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SUit itAlti

I’EsTA, B., ANt) ,JENN Eli, P. : Circular dichroic determination of the preferred confor-

tuation (If nicotine amid related chiral alkaloids in aqueous solutiomt. Mo!. Pliarinacol. 9,
10-46 (1973).

A negative Cotton effect for the pyridimie Li) band of aqueous solutions of S-(- )-nicotine,
S- ( - ) -nornicotine, 5- ( - ) -anabasine, 5- ( - ) -methylanabasine in the neutral and mono-

protonateol (N-alicvclic protonated) forms, and S-( - )-cotinine in its neutral form was

measured by circular dichroism. Theoretical and experimental arguments suggest that

Snatzke’s sector rule fo)r the ‘Lb band (If monosubstituted benzene derivatives can be tip-
plied to the pyridine olerivatives investigated. Tivo regions of the torsion angle r[r = 120-140

degrees (+ anlichimtal) and 300-320 degrees (- synclinal)] ivere found by the use of molecu-
lar models to) predict a no’gativo’ Cotton effect for these alkaloids; the results are in good
agreement ivitli dat a obt �tiited by (ilmalitlitTi calculations and X-ray crystallography by other

worko’ms.

I N’rltom) UCTION

Besioles the effect of changes in chemical

structure Ott tho’ affittit y, intrimtsic activity,
and ability to desensitize the receptors of
nicot inc and related compounds at t.he
ganglia and neuromuscular junction (1), one

must. also consider the state of protonation

of time basic centers, the absolute configura-
tio)ti at the elemettts of chirahity, and the

conformuational problems involved.

rf:1\.lor (2) suggested that nicotine was

active as the univalent cat iomi (protonat ion

of the alicyclic nitrogen), a fact substaittiated
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by the relationship l)etween pH and activity

shown by Barlow and Hamilton (3). The
activity of compounds related to mticotine
bitt of different basicity will therefore be a

function of the extent of ionization at physio-
logical pH; the presence of a lipid-soluble,
un-ionized form of the compound to reach

the receptor site is necessary, however.

The stereoselective activity of the nicotine
enantiomers (4, 5) is presumably due to the
spatial characteristics of S-( - )-nicotine
fitting more closely to the acet.ylcholine
receptor (6).

Mans’ recent studies of conformatiolnal

aspects of drug molecules have focused on

the preferred conformation, ivhich is readily

determined by physical methods (e.g., X-ray

crystallography, N\ I It spectroscopy); little

is kmiown, however, of the pharmacophoric
conformation of such molecules (7). Drug
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The abbreviations used are: Cl), circular

dichroism; ORI), optical rotatory dispersion.

molecules are supposed to act in a preferred
or in a less favorable conformation, depend-
ing on the steric requirements of the receptor.

Recent studies, however, have shown differ-
ent molecules acting at the same receptor to
display similar spatial disposition of chemi-
cal groups when in their preferred conforma-
tion: for example, various molecules acting

on alpha-adrenergic receptor sites (8), hista-

mine and analogues (9, 10), and choline

derivatives (ii). Thus a knowledge of the
preferred conformation of drug molecules
may give an insight into structural features

required by drug receptors.
The preferred conformation of nicotine has

been studied by various methods. Theoreti-
cal calculations have been made by Icier
(12), using the extended H#{252}ckeltheory, and

by Pullman and co-workers (13), using the
method of perturbative configuration inter-

action with localized molecular orbitals
(PCILO). These calculations are made for

molecules in a vacuum, and the necessary

computing simplifications led to models
whose deviation from reality affords results

needing experimental confirmation.
The conformation of nicotine dihydroio-

dide has been determined by X-ray crystal-
lography (14). However, the packing restric-
tion of the crystalline state may influence the

conformational energy barrier (7), thus
allowing only cautious extrapolation of these
results to the molecule in solution.

To study the conformation of nicotine in
solution, Simpson and co-workers (15) used

NMR and dipole moments; their results
cannot be critically compared with other
data, because of the broad range of possible
torsional angles (see later) determined be-
tween the rings.

METHODS

Material& S-(-)-Xicotine was supplied
by British Drug Houses, and S-(-)-anab-
asine by Fluka AG (Buchs, Switzerland).

S-(-)-Methylanabasine was a gift from the
Imperial Tobacco Company (Bristol, Eng-
land), and S-( - )-nornicotine was donated
by A. H. Sheikh, Chelsea College, who
freshly prepared it by demethylation of

S-(-)-nicotine. S-(-)-Cotinine was syn-
thesized according to the method of Bowman
and McKennis (16).

Spectroscop ic tee/tn iques. The ultraviolet

Spectra were obtained with a Unicam SP 800

spectrophotometer. CD3 measurements were

made using a Roussel-Jouan Dichrograph
and 0.2- or 0.5-cm cells. 0111) spectra were
obtained with a Bellingham Stamiley “Bendix-
Ericson Polarmatic 62 (0.5- and 1.0-cm cells).
All spectra were determined at room tern-

perature.

The following molecular rotatiomis (�) timid

molecular ellipticities (0) were obtained for
the above alkaloids. Concentratiomts (c) are
in grams per 100 ml.

S-(-)-Nicotine. Olti) (c, 0.011, in 2-pro-
panol) [�J� -250; [�1273 -9500 (trough);
[�]� 0; [�I2s4 +6500 (peak); [�J545 0; [�]�
-13,400.

ORI) (c, 0.01, in 0.1 x HC1) [�]3oo -850;

[�]258 - 2400 (trough); [411253+300 (peak);

[411�2 - 1400.
CI) (c, 0.008, in sodium phosphate buffer,

pH 5.36) [01280 0; [01263 -3600; [0l2� 0; [01240

+4000; [OlnMO.
CD (c, 0.022, in Xa2CO3-XaOH buffer,

pH 11.5) [0fr,� 0; [01263 - 5300; [0j� 0; [012.10

+3600; [0]�7 0.
5- ( - ) -Norn icotine. 0111) (e, 0.022, in

2-propanol) [4)]� - 100; [41127:1 5100

(trough); [4)1263 0; [4)Ini +3500 (peak)

[4)1245 0; [4)1222 - 6700.
CD (c, 0.022, in sodium phosphate buffer,

pH 6.10) [oJ� 0; [01263 -3300; [012520; [01242

+2300; [01229 0.
CD (c, 0.022, in Xa2CO3-NaOH buffer,

pH 11.5) [Ofr,8 0; [01261 -4300; [01250 0; [01241

+2300; [01228 0.
S-(-)-Met/iylanabasine. ORD (c, 0.005, in

2-propanol) [4)1589 -200; [411273 :3600

(trough); [4)1267 0; [4)1254 +4600 (peak);

[4)1247 0; [411222 -6300.
CD (c, 0.007, in sodium phosphate buffer,

pH 5.30) [0]�� 0; [0]� -3300; [0]�� 0; [01242

+3600; [0]231 0.
CD (c, 0.022, in Na2CO3-NaOH buffer,

pH 11.5) [0]�� 0; [01264 -4000; [0125.1 0; [01241

+4000; [0]�7 0.
S-( - )-A nahasine. ORD (c, 0.0 19, in

2-propanol) [4)1589 -100; [4)1272 -4100

(trough); [4)1265 0; [4)1252 +3800 (peak);

[4)1242 0; [4)1222 - 2400.
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(1 I) ((j, 0.006, itt sodium l)liOsI)littte i)I1ffO�r,

1111 5.50) [01280 0; [0]2� - 1700; [012�7 0; [0121�,
+2000; [01233 0.

Cl) (c, 0.025, itt Na2C()3�Xa()H Iluffor,

pH 1 1 .5) [01278 0 , [0126:1 3600 ; [0}2�2 0 ; [012.1:1

+2(�00; [01230 0.
S-(-)-Cotinine. Olti) (c, 0.004, imi 2-pro-

l)ttttOl) [4)1�89 100 ; [4)1272 7000 (trough)
[4)126:10; [4)1253 +5900 (peak) ; [4)1235 + 1500
(trough); [4)1222 +9400.

CI) (c, 0.017, in sodium j)ltospliate buffer,

�11 7.4) [01280 0; [012M 5(IX)0; [0j2�2 0; [01210

+2600.

RESULTS AND t)ISCUSS1ON

Pytid inc c/i roiiiop/i oic; alt ,ib ut ion of (‘otto,,

effects bands. The optical rotatory olispersion

spectrum of S-( - )-nicotimte shows both a

negative Cotton effect at. 260-270 tim and a

I)oSitive Cott on effect at ap�)m( Iximat clv
250 urn, imi agreo.nietit with tIme common

features toll such alkaloids shown by Craig

and by (17). These Cotton effects are
better resolved by circular dicliroism (18).
Fite two CD bamtds (If opposite sign dis-

played by the pyridiit citmomopitore could
be assigned to) the ii ir� and �r -� � transi-

tions by a tlt(o)r(tical treatmcmit (19); the

unambiguous attribution of a iland to each

transitio)lt, however, was 11011 possible (19).
rfl)(� low-emmergy ir � � tramtsition (If

pyridine is at approxitnat(ly 25() tim, and its
,l -3 ir’t’ transition is at approximately 270 nm
(20). The ii -* lr* hatals (If azities are shifted

toward the blue regioti b� elect ro )n-doltiating

SUl)stitllellts (e.g., j)yITOli(litie), amid toward

the red regioti by elect moti-acceptimig sub-

stituents; the ir -* lr* bamids undergo l)atho-

chromic shifts with both typos of substit-

uents (21).
In iiicotitio limo ir -� ir* I ratmsiti( lit at ito-

proximately 260 ttrn. Witi(li is due to) the
bathochromic shift, eait ho assigned by the
ktiown hvperchromic effect (If 1)rotomi donors
(20). Whemi the itit ravio 1101 spectrum of

mn(Otitlo iii hexane is examined in the ires-
ence of imtcreasing (( )micetit.rati(Imms (If acetic

acid (Fig. 1A), a clear hypemehmmomie effect is

tio)t(d itt the 26() tim regiomi. limo hyper-

ohr()mflie offeot (Itt this I �ata I is (Volt �( IFe

P1�tiot11i0o(l itt wator wheit time SIIecttit of

tliootitl( itt a l)tiffem S(Illtt H ti imoam mmeutralitv

(protonation of ahicyclie nitrogen only; see
later) and in an acid solution (diprotonated
form) are compared (Fig. 1B).

Further evidence for the assignment of

the ir -� 7r* 1)and is found in the ORD spec-

trum of S-(-)-nicotimie in acid solution (see
METHODS), ill which only a weak negative

Cotton effect remains. The positive band is

canceled by protomiation of the aromatic
mtrogen. It is concluded that the miegative
Cotton effect of nicotine corresponds to the

ir� transition.
Sector rules for pyridine c/i rome p/tore. For

pyridine ito empirical rule is known which

correlates the atomic environment. of the
asymmetrically pert uri)at ed chromophore
with the Cottomi effects, itt contrast to the

classical octant rule of the keto chrornophore

(e.g., ref. 22). An octant rule based on the

C

nm

250 275 300 nm

FIG. 1. Ultraviolet spectra of nicotine
A. In hexane : - , as such; , with 0.01 N

acetic acid; - - -, with 0.1 N acetic acid. B. In

water: �, 1)115.36: - - -, pH 1.
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C2%. symmetry (If pyridine was suggested i)y

Gottarelli and Samori ; � one plane was the
tiodal platte (If the nitrogen lone pair of

elect rolis.

Consideration of the pyridine it--system,
however, reveals a great similarity with the
benzene it--system, and it is evident that the

deviation of the pyridine it--cloud from 6-fold
symmetry, owing to the different electro-

negativity of the nitrogen atom, is not very
important (see refs. 23-32).

It may therefore be tentatively suggested

that as a first approximation the asymmetri-
cally perturbated it- -p �t-” transition of both
the phenyl and pyridyl chromophores, which

are responsible for the ‘Lb CD band, do not

differ significantly with regard to Cotton

effects.

The sector rules developed for the henzene
chromophore must be applied to the CD

spectra of chiral pyridine derivatives in order
to check this hypothesis and to see whether

the perturbation of the nitrogen atom on the
it--cloud symmetry can be neglected at this

stage.
Thus we have considered the 260-270 tim

it- -* it-” transition [‘Lb band (33-33)1, using

both the sector rules developed by Snatzke

(36-38) for the benzene ‘Lb band (second
and third chiral spheres) and the pyridine

octant rule suggested by Gottarelli and

Samori.4

Successful prediction of the sign of the
‘Lb Cotton effect of some optically active

pyridine derivatives [various substituted

tetralines and indane analogues2 and pyridyl-
methylcarbinol (19)1 was obtained by using

the benzene sector rules, whereas application
of the octant rule was only partially success-
ful. These results suggest that the perturba-
tive effect of the nitrogen atom on the Cotton

effects of the �t- -s it-’�’ transition can indeed

be neglected in a first approximation. We

therefore feel that umitil a better rule is found

Snatzke’s benzene rules can also ho applied
to the ‘Lb band of the pyridine chromophore.

CD studies of investigated alkaloids. The
CD spectra of S-(---)-nicotine (I), S-(-)-

G. Gottarelli and B. Samori, personal com-

munication, 1971.

(. Got.tarelli and B. Sarnori, personal corn-

munioation, 1972.

CH3 [�% II H

I ii:

- H� Hr\

�N’�o r�-�(NJ
�H3 H

III &

nornicotine (II), S-( - )-amtabasine (IV), amid
S-(- )-methylanabasine (V) were measured

in buffered solutions for the monoprotonated
(ahicyclic nitrogemi prot onat ed) and nomt -

protonated forms of these alkaloids, since
these two forms are present at physiological

pH in a ratio dependent upoIn p ic,, (see Tab)le

1). S-(-)-cotinine (III), a weakly basic
cyclic amide, exists only as the neutral form
at physiological pH. Because the two plc5
values are too close toi alloIw sufficient separa-

tion of the mono- and diprotonated forms,
we determined the CI) spectrum of only the
neutral form. The P’�a values at 25#{176}were

taken from Yamamoto (40). Since no data

were available for methylanabasine, its pK,,

values were calculated by subtracting the
difference b)et\Voen the pK5 values of nicoltino)

and nornicotine from those of anabasiite.

To obtain the mo Inoprotolnat ed fo Irms o)f the

alkaloids, a pH region giving a good balance
bet weeti maximum amid minimum prot ona-

tion of the alicychic amid aromatic ititrogens,

respectively, Was calculated from the P k,,

values (TaI)le 1). The ionic strength of the

solutions (0.1) was included in the calcula-

tions.

Cotinine contains atm additional chrom I-



TABLE 1

Degrees of Protonation for Nicotine and Related Chiral Alkaloids

Compound pKa values at 25#{176}

pK5 (au- pK02 (aro- At 37#{176}and pH 7.4’
cyclic N) matic N) ----�--� - -

Alicyclic Aromatic pH6
N N

( (
.(

(‘
/0

(
C

(‘
0

(‘
C

Nicotine 7.9 3.1 70.0 0.01 5.36 99.6 1.3 0.03 �0

Not-nicotine 9.0 3.3 96.2 0.02 6.10 99.9 0.4 0.4 �0

Ammabasine 8.7 3.1 92.6 0.01 5.80 99.9 0.5 0.2 ‘�0

Met hvlana-

ba.sine (7.6)#{176} (2.9)#{176} 50.0 0.01 5.30 99.6 1.0 0.02 ‘�0

Cotinine 4.5 2.7 0.1 �0 7.40 0.2 �O

#{176}The temperature corrections for the pK5 values were made according to Perrimi (39). An ionic

strength of 0.1 was assumed.

Buffers used: for pH 5-7.4 sodium phosphate buffers of ionic strength 0.1; for pH 11.5, Na2CO,-NaOH

A
R
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Protonation

At 250 At 25#{176}and pH l1.5b

Alicyclic Aromatic Alicyclic Aromatic
N N N N

butler of ionic strength 0.1.
Estimated p}(0 (see the text).

pholre compared to the other alkaloids,
namely, an armde group. However, the

it it-k transition (If this group is known to

occur at shorter wavelengths than the con-
sidered pyridine transitions [e.g., 205 nm for
formamide and acetamide (41) and 231 nm
for the �-laetam ring (42)].

The Cl) ‘L1� bands measured were nega-

tive for 1)0th the neutral and monoproton-

ated solutes. It has been shown for the

phenyl chromophore that protonation of a
nitrogen does not change the sign of the

Cotton effect (43). The maximum ellipticity

values (0) depended on compound and con-
ditions, but this quantitative aspect will not
be considered further, since the numerous
factors involved defied our interpretation.
Only the qualitative aspect of these results
will be considered in the conformational

determination.
Conformational interpretation of tmLb Cotton

effects. The torsion angle r is a measure of

the mutual arrangement of the pyridine and

pyrrolidine (or piperidine) rings. We use
as defined by Pullman et al. (13), namely,

the plamiar arrangement of the drawing
(Fig. 2) corresponding to the value r = 0.

Viewed from the pyridine ring, r is positive

for a clockwise rotation (Fig. 2, direction of

arrow).

Using framework molecular models and

1)reiding molecular models, r has been

FIG. 2 Definition of the torsional anglo’

rotated from 0 to 360 degrees. The pyr-
rolidine ring (nicotine, nornicotine, and
cotinine) was assumed to be planar, which is

likely to he its average conformation (12).

The N-methyl group attached to the pyr-
rolidimie ring was assumed to he trans to the

pyridine ring, this arrangement being ener-

getically preferred over the cis form (13).
The piperidine ring (anabasine and methyl-

anabasine) was taken in its chair conforma-

tion, with the pyridyl and N-methyl sub-
stituents being equatorial.

From the location of the atoms in the
various sectors [nitrogen strongly predomi-
nating over carbon (43)], the expected

Cotton effects of the ‘Lb band have been
predicted using Snatzke’s benzene sector
rules for the third chiral sphere. The angular
regioits predicted to show a negative Cotton
effect are summarized in Table 2. Each com-
pound has two regions where the ‘Lb Cotton

effects are expected to be negative.
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Angular regions of expected negative

‘L6 Cotton effect

degrees degrees

120-170 300-350

100-170 280-350

100-170 280-350

100-170 280-350

70-140 250-320

If the assumption is mad(’ that the five
compounds in their preferred conformation

have torsion angles of comparable amplitude,
a common angular region cait be found from

the results given in Table 2.
This assumption is reasonable, since the

chemical structures of the five compounds
do not vary greatly in the environment of
the rotating bond. It is supported by recent
conformational studies in analogous series

in which the bond adjacent. to the aromatic

nucleus was shown to undergo only small

changes in rotation for a series of histamimie

analogues (9), phemiothiazines (44), amid

nucleosides (45).
It. is therefore concluded that the CI)

spectra of the five investigated alkaloids, as

monoprotonated and neutral forms in aque-
ous solution, suggest two preferred con-

formations having torsion angles of 120-140
degrees [+ anticlinal (46)] and 300-320
degrees [- synclinal], respectively.

These results are in good agreement with
the values obtained by molecular orbital
calculations by Icier (12) (r = 120 and 300

degrees) and by Pullman et al (13) (r =

320 degrees, and a less preferred conforma-

tion with r = 120 degrees), or by X-ray

diffraction (14) (r = 118 degrees). However,

our CD interpretation does not discriminate
between the two preferred conformations or
reveal their proportions in the solution.

The biological implications of these results

as compared to the preferred conformation
of acetylcholine have already been discussed
(12-14).
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