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SUMMARY

SAPPER, H. _; LOHMANN, W. (1976). Self-association and binding sites of some
_" psychotomimetic tryptamine derivatives and related compounds: nuclear magnetic

resonance investigations. Mol. Pharmacol., 12, 605-611.

t. The nature of the binding sites in the self-association of some psychotomimetic drugs has
been investigated by NMR techniques. In the case of d-lysergic acid diethylamide the

* interaction of the aromatic ring systems was found to be the basis of self-association (AH
= -8.7 _+0.7 kcal mole-I). In self-associates of the tryptamine derivatives and mescaline
(AH = -3 to -4 kcal mole -I) the ring overlap of associated molecules may be replaced by

r. an alignment of the amino group located at the end of the side chain with the ring
system of a neighboring molecule. The influence of substitutions on the ring systems

_. and special _lvent-solute interactions is discussed. Whereas the amino group at the end
of the side chain seems to be the preferred site of solvent-solute interactions, the locus of

_t a hydroxyl substitution on the ring system seems to modify the stereochemistry of the
self-associates.

L

ic INTRODUCTION Possible binding sites might be the aro-

:, It has been proposed repeatedly that the matic ring system, substitutions on this
- structural similarities between d-lysergic ring system (e.g., OH- or OCH:_-

L acid diethylamide and psilocin, mescaline, groups), and a protonated nitrogen corre-
and other psychotomimetic drugs might be sponding to N-6 of LED.

_. responsible for the similar psychic activity In this study possible binding sites have
_, of these substances. Because LED _ is the been investigated. Various compounds

most effective hallucinogen known, it has have been compared in regard to their
been suggested that other drugs simulate binding sites and structural characteris-
its conformation (1). Theoretical calcula- tics by means of NMR spectroscopy. More-
tions support such an assumption (2, 3). X- over, their self-association has been stud-
ray crystallographic studies, however, ied in terms of thermodynamic parameters
have revealed certain differences in the and stereochemistry, because knowledge
distances between the binding sites (4). of the self-association of drugs is indispen-

sable for evaluating spectroscopic data on
their complexes with receptor molecules._The abbreviations used are: LED, d-lysergic

acid diethylamide; DMSO, dimethyl sulfoxide; METHODS
DMT, N,N-dimethyltryptamine; 5-HT, 5-hydroxy-
tryptamine (serotonin); 6-HT, 6-hydroxytrypt- N,N-Dimethyltryptamine, 5-hydroxy-
amine. N,N-dimethyltryptamine (bufotenine), 5-
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606 SAPPER AND LOHMANN

hydroxytryptamine, mescaline, and gram- coli and H61bne (5), investigating the self-
ine were purchased from Fluka, Buchs, association of purine and indole deriva-
Switzerland. 6-Hydroxytryptamine was tives by means of NMR spectroscopy, de-
obtained from Labkemie, Stockholm. We rived the equation
gratefully acknowledge the generosity of

the National Institute of Mental Health in ....A = 2. K. a, (1)
supplying 4-hydroxy-N.N-dimethyltryp- h2

. famine (psilocin), and of Sandoz, with A as the chemical shift observed and

Niirnberg, in supplying d-lysergic acid di- h2 as the complex shil% of a dimer proton,
ethylamide. Figure 1 shows the structures both measured relative to the extrapolated
of these compounds. (ao _ 0) monomer shift 8M. Because the

The buffer components and reference total concentration ao can be written as
substances, tert-butyl alcohol and 2,2,3,3-
tetradeutero - 3 - ( trimethylsilyl ) propionic _
acid sodium salt, were purchased from ao = _n'an = a_ _n(K'al)"-'

- Merck-Schuchardt, Darmstadt. The sol- "=; "=1
vents D20 and dimethyl sulfoxide-d, were
Obtained from Sharp and Dohme, _ a j
Miinchen. All substances used were of re- (1 - K. a, )2

agent-grade quality and were used with- it follows from Eq. 1 that
out further purification.

The self-association of molecules A (to- 1 - X/1 + 4.K. ao
tal concentration, ao) can be described in __A= 2 + (2)
general by A2 K. ao

A,. + A, _ A. (n ->_2) If the product K.a. is small enough, the
root in Eq. 2 can be approximated bywith the association constants

a. _/1 + 4.K.a.-_ 1 + 2"K'ao - 2"K2.a. 2
n --

a._," a, and Eq. 2 can then be written simply as
where a_ is the concentration ofAi. With n

--* _, K .a, < 1, and assuming that succes- __A= 2 .K "ao (3)
sire association constants are equal, Dimi- _h

----._----.-(-_7 _7--7 The NMR spectra were recorded with a
' ......... Varian HA-100 spectrometer equipped

- _3 ,,-7,_::,,,:,--7-,T,I . "';:--_-_ with a variable temperature system. Deu-
% ,R4 CH2 _-T.V-.7--i( ,,.,,,,.---VI terated phosphate buffer (pD 7.4 with 20I, it (11_ II Ii1,1,,1_m,w }

............... i

'": .......... '.... ' ] mN tert-butyl alcohol as an internal refer-
R .......--_--- . . ,,,5....; I ence) was used as a solvent for all sub-

.....":" : '..... /"_'3ZJ stances investigated, with the exception of
................. LSD, which was measured at a lower pD

CH3CH2 0 " value in acetate buffer (pD 5.4 with
",. _ A *X]H 3 NH3

CH3_N "Fa(_N a Ct.C_H_ 2,2,3,3 - tetradeutero- 3 - (trimethylsilyl)-

H2 _ F'CH2 _ propionate as a reference in a separate
C__C_H? probe) because of its lower pK value of

protonation (pK 7.8 of I_SD corresponds to

0 H3 pK values of the tryptamine derivatives
H near 10). The calculations of K and A2 ac-

cording to Eq. 2 were performed with a
LSD Mescaline Wang 600-14 computer. The errors in the

FIG. 1. Structures of compounds studied chemical shifts measured are ± 10 -a ppm.
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_lf° RESULTS TABLE 1
va-

de- The PMR spectra of the ring protons of Difference (ASJ between chemicalshifts of CH2-t_ and
DMT and gramine were analyzed on the CHrfl and coupling constant observed (J*)
basis of the tryptophan spectrum reported _owas 100MHz.

(1) by Gerig (6); in the case of the hydroxyl- Drug A8 ppm J Hz J*/A_u,
substituted tryptamine derivatives, cou- DMT 0.231 6.2 0.27
pling of the protons was used. The LSD Psilocin 0.224 6.1 0.27

nd spectrum was analyzed according to Cohen Bufotenine 0.267 6.2 0.23
)n, et al. (7) and based on results obtained 5-HT 0.193 5.5 0.29
_ed with the other compounds investigated. 6-HT o.188 5.3 0.28
_he The methylene protons of the side chain Mescaline 0.312 6.7 0.22

of the tryptamine derivatives and mesca-
line resemble an A_2 NMR spectrum as 25°) are shown in Table 2. It can be seen
shown for 5-HT by Nogrady et al. (8), us- that a hydroxyl substitution results in an

- ing a 220-MHz spectrometer. They ob- increased electron density of the aromatic
tained a value of about 0.15 for the quo- ring system and, thus, in enhanced shield-
tient J*/_5. v,; (for explanation of the sym- ing of the protons relative to the unsubsti- :,

_-_ bols, see Fig. 2). In the present investiga- tuted ring system of DMT. This enhance-
tion, using a 100-MHz spectrometer, the ment, being extended over the entire ring
J*/5_.vo value is about 0.29 (Table 1). system, is most pronounced, however, at
Therefore only approximate values for the H-5 ofpsilocin, at H-4 ofbufotenine and 5-
chemical shifts of CH2-a and CH2-B, as HT, and at H°7 of 6-HT. This again is in

12) well as for _ and J, can be obtained from good agreement with calculations by
the spectra. The estimated values of the Kumbar and Sankar (10). It should be

he vicinal coupling constant J (denoted by noted that H-9 of LSD exhibits a relatively
J*), which increase with methylation of large upfield shift, although it is located
the amino group of the tryptamine deriva- outside the indole ring system.

2 tives (Table 1), indicate, however, that the The temperature dependence of the
bimethylene side chain seems to be more monomer shifts, most pronounced for the
extended in the case of the methylated side chain protons and for H-2 among the _.i

derivatives. This is in agreement with re- ring protons, seems to be caused by a sol- i
13) sults obtained by crystallographic investi- vent effect, that is, mainly by hydrogen

gations (4). bonds between solvent and solute mole-
The chemical shii_ observed depends on cules. Since water acts as both a proton

La temperature as well as concentration. The donor and acceptor in the case of hydrogen
ed extrapolated monomer shifts (no --* 0; T = bond interactions, the temperature de-

pendence of 8M was also determined in :

20 , -_J" _- I -_f _- DMSO-d_. H-2 and N(CH._)2 of bufotenine
Lb-_r" i, _ are shifted in opposite directions (Fig. 3),

_8_ote_ne but more strongly in DMSO than in
z

of - aqueoussolution.This findingsuggests
_D CH2 - a I CH2 " _ that the proton donor function in regard to

th it l, I. hydrogen bridges seems to be the preferred
,11_ J/AS.Vo=0.2 solute-solvent interaction of the sub-

l)-

te II I [ tl stances investigated. The side chain pro-
of _ 2J -_ _ _-- 2J -_ tons [only N(CH3)2 is shown in Fig. 3] are
to _., iII more affected than H-2. The other ring
es I ,/ ' I I .wS. vo=a3 protons are modified just as much as H-2
Lc- I I I II II [11 [ I I I (not shown). In accordance with the crys-
a _ _ 8 _ tallographic results obtained by Falken-_e

Fro. 2. A2B2 spectrum observed for bufotenine berg (4), therefore, the nitrogen atom of
n. and calculated (9) for J/_. vo = 0.2 and 0.3 the side chain seems to be the site preferred
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TABLE2 / : i
Monomer shifts at 25 ° (8'_°) of drug protons investigated (pD 7.4, except for LSD) i__ ¢

Proton Monomer shift (8_') ._ ]

DMT Psilocin Bufoten- 5-HT 6-HT LSD" Mesca- (
ine line l

ppm ppm ppm ppm ppm ppm ppm i

H-2 7.361 7.206 7.318 7.298 7.186 7.197
H-4 7.72 7.115 7.116 7.545 _'
H-5 7.25 6.57 6.785

H-6 7.25 7.08 6.868 6.865 ,
H-2/6 6.716 '_
H-7 7.59 7.08 7.418 7.421 6.992 6.545
[I-9 7.33 !

H-12 7.20

I- H-13 7.48 i
H-14 2.962

CH2-_8 3.276 3.302 3.207 3.115 3.129 3.274
CH2- a 3.507 3.526 3.474 3.308 3.317
CHa-6 3.286
N (CH3 )2 2.924 2.913 2.920

OCH_3/5 3.878
OCH3-4 3.780

" pD 5.4

* 0,04 shifts is nearly linear for the tryptamine
derivatives, gramine, and mescaline (as
an example, this dependence is shown in

* 002 Fig. 4 for the H-2 protons ofbufotenine and
5-HT). In the case of LSD, however, a

0 shown in Fig. 4), with a slope at zero con-
curved function is observed (only H-2 is

_O

< centration greater than those of the other
- a02 substances. From these results it can be

concluded that the self-association of LSD

_ - q04 7

0,20 _ _ "
H-2

- Q06 _//_

0.15
I I I I r_
25 50 75 100 E

{1
1:1

Temperature EC3 tJ,o 0.10 _/._"

Fit]. 3. Temperature dependence of monomer ,_

shift l e.g., H-2 (upward) and N(CH:d_ (downward) utotenlne

of bufotenine] in aqueous solution (0) and DMSO 0.05
([J), relative to values at 25 °

for hydrogen bond interactions, whereas
the H-1 proton or hydroxyl substitution _ sb -_------_,
may be less involved in such interactions. Conce_._t_oncn_t_

Over the concentration range used, the Fro. 4. Concentration dependence of H-2 chemi-
concentration dependence of the chemical cal shift of LSD, bufotenine, and 5-HT at 25 °

"_,,,_ iH ] I I i I I li I ii Iwlll ....... t ........................... [_.L
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is more pronounced than that of the other K value of LSD at 25° was determined to be
compounds. Whereas only the product about 8 M-_ (Table 4). The A2 values near
K. A2 of each proton can be evaluated ac- 0.8 ppm, as assumed in the estimation

ca- cording to Eq. 3 from the linearity of the above, are in good agreement with the
e plots for the tryptamine derivatives, gram- shielding values calculated for the indole
n ine, and mescaline, K and A2 can be evalu- ring system of tryptophan at distances

ated separately from the curvature ob- near 0.4 nm (11).
served in the case of LSD by fitting the The differences in the complex shifts re-
experimental data according to Eq. 2. flect the influence of self-association with

In Table 3 the values of K-A2 are given the various protons. From the results ob-
6 as a percentage of the maximum value for tained for self-association it can be con-

each compound. These values should be eluded that the methylene protons of the
independent of K and therefore should cor- tryptamine derivatives are affected more
relate with the complex shifts 5., of any strongly than the protons of the 6-mere-

2 proton. In the case of LSD the A.,values of bered ring. Only H-4 of 6-HT is shifted
4 - the various protons are compared with more extensively than other ring protons.

that of H-12, which exhibited the maxi- In the case of mescaline H-2 and H-6, and
mum A2 value. If one assumes that the in the case of LSD H-9 and H-12, are
ring current effect due to the indole ring shifted the most.

8 system of all the compounds investigated From the temperature dependence of the
0 (6-membered ring in the case of mescaline) K values the enthalpies of self-association

is quite similar to that of LSD, the self- can be calculated. The _t/value of LSD
association constants of these compounds was found to be -8.7 kcal mole -I (Table 4).

ine can be estimated. They should be on the Since the complex shifts A_ are dependent
(as order of 0.5 M-I (at 25°) in the case of the on temperature linearly, if at all, (12), and
t in _ tryptamine derivatives, gramine, and the K values rise exponentially with tem-
md mescaline, and 1 M-I in the case of the perature, the temperature dependence of
, a dimethylated tryptamine derivatives. The the product K. A2can be used to calculate
! is
:on- * TABLE3

her _ Ap ° (LSD) and K . A_"_°(other compounds) as a percentage of the maximum value observed

be i The maximum value for each compound is given in parentheses and is expressed as parts per million per

_D mole liter -_ except for LSD, which is given in parts per million.

Proton DMT Psilocin Bufoten- 5-HT 6-HT Gramine LSI_ Mesca-
(0.88) (0.68) ine (1.05) (0.29} (0.36) (0.50) (0.79) line

(O.22}

_-- % maximum value observedI

! H-2 51 100 72 93 72 78 54
H-4 37 47 100

i H-2/6 100
H-5/6 14 11 28 48 54
H-7 21 67 30
H-9 96
H-12 100
H-13 63
H-14 43

CH_-fl 86 72 82 100 83 37
CH2-a 100 92 100 90 47 0
CH3-6 67
N(CH._)2 51 82 57 100
-CH2CH3 0
OCH._-3/5 49

mi- OCH,_-4 67

pD 5.4.

i
i ,

....... J[ .......... II IIImlI-Hl_rln_I .... " - .......... . .... I



610 SAPPER AND LOHMANN

TABL_4 stabilization of the associates. The volumi- 1
Association constants (at 25°)and enthalpies of self- nous CH._ groups at the side chains seem to dis

association (pD 7.4. except for LSD) lengthen the distance between the rings of _2
--Drug K_'°M _ -_Jt kcal tool _ associated molecules, since the difference th_

DMT -1 3.1 ± 0.5 between the lowest and highest K. h2 val- pat
Psilocin -1 3.5 ± 0.5 ues is greater for the methylated corn- sty
Bufotenine -1 3.5 ± 0.5 pounds. On the other hand, methylation sta

" 5-HT -0.5 2.9 ± 0,4 seems to enhance the association (the esti- ful
6-HT -0.5 3.2 ± o.5 mated K values are higher), an effect et_
Gramine --0.5 2.1 ± 0.4 which has also been observed in the case of clu
LSlY' 8 ± 2 8.7 ± 0,7 stacking association between nucleobases do
Mescaline -0.5 4.0 ± o.6 in aqueous solution (12). The association nis

, pD 5.4. might therefore be caused by van der th_
Waals interactions between solute mole- ied

_. enthalpy values. They were found to be cules as well as between the solute mole- we
about -2 kcal mole -t for gramine, about cules and the surroundir'g water shell, paJ
-3 kcal mole -1 for the tryptamine deriva- Substitutions on the ring system of the up_
tires, and about -4 kcal mole -I for mesca- tryptamine derivatives e.g., by a hydroxyl
line (Table4). group, influencethe total re-electronden- 1.

sity of the entire ring system and the local
DISCUSSION electron density distribution as well. 2.

The self-association of LSD is more pro- Hence it is diffucult to interpret the differ-
nounced than that of the tryptamine deriv- ent complex shifts of different protons. The 3.
atives and mescaline. This may be caused total re-electron density should correspond
by the fact that the protonated N-6 of LSD to the ring current intensity and, there-
is locked in a ring system, whereas the fore, to the shielding caused by the ring
protonated N-12 of the tryptamine deriva- current effects during association. The lo-
tives, as weU as N-9ofmescaline, is placed cal re-electron density around a proton,
at the end of a rather freely rotating side however, should correspond to the sensi-
chain. The LSD molecules therefore are tivity of this proton.
able to associate in such a way that the If one assumes that the ring current in-
positive charges are separated sufficiently tensities of 5-HT and 6-HT are about the
and yet the ring systems interact with same, the site of hydroxyl substitution
each other, The rotation ability of the side should influence the stereochemistry of
chains of the other compounds, however, the associates. Although the H-5 and H-7

_ may impede direct ring-ring interactions, protons of 6-HT are influenced most by
and from the K. A2values observed it may hydroxyl substitution (SM exhibits the
be concluded that the ring overlap ofasso- largest upfield shift relative to DMT) and
ciated molecules is replaced by an align- therefore seem to have the highest sensi-
ment of the polar end of the side chains tivities, they are influenced least by self-
with the ring systems, association. The H-2 and H-4 protons,

The enthalpies of self-association of the however, which are less influenced by hy-
tryptamine derivatives and mescaline are droxyl substitution, show the largest As
quite similar (-3 to -4 kcal mole I), but values ofall the ring protons. In the case of
the _/ value of gramine is somewhat 5-HT, on the other hand, the H-4 and H-6
smaller (-2 kcal mole-t). Therefore align- protons are influenced most by hydroxyl
ment of the cationic side chain with the substitution, and the H-2 and H-7 protons
ring system of an adjacent molecule may exhibit the largest A2values. The center of
not be completely responsible for self-asso- interaction during self-association there- |

ciation. Because the upfield shifts de- fore might be shifted from an area between t
scribed above are observed only in aqueous H-7 and H-2 to one between H-4 and H-2 by
solutions, it can be assumed that solvent- shitting the hydroxyl group from C-5 to C-
solute interactions also contribute to the 6. !
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