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The general problein of the absolute conformation of receptor- and euzyvme-bound quaternary muscarinic
agents is brieflv reviewed. Special attention is devoted to the super-muscarinic agent L(4-)-cis-dioxolane (I},

it which the conformation of the cationic moiety ix not fixed.

It is pointed out that 3-acetoxyquinuclidine

iethiodide has a frozeu conformation abont the cationie center and thus may provide a suitable conformational
frame allowing a decision regarding the active conformation of the eationic part of T in the bound state. It
was found that (8)-(— )-3-acetoxyqainuelidine methiodide (I1) is related to (S)-(+ )-g-methylacetylcholine

{111) and like the latter behaves as a good substrate for AChl:,
The (R)-(+) enantiomer of Il was found to be inactive as a substrate

the activity of acetyleholive (ACh).

for AChE, aud to be 2. 5.00th as active ax ACh as a muscarinic ageut.
active conformation of T in the bound state may be ax shown in IV,

As a muscarinic agent, (8)-(—)-II has /gpth

It was tentatively councluded that the
It seeins possible, therefore, that strained

conformations of stimuliuts may be favored in the enzyme and receptor bound states.

Fvidence has accumulated in the recent past®—® that
the configurational handeduess of the muscarime
cholinergic receptor sites and the acetylcholinesterase
(AChLE) active centers may be similar. The most
active mnscarinic agent kuown to datet is (2R)-methyl-
#8)-trimethylammoniuninmethyl-1,3-dioxolane (I, here-
after referred to as the L(4)-cis-dioxolane for con-
venience). Its absolute configuration is the same as
that of L(4)-muscarine;” moreover, the absolute
configuration at position 4 is equivalent to that of the
corresponding carbon atom in L(+)-8-methylacetyl-
choline.®®  This enantiomer is as active as ACh as a
muscarinic agent®Y and is also the only one of the two
possible isomers which acts as a substrate for AChE.?
This suggests that both the receptor and the enzyme
binding sites may share some similar eonfigurational
features. The problem of detecting specificity effects m
the interaction of non-substrate ligands with AChE is
a difficult one. A clear decision as to the possibility of
a correlation between cholinergie potency and molecular
events at the enzyme level must await the accessibility
of suitable methods of investigation. Recently, en-
couraging progress in this direction has been made.?
A comprehensive study of the thermodynamies of
binding equilibria for the system AChE-quaternary
salts has revealed the existence of a very large specificity
cffeet on AH and AS hinding for the 1.-cis-dioxolane (I),
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but not for analogous dioxolanes differing in geometry or
absolute configuration. It does therefore seem that the
1-cis-dioxolane may possess the correct absolute con-
figuration for the induction of large molecular responses
in both the receptor and the enzyme. Some intriguing
correlations between the physical and kinetic responses
of ACLE and the respouse of the cholinergic receptors
to several classes of quaternary salts have been recently
reviewed.’” Among the numerous problems that remain
to be solved, that of the absolute conformation of
enzyme- and receptor-bound stimulants is of consider-
able interest.  The use of constraimed analogs of
flexible ligands or substrates is « logical approach which
is not, however, free of ambiguities owing to the per-
sistence of residual difficulties in the elucidation of the
correct conformation of the constrained inolecule in
solution and in the bound state. Conformations in the
crystalline state can be elucidated by X-ray analysis
and although intrinsically informative, the results
obtained by this method may not apply to molecules
m solution. A clear-cut example of marked conforma-
tional disparities between the crystalline state and the
m-solution state was recently given by us.!! Thiz work
finally allowed the deduction of the absolute conforma-
tion of chymotrypsiu-bound substrates after more than «
decade of controversy regarding the couformation of a
constrained substrate analog.!? As it turned out, the
conformation of this analog corresponds to the thermo-
dynamically unstable one in the enzyme-bound state, a
conelusion opposite to that which may be predicted on
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the basis of theoretical calculations of the probable
conformation of noninteracting species under vacuum.!3

Returning to the super-muscarinic agent L(4)-cts-
dioxolane (I), the problem of the absolute conformation
of the freely oscillating cationic moiety in the bound
state remains to be solved. Once this is known, the
complete chirality of the binding sites may be revealed.
The choice of structure for such studies is not an easy
one because of the limitations outlined above. How-
ever, the results of Mashkovsky on the muscarinic
activity of 3-acetoxyquinuclidine and its methiodide,!*
as well as those of Solter® on the ability of the latter
to act as a substiate for AChE, suggested an approach
to our problem because the quaternary moiety of the
molecule (II) is virtually frozen in a single conforma-
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tion. In addition, the bridgehead carbon atom occupies
a position equivalent to that of the methyl substituent of
B-methylacetylcholine (III). However, this raises the
question of the configurational equivalence of the two
molecules about their respective asymmetric centers.
If II and III are related as shown, then ouly the (S)
isomer of the fermer should behave as a substrate for
AChE; it should also be significantly more active than
the (R) isomer as a muscarime agent. However, pre-
dictions of this kind are dangerous because of the dis-
tinet possibility of stereochemical inversion of specific-
ity of the binding sites owing to special conformational
effects in the ligand. Such a phenomenon has been
reported by Waser!® for p-muscarone »s. L-musecarine
and the results have been analyzed and interpreted by
ust in terms of an inversion of conformational stereo-
specificity similar to that discovered earlier for the case
of chymotrypsin.!t1? It therefore became necessary to
establish the absolute configuration of the optical forms
of II, their behavior toward AChE, and their potencies
as muscarinic agents before attempting to use this
molecule as a conformational frame for the relevant
cationic part of the r-cis-dioxolane (I). The purpose of
this communication is to report our results on this
problem.

Experimental Section!”

Chemical. (4 )-3-Acetoxyquinuclidine methiodide was pre-
pared according to the literature?® and recrystallized twice from
KtOH; mp 164-165.5° (lit.*® 165-166°).
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Resolution of (=%)-3-quinuclidinol accomplished according to
the method of Sternbach and Kaiser,!® using camphor-10-sidfonic
acid. After five recrystallizations from Me,CO—¢-PrOH the
product exhibited constant rotation, [«]®p —1.05° (¢ 5.7, H,0),
1it."” [a]®p —0.3° (¢ 3, HO). Decomposition of the salt gave
(—)-3-quinnclidinol, [«]®p —37.1° (¢ 3.0 1 N HCI), lit.1
[«]®D —43.0° (¢ 8.0, 1 N HCI).

The mother liquors yielded crystals, [«]®p 20° (¢ 3.3, Hy0),
unchanged after recrystallizations. The free base had [«]%Dp
18.5° (¢ 2.7, 1 N HCIL); this corresponds to 757 optical purity.

(+)-3-Acetoxyquinuclidine.—( — )-3-Quinuclidinol (2 g) was
acetylated with Ac,O in C:H;N.20 Fractional distillation of the
product yielded 1.71 g of a fraction, bp 128-130° (28 mm),
[a]®D 28.5° (¢ 2.94, EtOH), strong band at 1723 ¢m ™! iu the ir
(film). Anal. (CsHi:NO,) C, H.

(—)-3-Acetoxyquinuclidine (partially resolved) was prepared
as described above for the (+) isomer; [a}®p —10.7° (¢ 2.9,
EtOH). The ir spectrum was superimposable npon that of the
(+) enantiomer; estimated optical purity, 709.

(—)=3-Acetoxyquinuclidine methiodide (II) was prepared in
the usual manner from (4 )-3-acetoxvquinuclidine and Mel.
After recrystallization from EtOH it had mp 203-204°, [«]%D
—11° (¢ 2.03, H:0). Anal. (Ci1eHINOy) C, H.

(+)-3-Acetoxyquinuclidine methiodide was prepared from
(—)-3-acetoxyquinuclidine of 709 optical purity and Mel.
After 12 recrystallizations from dry EtOH, erystals of mp 202-
203°, exhibiting constaut rotation were obtained; [«]ZDp 11.0
(C 19, HzO) Anal. (ClongINOg) C, H.

Absolute Configuration of (+ )-3-Quinuclidinol. (a) 3-Quinu-
clidinyl p-Toluenesulfinate.—p-Toluenesulfinyl chloride?!+22 (3.5
g) was dissolved in dry Et,0 (15 ml), the solution cooled 1o
—78°, and while stirring, a solution of 2.2 g of (+ )-3-quinuclidinol
(75% optical purity) in a mixture of 10 ml of Et,O and 10 ml of
C;H;N was added over 30 min under dry N,. After 90 min at
—78° the mixture was allowed to attain room temperature,
diluted with 15 ml of Et,0, and washed with 20 ml of 59, Na,CO;
in H;O, then with H,O. The solution was dried and evaporated
to give a yellow oil (1.4 g), [«]®D 2.0° (¢ 3.7, Me:CO), vmax
(film) 1130 em=! (>8=0). It was used as such in the next
step.

(b) (—)-Methyl p-Tolyl Sulfoxide.—MeMgl was prepared in
Et:0 (25 ml) from Mel (1 g) and Mg (0.4 g). To this was added
slowly over 20 min under N,, a solution of the preceding quinn-
clidiny] p-toluenesulfinate (1.2 g)in 25 ml of Et;0. After 1 addi-
tional hr, H,O was added (10 ml) and the Et,O solution was
washed with 109, HCI, followed by 109, Na,CO; and H,0.
The Et:O was dried and evaporated to yield a yellowish oil whose
ir spectrum (film) was identical with that of an authentic speci-
men of methyl p-tolyl sulfoxide. It was distilled in vacuo, bp
70-75° (0.15 mm) (bath temperatiire), to vield colorless material
whose nmr spectrum (CDCI;) was in agreement with the expected
structure; [«]®p —1.50° (¢ 4.49, EtOH). It follows that (+)-
3-gquinuclidinol possesses the (/) configuration, 23,2

Enzymology,—Boviue ervthrocyte AChE (Sigma) was used.
The velocity of catalyzed hydrolyses was measured by the pH
Stat method as previously described in detail.® Incubations
were carried out in a total voluie of 25 ml of enzyme solution
previously made 0.04 3 in MgCl, and 0.05 3/ in NaCl. The pH
was maintained coustant at 7.4. A CO.-free N» atmosphere wax
maintained thronghout. The system was allowed to equilibrate
at 25° for 5 min prior to substrate additions. The slope of each
initial velocity was taken during the second and third minnte of
incnbation. The K abd Viaex values were computed from
conventional reciprocal plots (Figure 1).

Pharmacology.—Terminal ilenm from guinea pigs (300-400 g)
was suspeuded in a 10-ml organ bath of Krebs solution at 36°.
The usual mixture of 955, O: and 5% CO. was bubbled through
the bath fluid. Contractions of the ileum were recorded on a
kymograph, nsing an ixotonic frontal writing lever (maguification
8:1 at aload of 1 g). Log concertration vs. response to ACh and
to the 3-acetoxyquinuclidine sterevisomers were obtained uxivg
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Figure 1.—Reciproeal plots for the hydrolysix of racemie and
(8)-(— )-3-acetoxyquinnelidine methiodide (TI) as compared to
acetylcholine by acetylcholinesterase at pH 7.4, 23°, 004 A/
MgCl; and 0.05 M NaCl.

a s-in dose cvele. The final curves (Figure 2) represent the
caleulated mean from six individual curves. The concentrations
refer to the final bath concentration. Contractions produced hy
all agonists were inhibited by atropine at a final concentration of
1= 3.

Results

Chemical.--"The application of the asyminetric
sulfoxide synthesis leads to the conelusion that (4)-3-
quiuelidinol  possessex  the (£) configuration, It
follows that (—)-3-acetoxyquinuelidine methiodide has
the (S) configuration (11 which ix the same ax in
L{+)-B-methylacetyvlecholine (IH)> the stereoizomer
acting ax a substrate for AChIY and as a muscariie
matching ACh in potency.

Enzymological.--- As ean be zeen in Table 1, (8)-(—)-

Tanne |
Kinerie Consrants ror 1 AChl-Caranyzip
[Ty DROLYSIS OF H=ACETOXYQUINUCTIDINE
AMerhiopie TsoMis
Vinex X 109,

Nalsstrute K X 107 M/min
ACh* 4,24 1.82
Ragemic 1+ N1 0.035
(8)-(—)-I1 7495 1.50
(fey-(+)-11 Inactive as

substrate
*The values reported by Solter®™ are al variavee witle these
results; this anthor found Kn = 2.0%, Viae = 19.27 for ACh:
K = 1.53 and Viex = 6.13 for racemic II.  The origin of these
diserepancies may lie in that different units were nsed by Solter.

s-acetoxyquinuelidine is a good substrate for ACIIL
whereas the () isomer i= totally inaetive i this regard.
Therefore, the substrate properties of the racemic mu-
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Figure 2.- -Log dose-respouse eneves for guinea pig tewn ron-
tractions induced by ACh, rweemic 11, (8)-(—=311, and /-
(=11, maximum respobse could nat be induced by the lacter.
{80 — =11 has? wth the activity of ACh.

terial reside exclusively i the (N) enaniiomer.  The
stereospecificity of the cuzyme toward this pair of
enantiomers is the <ame ax toward the g-methyvlacetvl-
choline i=omers.

Pharmacological. Compared to ACh (11D, = 3.2 X
105 M), (N)-(—)-3-acetoxygninuclidine  methiodide
(15D = 2 X 107" 1) 1= 600 times weaker as g nus-
carinic ageni. However, the () enantioner i about
60 times weaker than the (N) 1somer (or
active as ACh).  Whercas the (8) izomer was capable
of producing maximum contractions of the ilewm, the
(R) isomer was ned. Therefore, the activity of the
racemic material resides ahmost entirely i the (N)
enantiomer.

U ,
60001 hoas

Discussion

The results desceribed above establish that (8)-{—)-
3-acetoxyquinuclidine methiodide (1) and (8)-(4)-3-
methylacetvicholine (I11) arc stereochemically related
ax shown. In other words, transforming 1II to the
conformationally constrained aualog IT does ot lead
to an inversion of stercospecificity of the {ype previousty
noted in the case of p-muscarone s L-muscarine,?
Ouee more, the configurational specifieities of AChIT and
tlie muscarinie receptor sites are shown to be equivalent,
<ince both interact specifically with the (8) enantiomer
ol (= )=3-uectoxygninuchdine methiodide. Ty view of
these results it appears worthwhile attempting the use
of TT ax a conformational model meorporating a con-
strained form of the =uper-muscarinie agent I If such
2 comparison 1= made. the conchision emerges that the
entionie <ide chain of T shonkd as<imne a conformation
approximating that shown i IV i the bound state

CH
3 CH
CH
cH N _-CM3 \~ _CH
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H . )k
o7 M H 0" ers
piva v

In addstion. the active conformation of  (S)=(+4)-3-
methyvlacetvicholine should be as in T where i€ can
be seen that the onium funetiontrimethylanmm and the
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B-methyl group would be nearly eclipsed in the bound
state. This conclusion appears improbable on the
basis of energy considerations. A skewed conformation
such as in V is more appealing; a slightly twisted con-
formation for II is a reasonable approximation of V.
If the comparisons are valid, the conclusion emerges
that binding on active sites may not necessarily involve
the thermodynamically preferred conformation of the
ligand, a fact which was recently brought to light in the
case of a constrained substrate of chymotrypsin.!!
Results of X-ray studies on crystals®’ as well as
theoretical calculations,!® predict opposite conclusions;
the obvious reason for this is that no account is taken
of the fact that proteins display conformational speci-
fieity.!'  Owing to interual compensation effects,®
strained conformations of substrates and inhibitors may
be readily stabilized through the translocation of con-
formational energy within the protein. The reduction
of the free energy of activation encountered in enzyme-
catalyzed reactions has, in fact, been explained by

2-(N,N-DIALKYLAMINO)ETHYL a-(3-PYRIDYL)MANDELATES 851

Jencks? as resulting from the induction of a strained
conformation approaching in structure that of the
transition state. Isotope-effect studies on the binding
of substrates on enzymes have led us to similar con-
clusions.?2 It does not seem impossible therefore
that IV and V may represent the biologically active
conformations at the binding site level. Finally, it is
of interest to note that the configurational handedness
of the AChE binding sites is similar to that of the
muscarinic receptor binding sites.
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2-(N,N-Dialkylamino)ethyl Esters of a~(3-Pyridyl)mandelic Acids.

Synthesis and Pharmacological Evaluation
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2-(N,N-Dialkylamino)ethyl esters of «-(3-pyridyl)mandelic acids were prepared and screened for pharma-

cological activity.

Compounds VIIb and e compared favorably with benactyzine hydrochloride as inhibitors

of spontaneous motility. Some of them (V1Ia, b, d, and e) also show anticholinergic, spasmolytic, antihistaminic,

and anti->-HT effects.

Aminoalkyl benzilate esters (I)! possess pharma-
cological effects that have several clinical applications.?
The presence of a pyridyl instead of a phenyl radical
should change their pharmacological properties. To
prove this assumption, synthesis of type II derivatives
containing a 3-pyridyl radical was undertaken,
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The general process of synthesis is shown in Scheme 1.
1IIa (Table I) was obtained in good yields by condens-
ing ethyl phenylacetate and ethyl nicotinate in NaOEt.
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Using the same method, mono- (IITb) and dimethoxy
(I1Ic) derivatives were obtained from the ethyl esters
of homoanisic and homoveratric acids, respectively.,
Legrand and Lozac’h obtained the g-keto ester by
condensing ethyl nicotinate and ethyl phenylacetate
in low yields (179,) only.® When condensation was
carried out with ethyl 3-pyridylacetate and ethyl

(3) L. Legrand and N. Lozac'li, Bull. Soc. Chim. Frasnce, 79 (1955).



