivative 2 R( -)-enantiomer > S( +)-enantiomer.26.28*3094s,4g This order 
of potency is clearly different than that predicted by the Easson-Stedman hypothesis. Likewise, at 
a,-adrenoceptors, the R( -)-enantiomer of compound D was found to be only 6-fold more potent 
than the S( +)-enantiomer ; however, the corresponding desoxy derivative was found to be an 
extremely potent a2-adrenoceptor agonist, 26 leading to a rank potency order of: desoxy deri- 
vative >> R( -)-enantiomer > S( +)-enantiomer, which also deviates from the Easson-Stedman 
hypothesis. Thus, it may be concluded that the Easson-Stedman hypothesis does not apply to either 
the LX]- or a,-adrenoceptor mediated effects of imidazoline agonists in spite of the fact that this 
hypothesis does accurately predict the a-adrenoceptor mediated effects of the phenethylamines. 

Interestingly, however, these optically active imidazolines possess weak PI- and /3,-adrenoceptor 
agonist effects, which surprisingly do adhere to the Easson-Stedman hypothesis. Thus, at B,- and b2- 
adrenoceptors, both in vitro and in vivo, the R( -)-enantiomer of these optically active imidazolines is 
consistently more potent than either the S( +)-enantiomer or the corresponding desoxy derivative, 
with the two latter compounds being roughly equivalent in potency. This rank order of potency of 
R( -)-enantiomer > S( +)-enantiomer = desoxy derivative has now been shown to apply to several 
optically active imidazolines interacting with /?,- and #?,-adrenoceptors in spite of the fact that these 
compounds do not adhere to the Easson-Stedman hypothesis at a,- or a,-adrenoceptors. This 
interesting discrepancy in which optically active imidazolines adhere to the Easson-Stedman hypoth- 
esis at P-adrenoceptors, but not at c+adrenoceptors, highlights the marked qualitative differences 
that exist in the stereochemical demands made by a- and /3-adrenoceptors for agonists of the 
imidazoline class (but not the phenethylamine class where qualitative differences do not exist between 
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Optlcally Actlve Amldlnes 

Fig. 9. Chemical structure of an optically active amidine possessing a benzylic hydroxyl group, and the 
corresponding desoxy derivative. The asterisk denotes the point of asymmetry. 

the stereochemical demands made by the CI- and /3-adrenoceptor subtypes). Identical results have 
been obtained for optically active amidine derivatives (Fig. 9) which are structural analogs of the 
imidazolines. Thus, the imidazolines and amidines have the capacity to discriminate between c1- and 
/I-adrenoceptors with respect to the Easson-Stedman hypothesis, as opposed to the phenethylamines 
which adhere to the Easson-Stedman hypothesis at both a- and /I-adrenoceptors. 

One point of asymmetry also exists at the benzylic carbon atom of tetrahydrozoline (Fig. 10). 
It has been demonstrated in vitro2’,” and in viuo” that the activity of tetrahydrozoline resides 
predominantly in the (-)-enantiomer. The enantiomeric activity ratio for the enantiomers of 
tetrahydrozoline is low, generally less than 10-fold,25,50 characteristic of all optically active imidaz- 
olines studied to date. This contrasts with the phenethylamines which display enantiomeric activity 
ratios of lOO- to lOOO-fold when chirality exists at the benzylic carbon atom. 

2.2.2. Asymmetry at the imidazoline ring. Optically active imidazolines with asymmetry existing 
at the 4 position of the imidazoline ring have also been synthesized and tested (Fig. 11). The two 
major substituents that have been placed at this position are methyl and benzyl groups. Both 
substitutions decrease intrinsic activity and thereby change potent agonists into antagonists.52v53 
Virtually no stereoselectivity exists between the enantiomers of either the methyl or benzyl substituted 
imidazolines.50,52,53 

Totrahydrozollna 

Fig. 10. Chemical structure of tetrahydrozoline. The asterisk denotes the point of asymmetry. 

Optlcally Actlvr Naphazollne Derlvatlvas 

Fig. 11. Derivatives of naphazoline with points of asymmetry (asterisk) on the imidazoline ring. 
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2.3. Comparison of the conjigurational requirements of a- and /I-adrenoceptors for optically active 
phenethylamines and imidazolines 

Based on the previous discussion it is apparent that several important differences exist in the 
stereochemical requirements made by a- and j?-adrenoceptors for optically active phenethylamines 
and imidazolines. Enantiomeric activity ratios for phenethylamines are, in general, quite large, 
whereas enantiomeric activity ratios for optically active imidazolines are quite small and often 
nonexistent. Thus, enantiomeric activity ratios for phenethylamines with one point of asymmetry 
at the B-carbon atom (benzylic position) are typically in excess of lOO-fold, and enantiomers of 
phenethylamines with two points of asymmetry (i.e., as in a-methylnoradrenaline) may show 
enantiomeric activity ratios in excess of 500-fold. In contrast, optically active imidazolines rarely 
show enantiomeric activity ratios larger than IO-fold, and a complete lack of stereoselectivity is not 
uncommon among imidazolines. 

Furthermore, the Easson-Stedman hypothesis applies strictly to all phenethylamines that interact 
with a,-, aZ-, j?,- and P2-adrenoceptors. In contrast, no optically active imidazolines (or amidines) 
studied to date adhere to the Easson-Stedman hypothesis at a,- or a,-adrenoceptors, whereas the 
a,- and j?,-adrenoceptor mediated effects of these compounds do apparently adhere to the Easson- 
Stedman hypothesis, pointing out previously unrecognized differences in the stereochemical demands 
made by a- and b-adrenoceptors. 

In general, it appears that the steric demands made by a- and /3-adrenoceptors for phenethyl- 
amines are significantly more stringent than those for the imidazolines. It is likewise apparent that 
the phenethylamines and the imidazolines differ markedly with respect to their chiral interactions 
with a- and /?-adrenoceptors, and these differences have led to the proposal that the phenethylamines 
and imidazolines interact differently with a- and j?-adrenoceptors. 

2.4. Conformational requirements for directly-acting a- and /I-adrenoceptor agonists 
2.4.1. Conformational requirements of phenethylamines. The most active enantiomer of nor- 

adrenaline and other phenethylamines at a- and b-adrenoceptors is the R( -)-enantiomer.5~‘3~14~‘8~21 
When two asymmetric centers exist on a phenethylamine, as in a-methylnoradrenaline (Fig. 5) or 
ephedrine, the 1 R,2S( -)-erythro-enantiomer is most active. 5~6~‘3~‘4~18~21~35~54~ss The relative positions 
in space of the three important functional groups (i.e., phenyl, /?-hydroxyl and aliphatic nitrogen) 
of a phenethylamine when bound to a- and j$adrenoceptors, is obtained from an analysis of the 
conformational demands made by these receptors. The exact conformation of a phenethylamine 
required for interaction with the a- and /Cadrenoceptors is not known with certainty. However, 
consideration of the physical properties of these agonists in the solid state and in solution has 
allowed the energetically preferred conformations to be established. Theoretical calculations5”62 
indicate that the preferred conformation of R( -)-noradrenaline in solution is the extended-trans 
conformation in which the amino and phenyl groups are at a dihedral angle of 180” (Fig. 12). This 
conformation represents an energy minimum, and hence greater stability and a greater probability 
of existence at any point in time. This conformation also appears to be stabilized by an intramolecular 
electrostatic or hydrogen bonding interaction between the amino and /3-hydroxyl groups6’,62 (Fig. 
12). The 1 R,2S-a-methyl, P-hydroxyl disubstituted phenethylamines, such as 1 R,2S( -)-erythro- 
ephedrine and 1 R,2S( -)-erythro-a-methylnoradrenaline, also prefer this same extended-trans con- 
formation. ’ 7*56*6’z62 X-Ray crystallographic studies of (-)-noradrenaline and (-)-ephedrine in the 
solid state63*64 indicate that in this state, as in solution, the preferred conformation is the extended- 
trans form. 

These studies regarding the preferred conformations of sympathomimetic amines in solution 
and in the solid state have led to speculation concerning which conformation of a phenethylamine 
is required for binding to, and activation of, the a- and /?-adrenoceptors. However, the preferred 
conformation of an agonist in solution or in the solid state is not necessarily the same conformation 
required for interaction with the receptor. ‘4,65 Furthermore, the preferred conformation of a phen- 
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OH 

Hydrophobic H H Hydrophilic 

1 R(-)-Noradrenaline 

Fig. 12. Newman projection of the lR(-)-enantiomer of noradrenaline showing both hydrophilic and 
hydrophobic sides of the molecule. Note the proposed intramolecular hydrogen bond that forms between 
the /3-hydroxyl group and the amino group which has been suggested to stabilize the molecule in the trans- 

extended conformation. 

ethylamine in the relatively lipoidal region of the receptor, commonly called the ‘biophase’,66,h7 or 
near the ‘active’ site of the receptor where the physical environment may not resemble an aqueous 
solution, may differ from that confirmation found to predominate in solution.65*68 

The molecular conformation of various biogenic amines has been reviewed in detail by Carlstrom 
et ~1.~~ These authors propose, based on a review of a large volume of literature dealing with 
conformations of biogenic amines, that potent, directly-acting phenethylamines should have the five 
following characteristics : (a) a six membered aromatic ring system, (b) an extended ethylamine side 
chain oriented approximately perpendicular to the aromatic ring system, (c) a positively charged 
nitrogen atom (at physiological pH) on the ethylamine side chain, (d) a hydrophilic and hydrophobic 
side of the molecule resulting from the fl-hydroxyl group being oriented on the same side of the 
molecule (cis) as the meta phenolic hydroxyl group of the aromatic ring, and (e) an R absolute 
configuration at the P-carbon atom to which is attached a hydroxyl group (Fig. 12). According to 
Carlstrom et al., 64 the amino, pheny 1 and P-hydroxyl groups, which the Easson and Stedman 
hypothesis” suggest are necessary for interaction with a- and j?-adrenoceptors, will be in the 
appropriate configuration to interact with the receptors only when these five requirements are met, 
as is the case for the levorotatory, R-enantiomers of the phenethylamines. For the dextrorotatory, 
S-enantiomers, where the /?-hydroxyl group is on the opposite side from the meta phenolic hydroxyl 
group, or for the corresponding desoxy derivative in which the /3-hydroxyl group is absent, weaker 
activity should result, as predicted by the Easson-Stedman hypothesis” (see Section 2.1.1.1.). 

Several attempts have been made to establish which of the infinite number of possible con- 
formations that phenethylamines may adopt is required for interaction with the a-adrenoceptors. 
However, relatively little has been done to establish the conformational requirements of the /I- 
adrenoceptors. The use of conformationally rigid or restricted analogs of noradrenaline has been 
attempted by Smissman and Gastrock. 69 These investigators have synthesized a series of con- 
formationally restrained noradrenaline analogs that are derivatives of trans decalin (Fig. 13) for the 
purpose of establishing the conformational requirements of a-adrenoceptors for phenethylamines. 
However, the pharmacological activity of these conformationally restrained noradrenaline analogs 
yielded little new information due to the extremely low agonist activity that resulted from the 
additional bulk used to restrict conformation. Hence, these efforts have not provided the important 
information originally hoped for. 

However, Erhardt et al.,” using two conformationally restricted analogs of dopamine (desoxy- 
noradrenaline) which possess relatively little unnecessary bulk, have attempted to establish the 
conformational demands made by CI ,-adrenoceptors. These investigators evaluated the c( ,-adreno- 
ceptor mediated effects of the trans-extended and &-folded enantiomers of 2-(3,4_dihydroxyphenyl)- 
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Conformatlonally-Restricted Noradrenallna Analogues 
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Fig. 13. Conformationally-restricted truns-decalin analogues of noradrenaline 

cyclopropylamine (Fig. 14) in rabbit aorta. The trans-extended form was found to be 5fold more 
potent than the &-folded analogue, strongly suggesting that the truns-extended conformation, 
which is the highly preferred conformation for phenethylamines in solution and in the solid state, 
is also that conformation preferred by the c1 i-adrenoceptor. 

In a similar manner, Ruffolo et aL4 have investigated the conformational demands made by CQ- 
adrenoceptors by evaluating the trans-extended and c&folded analogs of 2-(3,6dihydroxyphenyl)- 
cyclobutylamine (Fig. 14) in field-stimulated guinea pig ileum. These results indicated that the pre- 
junctional a,-adrenoceptor also preferred phenethylamines in the trans-extended conformation 
over the cis-folded form. It was concluded, therefore, that c1,- and c+adrenoceptors have similar 
conformational requirements for activation by agonists of the phenethylamine class. 

A series of N-substituted exo- and endo-isomers of 2-amino-6,7-dihydroxybenzonorbornene 

Contormationally Restricted Phsnethylaminos 

Pans trans 

2_(3,44ihydroxyphmnyI)_ 2-(3+dlhydroxyph~nyl)- 
yclopmpylamln* yclobldy*mln~ 

Fig. 14. Conformationally restricted cyclopropylamine and cyclobutylamine derivatives of dopamine used 
to establish the conformational requirements of a,- and a,-adrenoceptors, respectively. 
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2-Amino-6,7-dlhydroxybenxonorbornane 

8x0 endo 

Fig. 15. Conformationally-restricted analogs of dopamine that were used to establish the conformational 
requirements of a,- and a,-adrenoceptors. 

derivatives (Fig. 15) have been synthesized as rigid catecholamine analogs and have been investigated 
for activity at CI,- and u,-adrenoceptors by Hicks et a1.70n It was observed that the en&isomer, 
which corresponded to the &-folded conformation of a phenethylamine, was inactive at both c1,- 
and aradrenoceptors, in contrast to the exo-isomer, which corresponded to the trans-extended 
conformation, which was extremely potent at both tli- and u2- adrenoceptors. These results are 
consistent with those described above which indicate that for activation of both a,- and cr,-adreno- 
ceptors, a fully extended-trans conformation of a phenethylamine is required. 

2.4.2. Conformational requirements of imidazolines and imidazolidines. One of the first attempts 
to define the molecular conformation required for interaction of the imidazolines with cl-adreno- 
ceptors was made by Pullman et al. 59 In a quantum mechanical study of the conformational 
properties of naphazoline, these investigators concluded that the most stable conformation of 
naphazoline was one in which the naphthyl and imidazoline rings were mutually perpendicular with 
a dihedral angle of 90”. This conformation would place the aromatic ring and one of the imidazoline 
nitrogen atoms at a dihedral angle of approximately 180”, similar to what has been observed with 
the phenethylamines in the solid state and in solution. Consistent with this observation are reports 
that the free base of clonidine in solution prefers a conformation in which the phenyl and imidazoline 
rings assume a mutually perpendicular arrangement. 71-74X-Ray crystallographic studies of clonidine 
hydrochloride in the solid phase also show a nearly perpendicular arrangement between the phenyl 
and imidazoline rings. ” Although the perpendicular arrangement of the phenyl and imidazoline 
rings of clonidine has been attributed to steric forces around the relatively bulky ortho chlorine 
substituents,76,77 it has recently been observed that even unsubstituted benzylimidazolines and 
phenyliminoimidazolines may also assume the same perpendicular arrangement of the phenyl and 
imidazoline rings in solution.73,74 

Although the preferred conformation of the imidazolines in solution and in the solid state has 
been established and shown to resemble the trans-extended conformation of the phenethylamines, 
conformationally rigid imidazoline derivatives have not been studied in a highly quantitative manner 
in order to establish conclusively that this conformation is also the conformation preferred by the 
adrenoceptors for agonists and the imidazoline class. 

3. STEREOCHEMICAL REQUIREMENTS FOR INDIRECTLY-ACTING SYMPATHOMIMETIC AMINES 

3.1. Indirectly-acting sympathomimetic amines 
It is now known that u- and /I-adrenoceptor agonists may be divided into two classes based on 

their mechanisms of action. The first class, which has been discussed previously, is referred to as 
directly-acting sympathomimetic amines. These agonists interact directly with u- and fi-adrenoceptors, 
and a study of the configurational and conformational requirements for these compounds provides 
insight into the stereochemical demands made by the pre- and postjunctional a- and p-adrenoceptors. 
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The second class of a- and p-adrenoceptor agonists is referred to as the indirectly-acting sym- 
pathomimetic amines, which include compounds such as tyramine, ephedrine and amphetamine. 
Agonists of this class do not interact directly with a- and /?-adrenoceptors to a significant extent, 
but rather enter the adrenergic nerve terminal and release endogenous (largely ‘cytoplasmic’) 
stores of neurotransmitter from sympathetic nerve terminals. 7*-8o Before endogenous stores of 
catecholamines (generally noradrenaline in postganglionic sympathetic nerve terminals) can be 
released, the indirectly-acting sympathomimetic amines must first be transported into the nerve 
terminal by the cocaine-sensitive amine uptake pump (uptake,) located on the neuronal cell mem- 
braneg (Fig. 1). Thus, a configurational and conformational analysis of indirectly-acting sym- 
pathomimetic amines will provide valuable information concerning the stereochemical demands 
made by the uptake, pump. It should also be noted that some sympathomimetic amines act by 
both a direct and indirect mechanism,” and care must be taken in evaluating the stereochemical 
selectivities of these ‘mixed’ adrenoceptor agonists. 

While most of the neurotransmitter released by indirectly-acting sympathomimetic amines is 
liberated from cytoplasmic pools, release of bound neurotransmitter from within adrenergic storage 
vesicles located in the sympathetic nerve terminal (Fig. 1) also occurs for some compounds.*’ Before 
vesicular release of neurotransmitter can occur, these indirectly-acting sympathomimetic amines 
must first be transported from the cytoplasm of the nerve terminal into the storage vesicle. Such 
compounds must, therefore, also be substrates for the vesicular transport system in addition to 
the neuronal uptake, process (Fig. 1). Both reserpine-sensitive and reserpine-resistant vesicular 
uptake processes have been identified, and it has been determined that certain indirectly-acting 
sympathomimetic amines release bound vesicular noradrenaline following transport into the storage 
vesicle via the reserpine-resistant system, while others use the reserpine-sensitive carrier.8s83 In- 
directly-acting sympathomimetic amines may therefore liberate noradrenaline from the cyto- 
plasmic stores following uptake into the nerve terminal by the uptake, pump, or from vesicular 
stores following first accumulation by the uptake, pump and subsequent uptake into the adrenergic 
storage vesicles. As such, the configurational and conformational demands made by uptake, and 
by the vesicular uptake mechanism(s) must be considered. 

3.2. Configurational requirements for indirectly-acting phenethylamines 
3.2.1. Phenethylamines with asymmetry at the b-carbon atom (benzylic position). The ability 

of the neuronal uptake pump (uptake,) to distinguish between enantiomers of optically active 
phenethylamines with an asymmetric B-carbon atom has been highly disputed. Early reports indi- 
cated that the neuronal uptake, pump, which transported indirectly-acting sympathomimetic amines 
into the sympathetic nerve terminal, showed some degree of stereoselectivity for R( -)-enantiomers 
of phenethylamines. 84-87 However, the differences observed between enantiomers were rather small 
(only 2- to 5-fold) and were not consistent from tissue-to-tissue and could not be observed in all 
tissues.88,8g In fact, in certain tissues where neuronal uptake had previously been shown to be highly 
stereoselective for R( -)-enantiomers, this ‘apparent’ stereoselectivity was lost after inhibiting the 
vesicular uptake process which itself shows a high degree of stereoselectivity.gsg2 These results 
suggested that the stereoselectivity originally attributed to the neuronal uptake, pump may have in 
large part resulted from stereoselectivity occurring at the level of the adrenergic storage vesicle. 

The question as to the absolute stereoselectivity of the neuronal membrane uptake, pump for 
phenethylamines possessing asymmetry at the /?-carbon atom has never been completely resolved, 
but Iversen et al. g3 have argued co nvincingly that uptake, is in all probability stereoselective for 
R( -)-enantiomers of B-hydroxyl substituted phenethylamines. The enantiomeric activity differences 
displayed by the neuronal uptake, pump are at best only very small, and would seem to vary from 
tissue-to-tissue, with some tissues showing a complete absence of stereoselectivity. The relatively 
small differences in stereochemical preference shown by the neuronal uptake pump for optically 
active phenethylamines with chirality existing at the B-carbon atom, would seem to contrast with 
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the relatively large stereochemical differences of up to two to three orders of magnitude shown by 
the a- and j%adrenoceptors for the same compounds. 

While the question of stereoselectivity at the neuronal uptake pump associated with the cell 
membrane remains somewhat of an enigma, there is little doubt that the transport system associated 
with the adrenergic storage vesicles for sympathomimetic amines with asymmetry at the B-carbon 
atom is a highly stereoselective process. von Euler and colleagues’“” have consistently dem- 
onstrated the existence of a stereochemical preference for R( -)-noradrenaline over the S(+)- 
enantiomer in storage vesicles isolated from bovine splenic nerves. Likewise, a similar stereochemical 
preference has been observed in isolated bovine chromaffin granules (i.e., adrenergic storage vesicles 
in adrenal chromaffin cells), or ‘ghosts’ prepared from them,g8~gg and in storage vesicles from rat 
heart. loo 

3.2.2. Phenethylamines with asymmetry at the a-carbon atom. Although the neuronal uptake, 
pump displays little or no stereoselectivity for optically active phenethylamines with the point of 
asymmetry existing at the P-carbon atom, such is not the case when asymmetry exists at the c1- 
carbon atom where relatively large and reproducible differences in enantioselectivity have been 
observed for the uptake, transport system. Iversen ‘O’ has reported a 20-fold difference in the abilities 
of 2S(+)- and 2R( -)-amphetamine to inhibit the neuronal uptake of noradrenaline, with the 
2S( +)-enantiomer being the most potent. In addition, Marquardt et al. lo2 investigated the ability 
of three phenethylamines with a-methyl substitutions to inhibit noradrenaline uptake into synap- 
tosomes prepared from rat brain. For each of the three enantiomeric pairs, activity was approxi- 
mately 3-fold greater for the 2S( +)-enantiomer compared to the corresponding 2R( -)-enantiomer. 

Data are noticeably lacking concerning asymmetry at the a-carbon atom and stereoselectivity 
of phenethylamine uptake into adrenergic storage vesicles. However, inferences drawn from com- 
pounds with two asymmetric centers (see Section 3.2.3.) would tend to indicate that the vesicular 
uptake process also favors the 2S( +)-enantiomers over the 2R( -)-enantiomers for optically active 
phenethylamines with asymmetry at the a-carbon atom. 

3.2.3. Phenethylamines with asymmetry at both the a- andp-carbon atoms. Patil and Jacobowitz3’ 
have determined by histochemical studies in iris from reserpine-pretreated rats that both the 
lR,2S( -)-erythro- and lS,2R( +)-erythro-enantiomers of a-methylnoradrenaline are substrates for 
neuronal uptake, with little or no stereochemical preference being observed for either enantiomer. 
While both erythro-enantiomers of a-methylnoradrenaline appear to be transported by uptake, to 
similar degrees, it was observed that neither of the threo-enantiomers of a-methylnoradrenaline (see 
Fig. 5) were potent substrates for uptake,. Thus, while neuronal uptake, failed to distinguish 
between the 1 R,2S( -)- or lS,2R( +)-erythro-enantiomers of a-methylnoradrenaline, the membrane 
uptake pump could distinguish between the erythro and threo diastereoisomers. In spite of this 
apparent stereoselectivity in rat iris, similar rates of neuronal uptake between the erythro and threo 
diastereoisomers of a-methylnoradrenaline have been reported in mouse and rabbit hearts, although 
the erythro isomers were selectively retained, possibly indicating a high degree of stereoselectivity 
for the erythro isomers of a-methylnoradrenaline at the level of the vesicular uptake process.1o3,‘o4 

Several studies have shown that only the 1 R,2S( -)-erythro-enantiomer of metaraminol can 
function as a false neurochemical transmitter.‘0s,‘06 For a compound to serve as a false neuro- 
transmitter, it must first be accumulated by the neuronal uptake, mechanism and then subsequently 
transported from the cytoplasm into the adrenergic storage vesicle by the vesicular uptake pump. lo7 
Since all four optical isomers of metaraminol appear to be substrates for neuronal uptake, by 
inference it appears logical to conclude that only the 1 R,2S( -)-erythro-enantiomer is subsequently 
accumulated and retained by the vesicular uptake pump of the adrenergic storage vesicles. It is 
concluded, therefore, that the adrenergic storage vesicles display a marked degree of stereoselec- 
tivity for only the 1 R,2S( -)-erythro-isomer of phenethylamines with asymmetry at both the a- 
and p-carbon atoms. 

A more direct assessment of vesicular uptake of the stereoisomers of metaraminol has been 
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made by Sugrue and Shores3 who have demonstrated that only the lR,2S( -)-eryzhro-enantiomer 
is a substrate for uptake into adrenergic storage vesicles. Consistent with this observation are the 
findings of Muscholl et al. lo8 who demonstrated that while the initial rates of uptake of the optical 
isomers of a-methylnoradrenaline are the same, there is a selective retention of only the lR,2S( -)- 
erythro form. The most likely interpretation of these results is that the initial accumulation of a 
sympathomimetic amine into the cytoplasm by neuronal uptake’ is not a highly stereoselective 
process for these phenethylamines with two asymmetric centers (as was the case for phenethylamines 
with one point of asymmetry at the B-carbon atom ; Section 3.2.1.), but that vesicular uptake and 
subsequent retention by the adrenergic storage vesicles are highly stereoselective processes. Results 
consistent with this interpretation have now been reported by others.‘09~1’0 

The functional significance of these studies on the stereoselectivity of neuronal and vesicular 
uptake of phenethylamines with two points of asymmetry has been addressed by Patil et a1.20~2’~s4*55 
who investigated the adrenoceptor-mediated effects of the four optical isomers of ephedrine in the 
rat vas deferens where the effects of the ephedrine isomers are predominantly indirect.” In this 
tissue, the indirect activity of ephedrine resides in only the 1 R,2S( -)-erythro-isomer, with the three 
remaining isomers being only weakly active or completely inactive. It cannot be stated at the present 
time whether the stereoselectivity observed in these functional studies of the indirect effects of 
ephedrine result from stereoselectivity at uptake,, stereoselectivity at the level of vesicular uptake, 
or both, or whether, in fact, the stereoselectivity occurs at some other process such as displacement 
of endogenous noradrenaline from one or more bound sites in the cytoplasm or adrenergic storage 
vesicle. 

3.3, Conformational requirements for neuronal uptake, and vesicular uptake of phenethylamines 
It has been proposed that the preferred conformation of noradrenaline for neuronal uptake, is 

the truns-extended conformation in which the phenyl ring and aliphatic nitrogen atom are at a 
dihedral angle of 180”. ’ ’ ‘-I I4 As discussed previously (Section 2.4.1.), this is the same conformation 
of a phenethylamine that exists in solution and in the solid state. The use of conformationally 
restricted phenethylamine derivatives has largely confirmed that the trans-extended conformation 
is highly preferred by the neuronal uptake, pump. Horn and Snyder’ ’ ’ and Tuomisto et al. ’ ’ 6 have 
shown that truns-2-phenylcyclopropylamine (Fig. 16) is lOO- to lOOO-fold more potent than the 
corresponding cis-folded form in inhibiting noradrenaline uptake’ in the central nervous system. 
Miller et al.’ ” have obtained similar results in peripheral tissues. Other studies using rigid or 
semirigid phenethylamine analogs also indicate a high degree of selectivity of the amine uptake 
pump for the truns-extended conformation of phenethylamines. “*,l 13*’ ’ 7m’20 Some evidence exists, 
however, to indicate that gauche conformations may not be without activity.‘4,‘2’ The con- 
formational demands made by the vesicular transport system for phenethylamines have not been 

2-Phenylcyclopropylamine 

Q 0 

Fig. 16. Conformationally restricted cyclopropylamine derivatives used to establish the conformational 
requirements of neuronal uptake,. 
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defined. It is interesting to note that although the neuronal uptake, process does not have stringent 
configurational requirements, especially for phenethylamines with asymmetry at the B-carbon atom, 
the uptake, pump is extraordinarily selective in its conformational requirements, with a clear 
preference for phenethylamines in the truns-extended conformation. 

4. STEREOCHEMICAL REQUIREMENTS FOR a- AND /?-ADRENOCEPTOR ANTAGONISTS 

4.1. a-Adrenoceptor antagonists 
Stereoselectivity in a-adrenoceptor antagonists has been a relatively disappointing area of 

research. One reason for this is the fact that the vast majority of a-adrenoceptor antagonists do not 
possess a chiral center. Furthermore, most a-adrenoceptor antagonists bear no resemblance to the 
agonists, and as such, it is difficult to draw parallels. Several optically active antagonists of the 
imidazoline class have been prepared, but differences in activity between enantiomers is either not 
commonly observed or is low. 

4.1.1. Benzodioxanes. One particularly interesting class of a-adrenoceptor antagonists is the 
benzodioxanes which do possess one or more points of asymmetry. Several benzodioxanes have been 
synthesized and their absolute configurations have been determined by Nelson and co-workers. “‘,’ 23 
Benzodioxanes, such as WB-4101, prosympal, and piperoxan (Fig. 17), possess one asymmetric 
center, and it has been determined that the S absolute configuration is always more potent than the 
R configuration.50,‘22-‘24 Dibozane has two asymmetric centers (Fig. 17) and it has been determined 
that the S,S-enantiomer is more potent than the R,R-enantiomer.” The meso form (dibozane is a 
symmetrical molecule) is similar in potency to the S,S-enantiomer.50 Nelson et a1.12’ have argued 
convincingly that the conformational distribution of the aminoalkyl, oxygen and aromatic functional 
groups of the S-benzodioxanes is similar to that of R(-)-adrenaline, thus accounting for the tl- 
adrenoceptor blocking activities and the observed stereoselectivities of this class of compounds. 

4.1.2. Yohimbine diastereoisomers. Weitzell et a1.‘25 have reported marked and surprising 
differences in the prejunctional a2- and postjunctional a,-adrenoceptor blocking potencies of the 
yohimbine diastereoisomers (Fig. 18). Differences in potency as well as a-adrenoceptor subtype 
selectivity have been reported, and several of the yohimbine isomers are invaluable as pharmacologi- 
cal tools to subclassify a-adrenoceptors. McGrath’26 has indicated that the rank order of potency of 

Benxodloxans 

R Compound 

WCz”sh Prosympal 

-N 
3 

Plperoxan 

-NH-CH2-C”2- WB-4101 

Dlbozane 

Fig. 17. Chemical structures of several optically active a-adrenoceptor blocking agents of the benzodioxan 
class. The asterisk denotes the point of asymmetry. 
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Sterooiromrrs oi Yohlmblnr 

Yohimbinr 

Rauwolsclne 

Apoyohimblne 

Corynanthlne 

Fig. 18. Chemical structures of the stereoisomers of yohimbine that are used to characterize and subclassify 
a,- and a,-ad:.enoceptors. 

the four isomers of yohimbine as antagonists of the c1 ,-adrenoceptors is ; apoyohimbine > corynan- 
thine > yohimbine > rauwolscine. Potencies at cr,-adrenoceptors are markedly different, with a 
rank order of: apoyohimbine > rauwolscine > yohimbine > corynanthine. As a result of these dif- 
ferences in the relative potencies at c1,- and a,-adrenoceptors, the selectivities of these compounds 
for a2- vs a,-adrenoceptors is : rauwolscine > yohimbine > apoyohimbine > corynanthine. Thus, 
rauwolscine and yohimbine have become standard u,-adrenoceptor antagonists, and corynanthine 
has become a prototype a ,-adrenoceptor antagonist. 

4.1.3. /3-Huloalkylumines. The enantiomers of the irreversible a-adrenoceptor antagonist, 
phenoxybenzamine (Fig. 19) have been prepared and evaluated by Portoghese et al. 12’ A 15-fold 
difference was observed in the rate at which these enantiomers alkylate a-adrenoceptors, with the 
(+)-enantiomer having the faster rate. Portoghese et a1.12’ have argued that the intrinsic alkylating 
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o- O-C&-H 

CHr’ 
?.CH,CHICI 

Resctiw Azlrldlnium Specks 

Fig. 19. Chemical structure of phenoxybenzamine and the reactive aziridium species that exists prior to 
covalent binding to c(,- and a,-adrenoceptors. The asterisk denotes the point of asymmetry. 

activities of the phenoxybenzamine enantiomers is the same, and that both enantiomeric forms 
interact with the a-adrenoceptor through the highly reactive chiral, aziridinium species which is 
formed from both enantiomers at the same rate (Fig. 19). It was proposed, therefore, that the 
observed enantiomeric activity difference resulted from differences in affinities of the asymmetric 
precursors for the a ,-adrenoceptor. In contrast, other irreversible a-adrenoceptor antagonists of the 
/?-haloalkylamine class, such as N,N-dimethyl-p-chlorophenethylamine, have been shown to lack 
enantioselectivity,‘28”29 since both enantiomers alkylate the a ,-adrenoceptor through one common, 
highly reactive, achiral intermediate in which asymmetry is also lost prior to alkylation of the 
receptor. 

4.1.4. Zmiduzolines. Idazoxan (Fig. 20) is an imidazoline that has been identified as a highly potent 
and selective antagonist of peripheral and central a,-adrenoceptors, with an a&,-adrenoceptor 
selectivity ratio of lOO- to lOOO-fold. In the rat vas deferens, (-)-idazoxan was found to be three 
times more potent than the (+)-enantiomer at antagonizing the prejunctional cc,-adrenoceptor 
mediated effects of clonidine. In contrast, (+)-idazoxan was 15 times more potent than (-)- 
idazoxan in blocking the postjunctional CI ,-adrenoceptor mediated effects of phenylephrine, although 
both enantiomers are far less potent as a,-adrenoceptor antagonists than a,-adrenoceptor antag- 
onists.‘30 In the same study, (+)-idazoxan was found to be more potent than (-)-idazoxan in 
antagonizing the central a,-adrenoceptor-mediated sedation produced by clonidine or azapexole. 
Since the physicochemical properties of (-)- and (+)-idazoxan are identical, and brain penetration 
of both compounds is therefore likely to be the same, these data suggest that differences may exist 

a-Adronocoptor AntagonIStS 

Idazoxan 
CHa 

L-652699 

Fig. 20. Chemical structures of the cc-adrenoceptor antagonists, idazoxan and L-652799. The asterisk 
denotes the point of asymmetry. 



a- and P-Adrenoceptor agonists and antagonists 9915 

between central and peripheral a*-adrenoceptor populations in their stereochemical requirements 
for optically active antagonists of the imidazoline class. As such, (-)-idazoxan appears to be the 
more potent x2-adrenoceptor antagonist in the periphery, whereas (+)-idazoxan is the most potent 
enantiomer at blocking central az-adrenoceptors. 

4.1.5. Benzoquinolizines. A series of hexahydrobenzofuroquinolizines have been synthesized 
and examined for relative affinities at a,- and a,-adrenoceptors. ‘3’,’ 32 Racemic N-(1,3,4,6,7,12& 
hexahydro-2H-benzo[b]furo[2,3-a]quinolizin-2-yl)-N-methyl-2-hydroxy-ethane-sulfonamide (L- 
652699 ; Fig. 20) was identified as a selective a2-adrenoceptor antagonist that exhibited a 150-fold 
preference for a2- vs a,-adrenoceptors. The (2R,12bS)-isomer of L-654284 proved to be twice as 
potent as the racemate, whereas the (2R,12bR)-enantiomer displayed little or no activity. The 
stereochemical configuration of the chiral centers of L-654284 are identical to the corresponding 
centers in yohimbine and rauwolscine (Fig. 18), to which L-654284 is structurally related. 

4.2. /SAdrenoceptor antagonists 
4.2.1. Aryloxyethylamines. Unlike a-adrenoceptor antagonists, fi-adrenoceptor antagonists 

closely resemble the agonists in both chemical structure and stereochemical requirements. Thus, 
most fi-adrenoceptor antagonists are ethylamines, or more appropriately, aryloxyethylamines, and 
possess a hydroxyl group in a position analogous to the /I-hydroxyl group of the phenethylamines, 
such as isoprenaline. The most active enantiomers of fl-adrenoceptor antagonists with asymmetry 
at this point have absolute stereochemical configurations identical to those of the active enantiomers 
of fi-adrenoceptor agonists, such as lR( -)-isoprenaline. Thus, the enantiomeric activity ratio for 
the optical isomers of propranolol (Fig. 21) is approximately 40-fold, with the (-)-enantiomer 
being most potent. I4 The similarity in stereochemical requirements for fi-adrenoceptor agonists and 
antagonists suggests that /I-adrenoceptor antagonists may be more specific in their attachment to 
fi-adrenoceptors than a-adrenoceptor antagonists are in their attachment to a-adrenoceptors, where 
little similarity exists between agonists and antagonists. I4 

Methyl substitution of /3-adrenoceptor antagonists at the a-carbon atom, as in butoxamine (Fig. 
21), has been reported to decrease potency. 62 It would appear, however, that in these fl-adrenoceptor 
antagonists where asymmetry exists at both the a- and p-carbon atoms, the most active enantiomer 

&Adrenoceptor Antagonlrt8 

0 OH FH3 
8 

0-CH+CH2-NHCH Proprenolol 

0 ” b”, 

Butoxemine 

Butedrlne 

Fig. 21. Chemical structures of several /Ladrenoceptor antagonists with one or two points of asymmetry. 
The asterisk notes the point of asymmetry. 
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will have the same absolute configuration as the structurally related agonists in the phenethylamine 
class, such as 1 R,2S( -)-erythro-a-methylnoradrenaline. Butedrine (Fig. 21) is a /.I-adrenoceptor 
antagonist with two points of asymmetry that are remote from each other. At the 1 position is the 
hydroxyl group, and at the 4 position is the methyl substituent. All four optical isomers (i.e., two 
pairs of diastereoisomers) have been tested and both the 1 R,4R- and 1 R,4Sisomers are potent /I- 
adrenoceptor antagonists, with the 1 R,4R-enantiomer perhaps being slightly more potent. I4 The 
1 S,4S- and 1 S,4R-isomers are relatively weak /I-adrenoceptor antagonists presumably due to the 
incorrect stereochemistry at the 1 position. 

4.3. ‘Mixed’ u- and /hadrenoceptor antagonists 
4.3.1. Labetalol. The most useful information concerning the stereoselectivity of u- and b- 

adrenoceptor antagonists comes from the relatively new class of antagonists that block both a- 
and B-adrenoceptors. Labetalol is the prototypic member of this class of ‘mixed’ antagonists and 
possesses two asymmetric centers (Fig. 22) giving rise to two pairs of diastereoisomers and four 
possible optical isomers. Recent studies with labetalo1’33-‘36 have demonstrated that the a- and 
/I-adrenoceptor blocking properties are not distributed uniformly among the individual stereo- 
isomers. The four optical isomers of labetalol have now been resolved and their absolute config- 
urations have been assigned. The a- and /3-adrenoceptor blocking activities of the stereoisomers of 
labetalol have been evaluated in the dog by Brittain et a1.,‘33 and the relative potencies listed in 
Table 2 have been calculated from their results. It is clear that the a ,-adrenoceptor blocking activity 
of labetalol resides predominantly in the lS,4R-isomer, whereas the j?,- and /I,-adrenoceptor 
blocking effects reside predominantly in the 1 R,4R-isomer. That one of the four optical isomers of 
labetalol should be a selective a,-adrenoceptor antagonist while another shows a distinct prefer- 
ence for /?,- and B,-adrenoceptors is indeed remarkable. An interesting comparison may be made 
between labetalol and dobutamine (see Section 2.1.4. and Fig. 7). Both compounds are close 
structural analogs, but dobutamine has only one asymmetric center on the relatively bulky N- 
substituent, an asymmetric position also common to labetalol. In the case of dobutamine, it was 
observed that the (-)-enantiomer was predominantly an a,-adrenoceptor agonist while the 
(+)-enantiomer was predominantly a /I,- and &adrenoceptor agonist, which is similar to the situ- 

Mlxed a- and /SAdrenoceptor Antagonlets 

Labetalol 

Carvedilol 

Fig. 22. Chemical structures of two ‘mixed’ ct- and P-adrenoceptor antagonists, labetalol and carvedilol. 
The points of asymmetry are denoted by the asterisks. 
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Table 2. Relative a- and P-adrenoceptor blocking activities of the stereoisomers of 
labetalol in the dog 

Relative Potencies 

Absolute Configuration “1 Pl p2 

Labetalol(1 R.4R; 1 S,4S; 1 R.4S;l S.4R) 1 1 1 
I R,4R-Labetalol 0.15 2.27 2.18 
1 S,4S-Labetalol 0.39 0.03 co.02 
1 R,4W_abetalol 0.23 0.15 0.09 
1 S,4R-Labetalol 1.74 0.04 0.02 

ation with labetalol, except that the isomers of labetalol are antagonists. Thus, it may be that this 
relatively unusual position of asymmetry can impart differential a- and /I-adrenoceptor selectivities 
upon the individual stereoisomers. 

4.3.2. Carvedilof. Carvedilol (Fig. 22) is a multiple action drug now available for use clinically 
in the treatment of mild to moderate hypertension. The antihypertensive effects of carvedilol result 
primarily from a,-, /II- and &adrenoceptor blockade, as well as from calcium channel blockade. 
Unlike labetalol, carvedilol has only one point of asymmetry, but as is the case with labetalol, the 
a- and fl-adrenoceptor blocking effects of carvedilol reside in different enantiomers.“’ Thus, the 
potent b,-adrenoceptor antagonist activity of carvedilol resides primarily in the S( -)-enantiomer, 
which is at least lOO-fold more potent in this regard than the R( +)-enantiomer. Interestingly, the 
c1 ,-adrenoceptor blocking activity of carvedilol occurs in both enantiomers and, unlike the case for 
labetalol, is comparable in both enantiomers. Thus, S(-)-carvedilol is a potent and relatively 
selective b,-adrenoceptor antagonist, whereas both enantiomers of carvedilol are equipotent a,- 
adrenoceptor antagonists. ’ 3 7 It is apparent, therefore, that the point of asymmetry in carvedilol is 
significantly more crucial with regard to the /I-adrenoceptor blocking activity of the drug compared 
to the a-adrenoceptor antagonist activity of the compound. Furthermore, the point of asymmetry 
in carvedilol appears to occur at a position that is not recognized by the a,-adrenoceptor. As is the 
case for labetalol, neither enantiomer of carvedilol alone can mimic the pharmacological profile of 
the racemic mixture used clinically. 

5. SUMMARY AND CONCLUSIONS 

The Easson-Stedman hypothesis [i.e., R( -)-enantiomer > S( +)-enantiomer = desoxy deriva- 
tive] is the most generally applicable theory regarding the direct sympathomimetic activity of 
phenethylamines possessing one chiral center existing at the /?-carbon atom (benzylic position). The 
theory proposes a three-point attachment to a- and /%adrenoceptors (via the nitrogen, /I-hydroxyl 
and phenyl ring) for the R( -)-enantiomer of a phenethylamine, whereas the S( +)-enantiomer and 
corresponding desoxy derivative bind by only a two-point attachment (through the amino and 
phenyl groups), accounting for their lower activities. The Easson-Stedman hypothesis is valid for 
phenethylamines interacting with all adrenoceptor subtypes (i.e., a,, a2, /3,, j12), but does not hold 
for the a-adrenoceptor mediated effects of the imidazolines. Phenethylamines with two asymmetric 
centers (e.g. a-methylnoradrenaline) have four stereoisomers, and activity resides primarily in the 
lR,2S( -)-erythro-isomer for all adrenoceptors. The a- and /I-adrenoceptors would appear to prefer 
phenethylamines and imidazolines in the truns-extended conformation in which the aromatic ring 
and nitrogen atom are at a dihedral angle of 180”. 
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Indirectly-acting sympathomimetic amines act through liberation of endogenous stores of nor- 
adrenaline, and as such, a stereochemical analysis of these compounds provides information about 
the demands made by the neuronal uptake pump (uptake,) and the vesicular uptake pump of the 
adrenergic storage vesicles. The neuronal uptake pump displays, at best, only a slight stereochemical 
preference for lR( -)-enantiomers of P-hydroxyl substituted phenethylamines, while the adrenergic 
storage vesicles show a high degree of stereoselectivity in favour of the 1 R( -)-enantiomer. Neuronal 
uptake, does show a stereochemical preference for the 2S( +)-enantiomers of cr-methyl-substituted 
phenethylamines over the corresponding 2R(-)-enantiomers, and thus it follows that the major 
activity of indirectly-acting sympathomimetic amines with two points of asymmetry (e.g., ephedrine) 
resides predominantly in the 1 R,2S( - )-erythro-isomer. The truns-extended conformation of a 
phenethylamine is highly preferred over the c&folded conformation by the neuronal uptake, pump. 

/?-Adrenoceptor antagonists are structurally similar to the agonists, and similar stereochemical 
requirements are expected and, in fact, are observed. Competitive a-adrenoceptor antagonists 
of the benzodioxane, imidazoline, yohimbine and benzoquinolizine classes show some degree of 
stereoselectivity, but the degree of stereoselectivity is often low and not predictable. Most optically 
active irreversible a-adrenoceptor antagonists of the /?-haloalkylamine class (with the exception of 
phenoxybenzamine) display no stereoselectivity, suggesting that both enantiomeric forms interact 
with a-adrenoceptors through one common, highly reactive asymmetrical intermediate. ‘Mixed’ a- 
and /I-adrenoceptor antagonists, such as labetalol and carvedilol, possess one or two points of 
asymmetry. Differences in the relative LX- and /?-adrenoceptor blocking potencies exist among the 
individual stereoisomers of these ‘mixed’ antagonists. This relatively new class of antagonists with 
dual CI- and P-blocking activities have proven to be useful in distinguishing between the stereo- 
chemical demands made by LX- and b-adrenoceptors. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 

8. 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 

17. 
18. 

19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 

REFERENCES 

Timmermans, P. B. M. W. M. ; Van Zwieten, P. A. J. auton. Pharmacol. 1981, I, 171. 
Langer, S. Z. Biochem. Pharmacol. 1974,23, 1793. 
Stjarne, L. Acta Physiol. Stand. 1974,90, 286. 
Ruffolo, R. R. Jr. ; Anderson, K. S. ; Miller, D. D. Mol. Pharmacol. 1%2,21,259. 
Ruffolo, R. R. Jr. ; Yaden, E. L. ; Waddell, J. E. J. Pharmacol. Exp. Ther. 1982,222, 649. 
Ruffolo, R. R. Jr. ; Waddell, J. E. Lif Sci. 1982,31, 2999. 
Goldberg, M. R. ; Tung, C.-S. ; Feldman, R. D. ; Smith, H. E. ; Oates, J. A. ; Robertson, D. J. Pharmucol. Exp. Ther. 
1982,220, 552. 
Goldberg, M. R. ; Tung, C.-S. ; Ring, M. ; Oates, J. A. ; Gerkens, J. F. ; Roberton, D. CIin. Exp. Hypertension 1982, 
A4, 595. 
Iversen, L. L. Adv. Drug Res. 1965,2, 239. 
Easson, L. H.; Stedman, E. Biochem. J. 1933,27, 1257. 
Blaschko, H. Proc. Roy. Sot. 1950,137,307. 
Beckett, A. H. Fortschr. Arzneimittel-Forschung 1959, I, 455. 
Patil, P. N. ; LaPidus, J. B. ; Tye, A. J. Pharm. Sci. 1970,59, 1205. 
Patil, P. N. ; Miller, D. D. ; Trendelenburg, U. Pharmacol. Rev. 1974,26, 323. 
Patil, P. N.; LaPidus, J. B. Ergeb. Physiol. 1972,66,213. 
Triggle, D. J. In : Chemical Pharmacology of the Synapse, Triggle, D. J. ; Triggle, C. R. Eds. Academic Press : New 
York, 1976, pp. 233430. 
Portoghese, P. S. Ann. Rev. Pharmacol. 1970, IO, 51. 
Ruffolo, R. R. Jr. In : Adrenoceptors and Catecholamines Action. Kunos, G. Ed. Wiley-Interscience, New York, 1983, 
pp. l-50. 
Ahlquist, R. P. Am. J. Physiol. 1948, I53, 586. 
Patil, P. N. ; LaPidus, J. B. ; Tye, A. J. Phurmacol. Exp. Ther. 1967,155, 1. 
Patil,,P. N. ; LaPidus, J. B. ; Campbell, D. ; Tye, A. J. Pharmacol. Exp. Ther. 1%7, 155, 13. 
Patil, P. N. ; Patel, D. G. ; Tye, A. Arch. Int. Pharmacodyn. Ther. 1%9,182,32. 
Rtiolo, R. R. Jr. ; Miller, D. D. ; Patil, P. N. Biochem. Pharmacol. 1976,23, 399. 
Ruffolo, R. R. Jr. ; Dillard, R. D. ; Yaden, E. L. ; Waddell, J. E. J. Pharmacol. Exp. Ther. 1979,211, 74. 
Ruffolo, R. R. Jr. ; Yaden, E. L. ; Waddell, J. E. ; Dillard, R. D. J. Pharmacol. Exp. Ther. 1980,214,535. 
Ruffolo, R. R. Jr. ; Rice, P. J. ; Hamada, A. ; Miller, D. D. ; Patil, P. N. Eur. J. Pharmacol. l!B3,86,471. 
Ruffolo, R. R. Jr. ; Waddell, J. E. J. Pharmacol. Exp. Ther. 1983,224, 559. 



a- and /I-Adrenoceptor agonists and antagonists 9979 

28. 

29. 
30. 
31. 
32. 

33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 

44. 
45. 

Miller, D. D. ; Hamada, A. ; Rice, P. J. ; Patil, P. N. Abstracts of the American Chemical Society, Division of Medicinal 
Chemistry, Abstract No. 38, March, 1980. 
Patil, P. N. ; Patel, D. G. ; Krell, R. D. J. Pharmacol. Exp. Ther. 1971, 176,622. 
Ruffolo, R. R. Jr. ; Patil, P. N. ; Miller, D. D. Naunyn-Schmiederberg’s Arch. Pharmacol. 1983,323,221. 
Ruffolo, R. R. Jr. ; Turowski, B. S. ; Patil, P. N. J. Pharm. Pharmacol. 1977,29, 378. 
Ruffolo, R. R. Jr. ; Miller, D. D. ; Patil, P. N. In: Recent Advances in the Pharmacology of Adrenoceptors, Szabadi, 
E. : Bradshaw, C. M. ; Bevan, P. Eds. Elsevier North Holland Biomedical Press, 1978, pp. 45-50. 
Kobinger, W. ; Lillie, C. ; Pichler, L. Circ. Res. 1980,46 (Suppl. I), l-21. 
Mottram. D. R. Br. J. Pharmacol. 1982. 75 CSUDDI.) 138P. 
Patil, P. N. ; Jacobowitz, D. J. Pharmacol. Exp.&Ther. 1968,161,279. 
Palm, D. ; Langeneckert, W. ; Holtz, P. Naunyn-Schmiedeberg’s Arch. Pharmak. u. exp. Path. 1967,258, 128. 
Starke, K. ; Endo, T. ; Taube, H. D. Naunyn-Schmiedeberg’s Arch. Pharmacol. 1975,291,55. 
Besse, J. C. ; Furchgot, R. F. J. Pharmacol. Exp. Ther. 1976, 197,66. 
Williams, L. T. ; Mullikin, D. ; Lefkowitz, R. J. J. Biol. Chem. 1976,251,6915. 
Tuttle, R. R. ; Mills, J. Cir. Res. 1975.36, 185. 
Tuttle, R. R.; Mills, J. U.S. Patent, 3,987,200, 1976. 
Sonnenblick, E. H. ; Frishman, W. H. ; LeJemtel, T. H. N. Engl. J. Med. 1979,300, 17. 
Leier, C. V. ; Heban, P. T. ; Huss, P. ; Bush, C. A.; Lewis, R. P. In: Internationales. Dobutamin Syposium, Bleifeld, W.; 
Gattiker, R. ; Schaper, W. ; Brade, W. Eds. Urban and Schwarzenerg, Munich, 1980, pp. 177-183. 
Liana, C.-S. ; Hood. W. B. J. Pharmacol. Exo. Ther. 1979.211. 698. 
Ruff~lo, R. R. Jr. ; Spradlin, T. A. ; Pollock,G. D. ; Waddell, J. E. ; Murphy, P. J. J. Pharmacol. Exp. Ther. 1981,219, 
447. 

46. Ruffolo, R. R. Jr. ; Yaden, E. L. J. Pharmacol. Exp. Ther. 1983,224,46. 
46a. Ruffolo, R. R. Jr. Am. J. Med. Sci. 1%7,30, 244. 
47. 
48. 

49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 

Wilffert, B. ; Timmermans, P. B. M. W. M. ; Van Zwieten, P. A. J. Pharmacol. Exp. Ther. 1982,221,762. 
Miller, D. D. ; Patil, P. N. ; Feller, D. R. Abstracts, American Chemical Society, Division of Medicinal Chemistry, 
Abst. 5, 1982. 
Rice, P. J. ; Hamada, A. ; Miller, D. D. ; Patil, P. N. The Pharmacologist 1982,24, 222. 
Fuder, H. ; Nelson, W. L. ; Miller, D. D. ; Patil, P. N. J. Pharmacol. Exp. Ther. 1981,217, 1. 
Yellin, T. 0. ; Katchen, M. S. ; Lavenhar, S. R. ; Nelson, E. G. Acta Physiol. Stand. i978, Special Suppl. 219. 
Miller, D. D. : Hsu. F.-L. : Ruffolo. R. R. Jr. : Patil. P. N. J. Med. Chem. 1976.19. 1382. 
Hsu, F.-L. ; Hamada, A. ;‘Booher, M. ; Fuder, H. ; Patil, P. N. ; Miller, D. D. j. Med. Chem. 1980,23, 1232. 
Patil, P. N. ; Tye, A. ; LaPidus, J. B. J. Pharmacol. Exp. Ther. 1965,148, 1.58. 
Patil, P. N. ; Tye, A. ; Lapidus, J. B. J. Pharmacol. Exp. Ther. 1965,149, 199. 
Kier, L. B. J. Pharmacol. Exp. Ther. 1968,164,75. 
Kier, L. B. J. Pharm. Pharmacol. 1969,21.93. 
Kier, L. B. ; Truitt, E. B. Jr. J. Pharmacol. Exp. Ther. 1970,174,94. 
Pullman, B. ; Coubelis, J. L. ; Couriere, P. H. ; Gervois, J. P. J. Med. Chem. 1972, 15, 17. 
Pedersen, L. ; Hoskins, R. E. ; Cable, H. J. Pharm. Pharmacol. 1971,23, 216. 
Ison, R. R. ; Partington, P. ; Roberts, G. C. K. Mol. Pharmacol. 1973,9,756. 
Portoghese, P. S. J. Med. Chem. 1967,10, 1057. 
Phillips, D. C. Acta Crystallogr. 1954, 7, 159. 
Carlstrom, D. ; Bergin, R. ; Falkenberg, G. Q. Rev. Biophys. 1973,3, 257. 
Robinson, J. B. ; Beheau, B. ; Cox, B. 2. Med. Chem. 1969, Z2, 848. 
Furchaott, R. F. Pharmacol. Rev. 1955. 7, 183. 
Furchgott, R. F. Ann. Rev. Pharmacol.‘l%4,4, 21. 
Ridley, H. F. ; Chatterjee, S. S. ; Moran, J. F. ; Triggle, D. J. J. Med. Chem. 1969, Z2,931. 
Smissman, E. E. ; Gastrock, W. H. J. Med. Chem. 1968,11,860. 
Erhardt, P. W. ; Gorczynski, R. J.; Anderson, W. G. J. Med. Chem. 19’79,22,907. 

70a. Hicks, P. E. ; Waldron, C. ; Burn, P. ; Crooks, P. A. J. Pharm. Pharmacol. 1983,35,94. 
71. Rouot, B. ; Leclerc, G. ; Wermuth, C. G. Chim. Ther. 1973,5, 545. 
72. Pook, K. H. ; Stahle, H. ; Daniel, H. Chem. Ber. 1974,107, 2644. 
73. Jackman, L. M. ; Jen, T. J. Am. Chem. Sot. 1975,97,2811. 
74. de Jong, A. P. ; Van Dam, H. J. Med. Chem. 1980,23,889. 
75. Cody, V. ; De Titta, G. T. Mol. Struct. 1979,9, 33. 
76. Timmermans, P. B. M. W. M. ; Van Zwieten, P. A.; Meerman-van Benthem, C. M.; vander Meer, K. ; Mulder, 

J. J. C. Arzneim. Forsch. 1977,27, 2266. 
77. Meerman-van Benthem, C. M.; van der Meer, K. ; Mulder, J. J. C.; Timmermans, P. B. M. W. M.; van Zweiten, 

P. A. Mol. Pharmacol. 1975, II, 667. 
78. Muscholl, E. Naunyn-Schmiedeberg’s Arch. Pharmacol. 1!%0,240,234. 
79. Carlsson, A. Mechanisms of Release of Bioaenic Amines. Peraamon Press. New York. 1966.331. 
80. Trendelenburg, U. In : Handbook of Experimental Pharmacology, Vol. 33, Blaschko,‘H. ; Muscholl, E. Eds. Springer- 

Verlag, Berlin, 1972, pp. 336362. 
81. Lundborg, P. ; Stitzel, R. Br. J. Pharmacol. 1%7,29, 342. 
82. Stitzel, R. E. ; Lundberg, P. Br. J. Pharmacol. 1%7,29,99. 
83. Sugrue, M. F. ; Shore, P. A. J. Pharmacol. Exp. Ther. 1971,177,389. 



9980 R. R. RUFFOLO, JR. 

84. Iversen. L. L. &it. J. Pharmacol. 1963.21. 523. 
85 Iversen; L. L. The Uptake and Storage of Noradrenaline in Sympathetic Nerves, Cambridge University Press, Cambridge, 

England, 1967, p. 253. 
Kopin, I. J. ; Bridgers, W. Life Sci. 1963,2, 356. 
Maickel, R. P. ; Beavan, M. A. ; Brodie, B. B. Life Sci. 1963,2, 953. 
Ross, S. B. ; Renyi, A. L. Acta Pharmacol. Toxicol. 1964,21, 226. 
Draskocy, P. R. ; Trendelenburg, U. J. Pharmacol. Exp. Ther. 1968,159,66. 
Trendelenburg, U. ; Draskoczy, P. R. J. Pharmacol. Exp. Ther. 1970,175, 521. 
Krell, R. D. ; Patil, P. N. J. Pharmucol. Exp. Ther. 1972,282, 101. 
Krell, R. D. ; Patil, P. N. J. Pharmacol. Exp. Ther. 1972,182,273. 
Iversen, L. L. ; Jarrott, B. ; Simmonds, M. A. Br. J. Pharmacol. 1971,43, 845. 
Euler, U. S. v.; Lishajko, F. Acta Physiol. Scund. 1964,60,217. 
Euler, U. S. v. ; Lishajko, F. Int. J. Neuropharmacol. 1965,4, 273. 
Euler, U. S. v. ; Lishajko, F. Acta Physiol. Scund. 1%7, 71, 151. 
Stjarne, L. ; Euler, U. S. v. J. Pharmacol. Exp. Ther. 1%5,150, 335. 
Taugner, G. Naunyn-Schmiederberg’s Arch. Pharmacol. 1972,274,229. 
Phillips, J. H. Biochem. J. 1974,144, 319. 
Westfall, T. C. Acta Physiol. Stand. 1%5,63, 336. 
Iversen, L. L. Br. Med. BUN. 1973,29, 130. 

86 
87 
88 
89 
90. 
91 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 

100 
101. 
102. 
103. 
104. 
105. 

106. 
107. 

108. 
109. 
110. 
111. 
112. 
113. 

114. 

115. 
116. 
117. 
118. 
119. 
120. 

121. 
122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 
130. 
131. 

132. 

133. 
134. 
135. 

136. 

137. 

Marquardt, G. M. ; DiStefano, V. ; Ling, L. L. Biochem. Pharmacol. 1978,27, 1497. 
Muscholl, E. ; Lindmar, R. Naunyn-Schmiedbergs Arch. Pharmacol. 1967,257, 314. 
Lindmar, R. ; Muscholl, E. ; Rahn, K. H. Eur. J. Phurmacol. 1968,2, 317. 
Albertson, N. F. ; McKay, F. C. ; Lape, H. E. ; Hoppe, J. 0. ; Selberis, W. H. ; Arnold, A. J. Med. Chem. 1970, 13, 
132. 
Torchiana, M. L. ; Porter, C. C. ; Stone, C. A. Arch. Znt. Pharmacodyn. Ther. 1968,174, 118. 
Muscholl, E. In : Handbook of Experimental Pharmacology, Vol. 33, Blaschko, H. ; Muscholl, E. Eds. Springer-Verlag, 
Berlin, 1972, pp. 618-660. 
Muscholl, E. ; Drews, E. F. ; Lindmar, R. Naunyn-Schmiedebergs Arch. Pharmacol. Exp. Path. 1968,260, 180. 
Waldeck, B. Eur. J. Pharmacol. 1%7,2, 208. 
Carlsson, A. ; Meisch, J. ; Waldeck, B. Eur. J. Pharmacol. 1968,5, 85. 
Maxwell, R. A. ; Chaplin, E. ; Batmanglidj Eckhardt, S. J. Pharmacol. Exp. Ther. 1969,166,320. 
Maxwell, R. A. ; Batmanglidj Eckhardt, S. ; Hite, G. J. Pharmacol. Exp. Ther. 1970, 17I, 62. 
Maxwell, R. A.; Chaplin, E.; Batmanlidj Eckhardt, S.; Soares, J. R. ; Hite, G. J. Pharmacol. Exp. Ther. 1970, 173, 
158. 
Maxwell, R. A. ; Eckhardt, S. B. ; Chaplin, E. ; Burcsu, J. In : Physiology and Pharmacology of Vascular Neuroefector 
Systems, Bevan, J. A. ; Furchgott, R. F. ; Maxwell, R. A. ; Somlyo, A. P. Eds. S. Karger AG, Base], 1971, p. 349. 
Horn, A. S. ; Snyder, S. H. J. Pharmacol. Exp. Ther. 1972,180, 523. 
Tuomisto, J. ; Tuomisto, L. ; Smissman, E. E. Am. Med. Exp. Penn 1973,51, 51. 
Miller, D. D. ; Fowble, J. ; Patil, P. N. J. Med. Chem. 1973, 16, 177. 
Buckner, C. K. ; Patil, P. N. ; Tye, A. ; Malspeis, L. J. Phurmacol. Exp. Ther. 1%9,166,308. 
Tuomisto, J. ; Tuomisto, L. ; Pazdernik, T. L. J. Med. Chem. 1976, I9, 725. 
Barthlow, R. M. ; Eiden, L. E. ; Ruth, J. A. ; Gnmewald, G. L. ; Siebert, J. ; Rutlede, C. 0. J. Pharmacol. Exp. Ther. 
1977,202,532. 
Tuomisto, L. ; Tuomisto, J. ; Smissman, E. E. Eur. J. Pharmacol. 1974,25, 351. 
Nelson, W. L. ; Wennerstrom, J. E. ; Dyer, D. C. ; Engel, M. J. Med. Chem. 1977,20, 880. 
Nelson, W. L. ; Powell, M. L. ; Dyer, D. C. J. Med. Chem. 1979,22, 1125. 
Mottram, D. R. J. Pharm. Pharmacol. 1981,31,767. 
Weitzell, R. ; Tanaka, T. ; Starke, K. Naunyn-Schmiedeberg’s Arch. Pharmacol. 1979,308, 127. 
McGrath, J. C. Biochem. Pharmacol. 1982,31,467. 
Portoghese, P. S. ; Riley, T. N. ; Miller, J. W. J. Med. Chem. 1971, II, 561. 
Belleau, B. ; Cooper, P. J. Med. Chem. 1963.6, 579. 
Belleau, B. ; Trig&e, D. J. J. Med. Pharm. ehem. 1%2,5, 636. 
Dabire, H. ; Mouille. P.: Schmitt. H. Eur. J. Pharmacol. 1983.86. 83. 
Huff, J. R. ; Anderson, P. S. ; Baldwin, J. J. ; Clineschmidt, B. V. ;‘Guare, J. P. ; Lotti, V. J. ; Pettibone, D. J. ; Randall, 
W. C. ; Vacca, J. P. J. Med. Chem. 1985,28, 1753. 
Pettibone, D. J. ; Clineschmidt, B. V. ; Lotti, V. J. ; Martin, G. E. ; Huff, J. R. ; Randall, W. C. ; Vacca, J. ; Baldwin, 
J. J. Naunyn-SchmiedebergS Arch. Pharmacol. 1986,333, 110. 
Brittain, R. T. ; Drew, G. M. ; Levy, G. P. Br. J. Pharmocol. 1981, 73, 282P. 
Nakagawa, Y. ; Shimamoto, N. ; Nakazawa, M. ; Imai, S. Jup. J. Phurmacol. 1980,30,743. 
Sybertz, E. J. ; Sabin, C. S. ; Pula, K. K. ; van der Vliet, G. ; Glennon, J. ; Gold, E. H. ; Baum, T. J. Pharmacol. Exp. 
Ther. 1981,218, 435. 
Baum, T. ; Watkins, R. W. ; Sybertz, E. J. ; Vermulapalli, S. ; Pula, K. K. ; Eynon, E. ; Nelson, S. ; van der Vliet, G. ; 
Glennon, J. ; Moran, R. M. J. Pharmacol. Exp. Ther. 1981,218,444. 
Nichols, A. J. ; Sulpizio, A. C. ; Ashton, D. J. ; Hieble, J. P. ; Ruffolo, R. R. Jr. Chirality 1989,1,265. 


