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In the first part of this study, devoted to the discovery of selective antimuscarinic agents, (+)-
N-[5-[(1’-phenyl-1’-cyclohexylacetoxy)methyl}-2-furfuryl]ldimethylamine (5a) proved to be at least
20 times more potent in the rat ileum and bladder than in guinea pig atria.! Several (+)-N-
[5-[(1’-substituted-acetoxy)methyl]-2-furfurylldialkylamine analogs of 5a were subsequently
prepared. This involved exploration of the tertiary nitrogen substituents and modulation of
the lipophilic side chain at position 5 of the furan ring, using the Hansch approach. A QSAR
study was conducted to correlate activity with physicochemical properties of substituents. The
possibility of describing all compounds in a single model indicates that variations of nitrogen
and the lipophilic side chain contribute independently to activity. Compounds 5b,c,j, with
bulky lipophilic substituents at the tertiary nitrogen, showed unprecedented selectivity between
the two smooth muscle tissues, their antimuscarinic potency being from 10 to 90 times higher
in the ileum than in the bladder. It is suggested that their interesting tissue selectivity is
probably related to nonspecific phenomena involving the receptor environment, rather than

real differences between the muscarinic receptors in the two tissues.

Introduction

During the past decade, more and more laboratories
have focused their attention on muscarinic acetylcholine
receptors. The main reason for this interest has been
the identification of multiple muscarinic receptors,
pharmacologically classified into at least four subtypes
(M;—My), by the use of suitable selective antagonists
and on the basis of functional studies in various tissues
preparations.2® Thus, cardiac muscarinic receptors are
called My-receptors, and those in the glands are Mj-
receptors, while smooth muscle receptors are a mixture
of Mz and M3. This differentiation suggests that it
might be possible to discover tissue-selective antimus-
carinic agents. To this end we have described, in a
recent paper,! a structure—activity study involving the
introduction of lipophilic and bulky groups into the
structure of the well-known muscarinic agonist, furtre-
thonium, which led to the discovery of antimuscarinic
agents endowed with interesting selectivity for ileum
and bladder smooth muscle versus atrial cardiac muscle.
These compounds, having the general structure 1, were
characterized by the presence of a tertiary nitrogen head
and a lipophilic side chain at position 2 and 5 of the
furan ring, respectively. The introduction of an ester,
as a spacer group, between the furan ring and the
lipophilic side chain led to the identification of a
compound (5a) which proved to be at least 20 times
more potent in the rat ileum (pKy, = 7.3) and rat bladder
(pKp = 7.2) than in guinea pig atria (pK), = 5.9).
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Against this background, the aim of the present study
was to improve both antimuscarinic potency and selec-
tivity of compound 5a by extensive modification of the
substituents on tertiary nitrogen and the lipophilic side
chain. Substituents were chosen from the field of alkyl
and arylakyl groups to provide both a broad distribution
of physicochemical properties (lipophilicity and elec-
tronic and steric effects) and minimum correlation
among the corresponding parameters which were sub-
sequently used for a QSAR study. Moreover, in order
to evaluate the influence of steric hindrance on both the
stability of the ester function and selectivity of the lead
compound 5a, a methyl group was introduced at the 1’-
position of the C-5 substituent of the furan ring (11).
Finally, the influence of a chiral center within the ester
moiety was also investigated.

Chemistry

Compounds 5b—f,h—j,n—q (Scheme 1) were obtained,
as already described by us,! by reaction of compounds
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Scheme 1°

(Method A) 3a,b,e,f
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Table 1. 5-(Hydroxymethyl)-2-furfurylamines 2a—m
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2b,e,fth—j (Table 1) with 8a,e and f (method A).
Attempts to extend the same procedure to the prepara-
tion of 5g and 8a,b,e,g, k—m,gq—t resulted in complex
mixtures of products. The problem of competition
between the two hydroxyl groups led us, after several
attempts, to use the transesterification (method B)

Table 2. a-Substituted Carboxylic Acids and Esters

H
R!-C-COOH

R? 3a,b,e,f
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R2 R1 R
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Compound Compound

between the amino alcohol and the appropriate methyl
ester 4b, 7a—d (Table 2), with sodium methoxide as the
catalyst.5 This method proved to be sufficiently mild,
selective, and satisfactory in terms of yield. The start-
ing methyl ester 4b was prepared by the standard
procedure from the acid 8b, whereas 7a—c¢ were pre-
pared by reaction of diazomethane with the correspond-
ing acids (6a—c) in good yields. Compound 6b has been
reported, in poor yields (25%),° through Grignard reac-
tion of the cyclohexylmagnesium bromide derivative to
the ethyl phenylglyoxylate. Thus, 6b,c were better
prepared by direct hydroxylation, following the meth-
odology reported by Adam and Cueto for arylacetic
acids.” Attempts to apply this procedure to 5a failed.
Preparation of glycolate 7d was achieved by simple
hydrogenation of 6b at 50 psi in a Parr apparatus, in
the presence of Adams’ catalyst.
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Table 3. In Vitro Muscarinic Antagonist Potencies of Tested Compounds®

R B
RER‘%IO o
Compound  Guinea-pig atria  Ratileum Rat bladder R1 R2 R Compound Guinea-pig atria  Ratileum Rat bladder
R3=H pKb PKp PKb R3=0H PKb pKb pKb
5ac 5950.1(4¢ 7302790720074 O (O —x $a 7201075 8.1(8.0-83) 8.2(8.0-8.4F
5p <4.5be 6.5+0.1(6)d < sb.d o O _;‘_C_O 8b  6.0:02(4)¢ 7.7(7.4-7.9)¢ 7.0(6.8-7.2)¢
Sc <5.0b¢ 6320200 sa020d O O~ - C>
5d <sobe<sobe  <sobd O O X L
Se sor020 7000248 e7s02d O O~ - 8¢ 6.40.1(4)  7.540.1(6)  7.5%0.1(6)
5¢ <sobe 5520204 s7r0200 [ (O _NCO
sg <5000 6520044 sox0ad [ O~ _:>_0H 8g 63014  7.0:0.1(4)  6.820.1(4)
5h <sobe  grroad  soso2d (O O -
5i <sobe  esrorad  soxawd (O O -
5 <sbc  69t02(4d  <sbd O O -~
o O _NCNH 8k 508014 5580.1(4d  5.5:0.1(4)0
O O -\ 81 <50bC 5.8+02(3)d  5.020.2(3)d
Want
O O Y | s 68010 75016 782016
s <so0be  6ox02ad  e2t04) | O - ’:>
azes e 8 72(0.0-7.4° T.4(.27.6€ 1U16T.9E
o O -k 85 77:0.1(4)  7.8#0.1(6)  7.8%0.1(6)
50 4850203)c  5.8:02(3)d  5.6£0.1(4)d —Npe
5p 6.5£0.14)  7.130.1(4)  6.6+0.1(4) (Ioj@ —nCe
5q sor0e)  6st0.(a)  6sq0a (O O - 8q  67:0.1(4)  65:0.1(4)  6.7%0.1(4)
o O -k 8t <50bc 7.U7.0-7.3)6  7.2(7.0-7.5)¢

¢ Values represent mean =+ standard error with number of experiments in brackets, where appropriate. ® No appreciable shift to the
right of concentration response curve to the agonist in the presence of concentrations of 10—30 uM of test compound. ¢ Appreciable negative
and/or chronotropic effects (atropine insensitive) at the concentrations of 10—30 uM; depression of the maximum at concentrations of
10—~100 uM. < Depression of the maximum at concentrations of 10—100 M. ¢ 95% confidence limits.

The furylcarbinol 10 was best prepared® by the
reaction of methylmagnesium iodide with the cor-
responding aldehyde 9, which was in turn obtained from
2a through oxidation with manganese(IV) oxide.? This
avoided side reactions usually occurring during the
aminomethylation step of 1’-alkylfuryl carbinols.l® Com-
pound 10 was fully converted into the ester 11, as

described above for 5g and 8a,b,e,g k—m,q—t (method
B, Scheme 1).

To further investigate structure—activity relation-
ships, the two enantiomers of compound 5b were
prepared, as previously described for 5a,! starting from
the (+)- and (—)-(phenylcyclohexyl)acetic acid and the
amine 2b. The optical purity of enantiomers was
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Table 4. Pharmacological and Physicochemical Data
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compd pKy (bladder) pKj (ileum) pKy (atrium) p(R! + R2yd Ta*e MR(NY CLOGP# D
Subset A
5a 7.2¢ 7.84 5.9 3.95 0.00 0.00 4.90 0
8a 8.2 8.1 7.2 3.95 0.00 0.00 4.10 1
50 5.6° 5.8¢ 4.8 2.70 0.00 0.00 3.80 0
5p 6.6 7.1 6.5 3.55 0.00 0.00 4.50 0
5q 6.5 6.5 5.9 2.87 0.00 0.00 3.82 0
8s 7.8 7.8 7.7 3.39 0.00 0.00 3.54 1
8q 6.7 6.5 6.7b 2.80 0.00 0.00 3.01 1
8t 7.2 7.1 <5.0be 5.08 0.00 0.00 6.03 1
Subset B
5b <5.0%¢ 6.5¢ <4,5b¢ 3.95 —0.18 2.14 6.93 0
5c 5.32 6.32 <5.0b¢ 3.95 —0.18 1.21 6.33 0
5e 6.7° 7.0¢ 5.0° 3.95 -0.19 0.93 5.58 0
5f 5.7¢ 5.5¢ <5.0%¢ 3.95 0.67 0.90 4.94 0
5g 6.0° 6.5% <5.0b¢ 3.95 0.17 1.37 4.24 0
5h 6.0¢ 6.7¢ <5.0be 3.95 -0.20 0.93 5.80 0
5i 6.0¢ 6.8¢ <5.0b¢ 3.95 —0.12 0.93 5.80 0
5) <5.04c 6.9¢ <5.0b< 3.95 -0.23 1.86 6.69 0
8b 7.0 7.7 6.0° 3.95 -0.18 2.14 6.13 1
8e 7.5 7.5 6.4 3.95 -0.19 0.93 4.77 1
8¢ 6.8 7.0 6.3% 3.95 0.17 1.37 3.44 1
8k 5.5¢ 5.5¢ 5.00 3.95 1.20 1.12 3.90 1
81 5.0¢ 5.8¢ <5,0be 3.95 1.20 1.58 4.42 1
8m 7.8 7.5 6.8 3.95 0.23 0.90 4.45 1
8r 7.7 7.4 7.2 3.39 -0.19 0.93 4.22 1
5n 6.2 6.00 <5.0b¢ 2.87 -0.18 121 5.25 0

¢ Concomitant depression of the maximum at the concentration of 10—100 4M. ® Appreciable negative inotropic and/or chronotropic
effects (atropine insensitive) at the concentrations of 10—30 M. ¢ No appreciable shift to the right of concentration response curve to the
agonist in the presence of concentrations of 10—30 4M of test compound. ¢ p(R! + R?) = relative lipophilicity for substituents R! + R?,
calculated on the CLOGP3 program?? with p(R! + R?) = 0 for R! = R2 = R% = H. ¢ Y¢o* = sum value of inductive effects on nitrogen
substituents, 0* = electronic parameter of Taft.?! f MR(N) = overall relative molar refractivity of nitrogen substituents calculated by the
program CMR?2 with MR(N) = 0 for R = N(CHs).. £ Global lipophilicity, calculated with the CLOGP3 program.2? * D = dummy (1 =

presence, 0 = absence of OH group).

determined by the observation of the 1H NMR shift of
the CHN singlet, centered at about 3.50 ppm, induced
by the addition of the chiral shift reagent Eu(Tfc)s.

Biology

Rat ileum and bladder were used as target tissues to
evaluate the antimuscarinic properties of compounds at
muscarinic acetylcholine receptors of the M3 subtype,
while the guinea pig atria, endowed with receptors of
the M2 subtype, were used to ascertain their selectivity.
The antimuscarinic potencies were expressed as pKp
(—log K). The pharmacological results are summarized
in Table 3. All tested compounds were devoid of agonist
activity.

Results and Discussion

Compound 5a, which proved to be at least 20 times
more potent in smooth muscle than in cardiac muscle,
was assumed as the lead compound at the beginning of
the present study. In derivatives 3b—j, carrying the
same lipophilic side chain as 5a, the substitution of the
N-dimethylamino function with bulky groups (R) in-
duced an overall decrease in antimuscarinic potency in
all three target tissues; this phenomenon was particu-
larly marked in the atria and, for compounds 5b, 5c,
and 5j, also in the bladder (Table 3); their potency in
the ileum, 10—90 times higher in the bladder, suggests
ileum selectivity. In view of the results of the QSAR
study (see QSAR section point b), this remarkable
selectivity is probably attributable to physicochemical
properties [(i.e., high overall lipophilicity and low pKj
values (Table 4)], which might determine phenomena
involving the different receptor environments rather
than the receptors themselves.

In the derivatives 50,p,q, carrying the same cationic
head as 5a, the variations at the lipophilic side chain
led to a reduction of selectivity toward smooth muscle
compared with cardiac tissue and to loss of selectivity
for ileum versus bladder.

Compounds 8a,b,e.f,q, carrying the OH group (R®) in
the lipophilic side chain, showed increased antimusca-
rinic potency in all three tissues relative to their
dehydroxy homologues. However, this was accompanied
by concomitant decreased selectivity (compared with
compounds 5a,b,e,g,q) for ileum and bladder versus
atria. Among the remaining compounds, only com-
pound 8t showed greater selectivity than the lead 5a
for smooth versus cardiac muscle (100 versus 20 times).
Compounds 8m,r,s showed fairly potent antimuscarinic
activity, associated with a reduced degree of selectivity
for ileum and bladder smooth muscle versus atrial
cardiac muscle by comparison with the lead 5a. The
optical isomers of 5a and 5b showed no significant
improvement in either potency or selectivity over the
racemic mixtures,1® indicating the absence of antimus-
carinic enantioselective effects. This is in contrast to
the known stereoselective interaction of quinuclidinyl
benzylate (QNB) and other muscarinic cholinergic
agents.11

It is noteworthy that a number of compounds (5b—o0
and 8g k. 1,t), when tested at concentrations from 10 to
100 uM, caused some nonmuscarinic effects (Table 3).
In the ileum and bladder, these effects consisted of a
reduction of maximal contractile response to the refer-
ence agonist and a flattening of the concentration—
response curve, not overcome by the addition of even
large concentrations of reference agonist. In the atria,
negative inotropic and/or chronotropic effects were
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Table 5. Correlation Matrix

Equations 1 and 2
p(R1+R2) p(R1+R2) D

p(R1+R2) 1 0.995 0.361
p(R1+R2)2 1 0.372
D 1
Equation 3

Zo* MR(N) D
Zo* 1 0.999 0.113
MR(N) 1 0.107
D 1
Equation 4

Zo* MR(N) D
Zo* 1 -0.008 0.403
MR(N) 1 0.006
D 1
Equation 5

Zo* MR(N) D
Zo* 1 0.202 0.303
MR(N) 1 0.276
D 1
Equation 6

Zo* MR(N) D
Zo* 1 0.037 0.301
MR(N) 1 0.405
D 1
Equation 7

p(R1+R2) p(R1+R2)°>  Zo* MR(N) D

p(R1+R2) 1 0.993 0.141 0.281 0.185
p(R1+R2)2 1 0.127 0.228 0.195
Zo* 1 0.080 0.303
MR(N) 1 -0.049
D 1

observed when antagonists were allowed to equilibrate
for 30 min; these effects were not inhibited by atropine.
The nature of these nonmuscarinic effects has not been
determined, but might be ascribed to postreceptorial
effects. When these concentrations produced significant
differences in slope functions and maximal responses
in comparison with control curves (see Analysis of Data),
the responses were not utilized for the estimation of pXj
values.

For compound 11, the introduction of a methyl group
at 1’-position of the C-5 chain in the furan ring induced
considerable reduction of potency by comparison with
the parent 8a: pKj;, were <5 (atria), 5.3 (ileum), and 5.4
(bladder). This loss of activity is probably attributable
to the steric hindrance at 1’-position; a more rigid analog
is probably unable to accommodate particular confor-
mational requirements.

QSAR. A structure—activity study was performed on
congeneric series of derivatives. Of these, subset B was
obtained by varying the substituents on the nitrogen
(R), and subset A by variations to the lipophilic side
chain (R!, R, R3) (Table 4). The compounds comprising
the sets were chosen to ensure maximum variance and
minimum colinearity between parameters character-
izing the physicochemical properties of the substituents
(Table 5). Using the Hansch approach, the various
substituents were evaluated for electronic and steric
effects and lipophilicity.12~14 As in previous structure—
activity studies,’5719 these effects were considered ad-
ditive both for nitrogen substituents and for the lipo-

Feriani et al.

75 r

65+ B °

PKp 6}

v

55 |

4‘5 . e e & i -y
25 3 35 4 4.5 5 5.5

p(R1+R2)

Figure 1. Best fitting of pK, of compounds reported in Table
4 (subset A) vs lipophilicity of R! and R% Squares, activities
on ileum; triangles, activities on bladder; circles, activities on
atrium. For compounds with R® = OH, a constant value
(regression coefficient of D in eqs 1, 2, and 3) was subtracted
from pK.

philic side chain and thus grouped according to individual
variables. Lipophilicity (p) of substituents at the lipo-
philic side chain was calculated from CLOGP,?° with
p(R! + R2) = 0 for R! = RZ = R8 = H. Electronic effects
of nitrogen substituents were determined by using the
Taft electronic parameter (0*)2! and molecular refractiv-
ity MR, used as a steric index, was calculated from
CMR2 with MR [N(CHjz)e] = 0.

Because of the small number of compounds for each
set, it was not always possible to obtain statistically
rigorous quantitative relationships. The equations
nevertheless confirmed the results reported in the
literature. 156719

(a) Variations on the Lipophilic Side Chain [(R},
R?, R3) = Variable; R = N(CHj);]. Compounds in
subset A (Table 4) were considered. Comparison of
pharmacological data on the ileum, bladder, and atria
shows that the various substituents produce comparable
effects on antimuscarinic activity for the ileum and
bladder, while activity on smooth muscle is almost
always greater than on the atria. It was also noted that
the compounds with the R? = OH group are always more
active than those for which this group is absent. MRA
(multiple regression analysis) on activity data for the
ileum does not, however, give any obvious correlation
with any of the physicochemical parameters considered,
including lipophilicity of the lipophilic side chain: p(R?!
+ R2% 4+ R3). It was thus postulated that the OH group
might contribute to activity by another type of interac-
tion (i.e., electrostatic, hydrogen bonding, ...).22 Accord-
ingly, we considered the contribution of the OH con-
stant, irrespective of R! and R?, and separated it from
the overall lipophilicity of the substituents (R* + R2 +
R3). It was then accounted for with a dummy variable
(D = 1 presence and D = 0 absence). In this way,
antimuscarinic activity on the ileum may fit a parabolic
(or bilinear) trend with lipophilicity, in agreement with
the results reported by other authorsl®-171924 (eq 1,
Figure 1).
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pK,(ileum) =

7.06(+£0.93)p(R! + R?) — 0.87(+0.12)p(R! + R%)? +
0.62(+0.15)D — 6.82(+1.73) (1)

n=8 R=098 =020 F=30 p<001
where p(R! + R?) = relative lipophilicity for substituents
R! + R?, calculated on the CLOGP program?® with p(R!
+ R?) =0 for R! = R2 = R® = H; D = dummy.

The optimal lipophilicity value, p(R! + R?), = 4.04, is
comparable to that obtained by other authors,15-17.19.24
The correlation matrix is given in Table 5.

A similar equation was obtained for the bladder (eq
2, Figure 1). The coefficients of this equation are
statistically not distinguishable from those for the ileum
(significance of differentiation between the two evalu-
ated by t-test, p < 0.05).

pK,(bladder) =

6.35(+1.42)p(R! + R%) — 0.79(+0.19)p(R! + R%? +
0.93(+£0.24)D — 5.68(+2.65) (2)

§=031 F=15 p<0.025

Optimal lipophilicity value: p(R! + R2), = 4.04. The
correlation matrix is given in Table 5.

In the same way, a parabolic (or bilinear) correlation
was obtained for the atrium.

n=8 R=0.96

pK(atrium) =
18.78(+8.55) o* — 2.72(+0.53)MR(N) +
1.25(+£0.16)D — 25.88(:5.80) (3)

n=7 R=099 s=021 F=40 p<0.001

Optimal lipophilicity value: p(R! + R2%), = 3.46. The
correlation matrix is given in Table 5.

This equation, though statistically significant, has
less observables than those obtained previously (n = 7)
and covers a more restricted range of lipophilicity.
Regression coefficient values are thus subject to even
greater fluctuation, particularly for lipophilicity. Figure
1 shows the trend for antimuscarinic activity on the
atrium as a function of lipophilicity, as obtained by the
regression analysis; for comparison, activity on the
ileum is also shown. Difference in activity on the two
tissues (i.e., selectivity) can be clearly seen to depend
on their differing lipophilicity trends (optimal lipophi-
licity being abeut 3.5 for the atrium and 4.0 for the
ileum), as well as on the differing contribution of the
OH group (dummy coefficients for the two equations
were 0.62 for the ileum and about 1.2 for the atrium).

Thus, ileum selectivity increases with lipophilicity
and in the absence of the OH group, with concomitant
decreases of activity in both ileum and atria.

(b) Variations of Tertiary Nitrogen (R = Vari-
able, R! = Phenyl, R? = Cyclohexyl, R3 = H/OH).
Compounds considered were those in subset B, together
with compounds 5a and 8a of subset A (see Table 4).

Comparison of pharmacological data on the ileum,
bladder, and atrium (Figures 2 and 3) shows that
substitution of nitrogen leads to similar effects on the
ileum and bladder for compounds with pKj, greater than
about 5.5, while for low activity values there is tissue
selectivity toward the ileum. Activity on the ileum
remains systematically higher than on the atrium.
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Figure 2. Comparison of the antimuscarinic activity on the
ileum and bladder of compounds reported in Table 4 (subset
B and compounds 5a and 8a). Squares, R® = H; triangles, R?
= OH. The line represents equal pKj, values in the ileum and
bladder. Compounds 5a, 5b, 5¢, and 5j are indicated.

9 r
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PKp
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Figure 3. Comparison of the antimuscarinic activity on the
ileum and atrium of compounds reported in Table 4 (subset B
and compounds 5a and 8a). Squares, R? = H; triangles, R® =
OH. The line represents equal pK; values in the ileum and
atrium. Compound 5a is indicated.

Linear MRA of data for the ileum gives the following
equation (eq 4):

pK,(ileum) =
—1.49(£0.18) Y o* — 0.34(x0.12)MR(N) +
0.97(+£0.16)D + 6.96(:0.17) (4)

n=16 R=094 s=029 F=21 p<0.001

where Y0* = sum value of inductive effects on nitrogen
substituents: Taft’s electronic parameter,2? MR(N) =
overall relative molar refractivity of nitrogen substitu-
ents, calculated by the program CMR?2! with MR(N) =
0 for R = N(CH3s),, and D = dummy.

From eq 4, it can be seen that antimuscarinic activity
on the ileum increases as >o* decreases, i.e., as the
electron donor inductive effect of the nitrogen substitu-
ents increases and their steric hindrance, given as MR-
(N), decreases. The dummy variable makes it possible
to bring together in a single set of compounds molecules
both with and without the hydroxyl on the lipophilic side
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chain. The OH group leads to an increase in activity,
as already seen at point a; the coefficient of D is not
statistically different from that obtained in eq 1 (¢-test
with p < 0.05).

The overall inductive effect of the substituents on the
nitrogen is important in modulating antimuscarinic
activity, as seen from the high value of the coefficient
of regression. A similar but less marked electronic effect
observed in quaternary ammonium compounds has been
ascribed to the influence of the nitrogen substituents
on dispersion of the positive charge of the cationic
head.16:18192526 Tn the present case, since there is
evidence that the active form is the protonated com-
pound,?” this effect can be considered responsible for an
increase in the basicity of the molecule. The contribu-
tion of MR(N) is less important for antimuscarinic
activity, though statistically significant. Contrary to
reports by other authors,?? there does not seem to be
any significant correlation between antimuscarinic ac-
tivity on the ileum and the lipophilicity of the nitrogen
substituents.

Regression analysis of bladder activity data did not
give any statistically significant equation. As can be
seen in Figure 2, activity on the bladder corresponds to
that on the ileum for all products except 5b,c,j: these
are the most lipophilic of the whole series and have a
very low pKj, (Table 4), which is borderline in terms of
the appropriate pharmacological detectability threshold.
Excluding these products, the resulting equation (eq 5)
is similar (with statistically distinguishable coefficients
for the ¢-test with p < 0.05) to that for the ileum (eq 4),
though less satisfactory:

pK,(bladder) =

—1.40(+0.24) 0* — 0.80(x0.21)MR(N) +
1.22(£0.24)D + 7.02(£0.24) (5)

n=13 R=094 s=039 F=21 p<0.001
The correlation matrix for this equation is given in Table
5.

It is thus plausible that the differing behavior of
products 5b,¢,j is due not to phenomena closely related
to the interaction with the receptor binding site, but to
nonmuscarinic effects attributable to the high overall
lipophilicity of these molecules. This hypothesis is
consistent with a receptor model providing for a “spe-
cific” portion (identifiable with the protein) and an
“annexed” portion (identifiable with a lipid pool, known
as the proximal lipid, with is closely linked to the protein
portion).28-32 If the receptor affinity constant (pKp) of
a compound competes with its partition coefficient (log
Peyw, which is used as a model for the partitioning in a
biological lipophilic phase), as may be the case for highly
lipophilic compounds with low activity (i.e. b, 5¢, and
5j; see Table 4), the molecule may accumulate in the
proximal lipid and alter the structure of the binding site.
This interaction could impair accurate determination
of the antimuscarinic activity and may give rise to a
nonparallel dose—response curve with depression of the
maximum. There could be a differing extent of this
phenomenon in various tissues, related to the differ-
ences in the proximal lipid, which may also lead to a
nonhomogeneous significance for pKp. Accordingly,
since compounds 5b,c,j can readily be accommodated
in the equation for the ileum, it is reasonable to
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postulate a certain difference between the two receptor
complexes, in terms not so much of the binding site as
of the receptor environment.

For the activity of this series of derivatives on the
atrium, an equation (eq 6) whose regression coefficients
Y.0* and MR(N) do not differ statistically from those for
the ileum and bladder (eqs 4 and 5) has been obtained.

pK,(atrium) =
—1.06(+0.31)Y 0* — 0.72(+:0.21)MR(N) +
1.59(+0.34)D + 5.68(+0.27) (6)

n=8 R=094 s=036 F=10 p<0.025

The correlation matrix for this equation is given in Table
5.

In addition to coefficient D—as expected, higher in the
atrium (see point a)—the intercept value (lower for
atrium) also differs significantly for eq 6 by comparison
with eqs 4 and 5. Figure 3 shows that atrial activity is
systematically lower than that on the ileum (and thus
on the bladder). This could be because the interaction
of the lipophilic side chain with the receptors differs for
cardiac and smooth muscle, as seen at point a. The
difference in the intercept values is comparable with the
difference in activity for compund 1 in the two types of
tissue.

It can thus be concluded that the selectivity of these
compounds for smooth muscle is related essentially to
the interaction of the lipophilic side chain.

(c) Simultaneous Variations on the Lipophilic
Side Chain and Tertiary Nitrogen (R!, R? R?, and
R = Variable). Analysis of the entire set of derivatives
(Table 4), including all compounds so far considered and
two products (8r and 5j) not belonging to the previous
series, gave a single equation (eq 7).

pK(ileum) =
5.84(x1.12)p(R' + R?) — 0.73(+0.15)p(R! + R?)? —

1.44(£0.16) o* — 0.39(£0.10)MR(N) +
0.84(+0.12)D — 4.60(+2.04) (7)

n=24 R=094 5=028 F=26 p<0.001

The correlation matrix for this equation is given in Table
5.

It can thus be reasonably concluded that variations
on the lipophilic side chain and tertiary nitrogen
independently affect antimuscarinic activity. A similar
equation was obtained for the bladder (excluding com-
pounds 5b,c.j; see point b). No equation was obtained
for the atrium, because of insufficient data.

Conclusions

Optimization of the pharmacological profile of com-
pound 5a, in terms of antimuscarinic potency and
selectivity, was achieved by systematic exploration of
tertiary nitrogen substituents and modulation of the
lipophilic side chain. Moreover, the introduction of a
methyl group at the 1’-position of the C-5 chain in the
furan ring and enantioselectivity were also investigated.

From the data presented here, the following consid-
erations can be drawn:

(1) Antimuscarinic activity on smooth and cardiac
muscle seems to follow a parabolic trend relative to the
lipophilicity of the lipophilic side chain. Peak activity
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for the ileum and bladder corresponds to a relative
lipophilicity of about 4.04 (as in the literature),14-16.18.23
while lipophilicity for peak activity in the atrium is
lower (about 3.5).

(2) Antimuscarinic activity increases together with
basicity of the tertiary nitrogen and decreases in all
tissues as the steric hindrance of the substituents in
this position becomes greater.

(3) The presence of an OH on the lipophilic side chain
increases antimuscarinic activity. This increase, not
related to the hydrophilicity of the OH group, is greater
in the atrium than in smooth muscle. It seems inde-
pendent of the substituents to the lipophilic side chain
and the tertiary nitrogen.

(4) The tissue selectivity between the ileum and the
bladder for products 5b,c¢,j is probably related to non-
specific phenomena which may involve the receptor
environment, rather than real differences between the
receptors themselves.

(5) Selectivity between smooth and cardiac muscle is
probably related to the differing requirements of the site
which interacts with the lipophilic side chain in the two
types of tissue, not to the interaction of the tertiary
nitrogen.

(6) Smooth muscle selectivity can be enhanced by
increasing the lipophilicity of groups R! and R? and with
R® = H. This implies, however, a decrease in the
potency of these derivatives for all tissues.

(7) Finally, no increase of potency or selectivity was
observed for the optical isomers of 5a and 5b, whereas
the introduction of a methyl group at the 1’-position of
the C-5 chain in the furan ring reduced potency and
selectivity.

In conclusion, in the attempt to improve the selectiv-
ity for smooth toward cardiac muscle of the lead 5a, the
sequential modification of the substituents on the lipo-
philic side chain and tertiary nitrogen has led to the
discovery of ileum selective antimuscarinic agents. This
result is particularly intriguing in view of the fact that
the pharmacological profile of compounds 5b,c,j is the
best example of selectivity between ileum and bladder
in the literature. A recent report has identified marked
bladder selectivity for some propanone derivatives,
though only in vivo.3® Taken together, these data
should prove useful in drawing attention to the func-
tional importance of different environments or different
accessory binding areas of receptors in different tis-
sues.3¢

Experimental Protocols

Chemistry. Materials and Methods. Reaction courses
and product mixture were routinely monitored by thin-layer
chromatography (TLC) on silica gel precoated Fass Merck
plates. Infrared spectra (IR) were measured on a Perkin-
Elmer 257 instrument. Nuclear magnetic resonance (‘H-
NMR) spectra were obtained in CDCl; or CDCl;~DMSO-ds
with Bruker WP 80 and AC 200 spectrometers, and peak
positions are given in parts per million (é), downfield from
tetramethylsilane as the internal standard. Melting points
were obtained in open capillary tubes and are uncorrected.
Purification by ball tube distillation were performed on a Buchi
GKR-50 instrument. Column chromatographies were per-
formed with Merck 60—200 mesh silica gel. All final com-
pounds were submitted to the pharmacological test as mo-
nooxalic acid salts. All the compounds reported showed IR
and 'H NMR spectra in agreement with their assigned
structures. Ambient temperature was 24—27 °C. Microanaly-

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 25 4285

ses, unless indicated, were in agreement with calculated values
within +0.4%.

Starting Materials. Optically acitve (phenylcyclochexyl)-
acetic acids 3b-(+) and 8b-(—) were prepared as reported.! a,a-
Diphenylhydroxyacetic acid (6a) was commercially available,
while a-phenyl-a-cyclohexyl- and -a-cyclopentylhydroxyacetic
acids (6b,c) were prepared from 3b,c by the procedure
described by Adam and Cueto.” The residue solids were
crystallized from hexane after the workup: 6b mp 156—158
°C (lit.* mp 161—-162 °C), yield 90%; 6¢ mp 150—151 °C, yield
85%. The system was very sensitive to reaction conditions and
required particular attention, in the presence of excess n-BuLi
(equivalent ratio 0.9:1), to the exposure of the base to the
bubbling oxygen. The methyl ester 4b was prepared by the
standard procedure heating at reflux condition a solution of
3b in benzene in the presence of methanol and a catalytic
amount of 4-toluenesulfonic acid (p-TsOH). Methyl glycolates
7a-c were prepared by adding a slight excess of ethereal
diazomethane to an ether solution of the acid and then
evaporating the solution until it dried.> The crude products
were used without additional purification. «,0-Dicyclohexyl-
hydroxyacetic acid methyl ester (7d) was prepared by hydro-
genation in AcOH of 7b over PtO,, at 50 psi for 12 h, in a Parr
apparatus. After the usual workup and concentration in
vacuum, the crude 7d was used without any further purifica-
tion in the next step.

Preparation of 5-(Hydroxymethyl)-2-N,N-dialkylfur-
furylamine Derivatives 2b—m. Derivatives 2b—m were
prepared, by the procedure reported for 2a,! heating a mixture
of the appropriate amine, furfuryl alcohol and 40% formalde-
hyde/H>0 in anhydrous acetic acid at 100 °C for 3 h.3* After
workup, the crude oils were purified by column chromatogra-
phy (EtOAc/MeOH). 2b: oil, yield 65%. 2¢: oil, yield 72%.
2d: oil, yield 85%. 2e: oil, yield 56%. 2f:* oil, yield 52%. 2g:
oil, yield 47%. 2h: oil, yield 78%. 2i: oil, yield 70%. 2j: oil,
vield 63%. 2k: mp 112—113 °C, yield 74%.%% 21: oil, yield
75%.%5 2m: oil, yield 30%. A sample of pure material gave
analytical data consistent with the assigned structures. Anal.
C,H,N. 2g C: calcd, 62.54; found, 63.02. 2m C: calcd, 66.27,;
found, 66.69; N: caled, 7.73; found, 8.28.

General Procedure for the Preparation of (+)-N-[5-
[(1’-Substituted-acetoxy)methyl]-2-furfuryl]dialkyl-
amines 5b-f,h—j,n—q. Compounds Sb-fh-jn—q were
prepared by the procedure described for 5a,’ reacting the
appropriate acetic acid derivatives 3a,e,f with the correspond-
ing amino alcohols 2b—f,m—j. After workup and evaporation
in vacuum, the residue oil was purified by column chroma-
tography on silica gel (EtOAc¢/MeOH) and converted into the
corresponding oxalates (Table 6). The spectroscopic data of
compound 5b are reported as an example. 5b: IR (film, cm™)
3100—2740, 1740, 1640, 1600, 1550; 'H-NMR (CDCl;) 6 7.40—
7.20 (m, 5 H), 6.25(d, 1 H,J = 3 Hz), 6.13(d, 1 H, J = 3 Hz),
5.10(d,1H,J=13Hz),4.93(d, 1 H,J = 13 Hz), 3.50 (s, 2 H),
3.23(d, 1 H,J = 10 Hz), 2.4, 0 (s, 3 H), 2.35—1.00 (m, 22 H).

General Procedure for the Preparation of (+)-N-[5-
[(1’-substituted- and 1-hydroxy-1’-substituted-acetoxy)-
methyl]-2-furfurylldialkylamines 5g, 8a,b,e,g,k—m,q—t,
and 11. To a solution of amino alcohol (2a,c,f,h—m and 10)
(8.4 mmol) and the equimolar amount of the appropriate ester
(4b and 7a—d) in anhydrous cyclohexane (100 mL) was added
sodium methoxide (0.1 g, 1.8 mmol). The resulting mixture
was heated at reflux for 24 h and then cooled, diluted with
EtOAc (100 mL), and washed with water (3 x 100 mL). The
organic phase was dried over anhydrous Na,SO4 After
removal of the solvent, the residue oil was purified by column
chromatography on silica gel (EtOAc¢/MeOH) (Table 6).

Compounds 5g, 8d,1,m, and 11 were recoverd in low yields,
due to the formation of mixtures of products. The spectroscopic
data of compound 8a and 11 are reported as examples.

8a: oil; yield 65%; IR (film, em™!) 3500, 3000—2800, 1740;
1H-NMR (CDCl;) 6 7.80—7.60 (m, 2 H), 7.40—7.20 (m, 3 H),
631(d,1H,J=3Hz),615(d,1H,J=3Hz),520(d,1H,
J =13 Hz), 5.00 (4, 1 H, J = 13 Hz), 3.67 (s, 1 H), 3.57 (s, 2
H), 2.25 (s, 6 H), 2.00~1.10 (m, 11 H).

11: oil; yield 50%; IR (film, cm~t) 3500, 3000—2800, 1740;
H-NMR (CDCl;) 6 7.80—-7.60 (m, 2 H), 7.40—7.20 (m, 3 H),
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Table 6. Physical Data for Compounds 5b-j,n-q,
8a,b,e,k-m,q-t, and 11

mp, °C
compd method (oxalate)® formula yield, %*
5b¢ A 148  Ca7H37NOzHoC204 72
5c A 172—-174 025H33N03'H2C204 79
5d A 135-136 CogH3sNO3sHoC04 71
5e A 119-121 Cg4H33sNO3zHCo04 64
5f A 151-152 Co4H31NO#H2C304 90
5g B 155-157 CosH3sNO4#HC04 50
5h A 123-125 Cg4H33NO3HCo04 76
5i A 115-119 Cg4H3sNOg-HCo04 70
5j A 175—178 CgH37NO3g'H3C204 65
5n A 158-160 Cz5H27N03'H2C204 70
50 A 139—-141 Cgz3Ho1NO3zHCo04 55
5p A 153-155  CggH2a1NO#HCo04 58
5q A 120-123 Cs3Ho3NOgHC204 75
8a B 151-153  CgeHogNOsHCo04 65
8b B 145-147 Cg7H31NO4#H3Co04 65
8e B 130-132 Co4H3sNO4HCo04 60
8g B 165 CosH3asNOsHCo04 45
8k B >200 Cy4H3aN204H;C204 70
81 B 99—-100 C25H34N204HC20y 50
8m B 95--96 024H31N04'H2C204 50
8q B 110—-111  CgeHasNO4#HCo04 75
8r B 91-92 Cy3H31NOg#H3C204 62
8s B 80—82 Cle27NO4‘H20204 60
8t B 126—127 CgH3sNO#HCo04 60
11 B 85—88 Co3H31NO4+H2C204 50

a Qils. ® Ethanol. ¢ (—)-5b (oxalate): a20p —2.98 (c 4, ethanol);
ee > 98; (+)-5b (oxalate): a2% +3.00 (c 4, ethanol); ee > 98.

631(d,1H,J=3Hz),6.15(d,1H,J=3Hz),5.89(q, 1 H,
J = 7.5 Hz), 3.67 (s, 1 H), 3.57 (s, 2 H), 2.25 (s, 6 H), 2.00—
0.90 (m, 14 H).

Preparation of 5-Formyl-2-N,N-dimethylfurfurylamine
9.° To a solution of 1a! (1.55 g, 10 mmol) in CH;Cl, was added
manganese(IV) oxide (8.69 g, 100 mmol), and the suspension
was stirred overnight at ambient temperature. The mixture
was then filtered, and the residue cake was washed several
times with CHyCl;. The filtrate was concentrated under
reduced pressure, and the oily residue was purified by column
chromatography on silica gel (CHyCly/MeOH, 9/1). Evapora-
tion of appropriate fractions gave 1.25 g of a pale yellow oil
(yield 82%): IR (film, em™1) 3000, 1720, 1600; 'H-NMR (CDCls)
69.72(s,1H),710(d,1H,J =2.2Hz),6.15(d, 1 H,J =22
Hz), 3.57 (s, 2 H), 2.25 (s, 6 H). Anal. (CsH;;NO;) C, H, N.

Preparation of (+)-5-(1’-Hydroxyethyl)-2-N,N-dimeth-
ylfurfurylamine (10).® Compound 9 (2.5 g, 13.34 mmol) in
Et;0 (5 mL) was added to methylmagnesium iodide (24.5 mmol
from 0.6 g of magnesium turnings and 3.46 g, 1.52 mL, of
methyl iodide) in Et,0 (50 mL) at 0 °C with vigorous stirring.
After complete addition, the mixture was left to stir at ambient
temperature overnight and then carefully neutralized with
NH,CIVH0 (sat.). The product was extracted with Et20O (5 x
50 mL), washed with water (3 x 50 mL), dried over anhydrous
NaySO,, and evaporated. The residue oil was purified by
column chromatography on silica gel (CHyCly/MeOH, 9/1):
yield 65%; IR (film, ecm™!) 3100-2800, 1600, 1560; H-NMR
(CDCl;) 6 6.35(d, 1 H,J =3 Hz),6.15(d, 1 H,J =3 Hz), 5.92
(q, 1 H, J = 7.5 Hz), 4.05 (s, 1 H), 3.57 (s, 2 H), 2.25 (s, 6 H),
1.82(d, 1 H, J = 7.5 Hz). Anal. (CsH;sNO9) C, H, N.

Biological. Materials. Male Wistar Morini rats (170—
220 g) and male guinea pigs (500—600 g) of a local strain
(Bettinardi, Dunkin-Hartley) were used. Carbachol chloride
and atropine sulfate were obtained from Sigma (St. Louis,
MO). Furtrethonium was synthesized in the Glaxo S.p.A
Research Laboratories (Verona, Italy). All test drug solutions
were freshly prepared prior to each experiment.

Tissue Preparations. For the experiments, rats and
guinea pigs were fasted overnight and killed by cervical
dislocation. The ileum and urinary bladder were quickly
removed from rats and the atria from guinea pigs. Samples
prepared for the study were longitudinal segments of ileum
about 2 cm in length, strips of extratrigonal portion of urinary
detrusor muscle 1 cm long and 2 mm wide, and both atria.
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These tissues were placed in a 10 or 20 mL organ bath
containing Krebs-Henseleit solution (composition in mmol/L:
NaCl, 118; KCl, 5.6; CaCl;, 2.5; MgS0,, 1.19; NaHPOy,, 1.3;
NaHCO3, 25; and glucose, 10), gassed with 5% CO; in Oz (pH
7.4), and heated to 37 °C (ileum and detrusor strips) or to 29
°C (atria).

Experimental Protocol. The preparations were left to
equilibrate for 30~45 min, during which time the bathing
solution was changed every 10—15 min. Contractile responses
of ileum and detrusor strips were recorded isotonically on a
LNI recorder through a Basile transducer, the resting tension
being 0.5 and 1 g, respectively. Atrial force was recorded with
a Statham force transducer connected to a Battaglia-Rangoni
polygraphy, resting tension being 1 g. Furtrethonium (ileum
and bladder) and carbachol (atria) were used as agonists, and
cumulative administration was used. Agonist concentrations
were added to the organic bath in 0.5 (ileum and bladder) or
0.25 (atria) unit multiple increments. Increasing concentra-
tions were added after attainment of a steady-state response
to the previous concentration. The concentrations were in-
creased until the maximum response was achieved.

Two or, exceptionally, three cumulative concentration—
response curves for appropriate reference agonists were con-
structed. Once two consecutive similar curves were obtained,
a final cumulative concentration response curve was repeated
after the tissues had been allowed to equilibrate for at least
30 min with the compound under examination.

Curve Fitting Method. Data reported in Table 4 were
analyzed with the statistical package RS-1 (BBN Soft. Prod.
Corp., Cambridge); multiple regression analysis was performed
with the least squares method.

Analysis of Data. Negative inotropic responses to carba-
chol were expressed as a percentage of the basal twitch
contraction, while contractile responses in ileum and bladder
to furtrethonium were expressed as a percentage of their own
maximum response. The concentration response curve data
were analyzed by a four-parameter logistic equation®®

response = [a + E_,, [AT'VI[A]" + [Eg,]"]

where a and Ep,. are the minimum and maximal asymptotes,
respectively, [A] the agonist concentration, n the slope factor,
and [Ego] the concentration of the agonist that induces 50% of
the maximal effect. Concentration—response curves in the
presence of antagonists were tested for significant differences
in slope functions and maximal responses in comparison with
the control curves by the above reported equation. In the
absence of significant difference, the analysis of antagonist
effects was performed. To quantify antagonist potency pKsp
values were calculated from the equation

pK, =log (DR — 1) — log [B]

where DR was the ratio of agonist Eg values in the presence
and absence of the antagonist concentration [B]. Values of
pK, were given as mean =+ standard error. For compounds
where three different concentrations were tested in the ileum
and bladder (8a,b,r,1) and atria (8a,r), the Schild regression
analysis was performed. Since the Schild?” plot slope was not
significantly different from the unit, pK; values and 95%
confidence limits could be estimated.
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